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Abstract	

	

Antibody-mediated	 responses	 play	 a	 critical	 role	 in	 vaccine-mediated	 immunity,	

however,	for	reasons	that	are	poorly	understood,	responses	are	highly	variable	between	

individuals	 and	 different	 populations.	 In	mice,	 antibiotic-driven	 dysbiosis	 in	 early-life	

leads	to	significantly	dysregulated	B	and	T	cell	responses	to	vaccines	that	are	routinely	

administered	to	infants	worldwide.	To	investigate	whether	this	is	also	the	case	in	infants	

we	 established	 the	Antibiotics	 and	 Immune	Responses	 (AIR)	 study,	 a	 clinical	 systems	

immunology	 study	 that	 assessed	 the	 effects	 of	 neonatal	 or	 intrapartum	 antibiotic	

exposure	on	the	infant	gut	microbiota;	blood	gene	expression;	circulating	immune	cell	

populations;	and	antibody	responses	to	multiple	different	infant	vaccines	in	a	cohort	of	

226	 vaginally-born,	 healthy,	 term	 infants.	 Infants	 exposed	 to	 neonatal	 antibiotics	 had	

significantly	 lower	 antibody	 titres	 against	 multiple	 different	 vaccine	 antigens,	 most	

notably	 to	 polysaccharides	 in	 the	 13-valent	 pneumococcal	 conjugate	 vaccine	 (PCV13)	

and	altered	transcriptional	profiles	pre-	and	post-vaccination.	Multi-parameter	immune	

profiling	 revealed	 that	 these	 transcriptional	 differences	 were	 not	 explained	 by	

differences	in	the	frequency	of	major	immune	cell	populations,	though	infants	exposed	to	

intrapartum	antibiotics	had	a	modest	reduction	in	circulating	CD45RA-	iTregs	compared	

to	unexposed	infants.	

	

The	mechanisms	by	which	the	gut	microbiota	influence	vaccine	responses	remain	poorly	

understood.	I	compared	antibody	responses	to	PCV13	in	germ-free	(GF)	mice,	in	GF	mice	

that	were	colonised	at	day	21	of	life	via	fecal	microbiota	transplant	(FMT),	in	mice	that	

were	 born	 to	 GF	 dams	 that	 were	 recolonised	 prior	 to	 pregnancy	 (exGF)	 and	 in	
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conventionally	colonised	SPF	mice.	GF	mice	immunized	at	3-4	weeks	of	age	had	impaired	

polysaccharide-specific	and	conjugate	protein-specific	antibody	responses	to	the	PCV13	

vaccine	 compared	 to	normally	 colonised	SPF	mice.	Responses	were	 restored	 to	 levels	

comparable	to	SPF	mice	in	exGF	but	not	in	GF	mice	recolonised	by	FMT	at	day	21	of	life.	

Comprehensive	 multi-parameter	 flow	 cytometry	 analysis	 of	 the	 spleen	 and	 draining	

lymph	nodes	revealed	that	GF	mice	had	significantly	impaired	germinal	centre	B	cells	and	

Tfh	 cells	 after	 the	 second	dose	of	PCV13.	 In	 addition,	GF	mice	had	 significantly	 fewer	

innate-like	B-1a	and	B-1b	cells	in	the	peritoneum	following	primary	immunisation	with	

PCV13.	 My	 findings	 indicate	 that	 both	 T-dependent	 and	 T-independent	 humoral	

responses	to	the	PCV13	vaccine	are	dependent	on	signals	from	the	gut	microbiota	and	

that	there	is	a	critical	window	of	opportunity	for	those	signals	to	be	received.		

	

I	hypothesised	that	products	from	the	microbiota	could	act	as	natural	adjuvant	and	prime	

innate	responses	to	vaccination	via	Toll-like	receptor	(TLRs)	signalling.	To	 investigate	

this,	I	assessed	responses	to	PCV13	in	Myd88-/-	mice,	a	key	adapter	protein	downstream	

of	 most	 TLRs,	 and	 found	 that	Myd88-/-	 mice	 had	 significantly	 impaired	 humoral	 and	

germinal	centre	responses	to	the	PCV13	vaccine.	Further	experiments	in	Tlr2-/-	and	Tlr4-

/-	mice	revealed	that	TLR2	but	not	TLR4	signalling	was	necessary	for	primary	antibody	

responses	 to	 PCV13.	 Surprisingly,	 antibiotic	 treatment	 in	 early	 life	 resulted	 in	 an	

apparent	 ‘recovery’	of	 the	 impaired	humoral	responses	observed	in	Myd88-/-	mice.	My	

data	suggest	that	microbiota-targeted	inventions	may	be	beneficial	to	support	optimal	

responses	to	vaccination.	
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1 Introduction		

Sections	of	this	chapter	are	excerpts	from:	

Lynn,	D.J.,	Benson,	S.C.,	Lynn,	M.A.	et	al.	Modulation	of	immune	responses	to	vaccination	

by	the	microbiota:	implications	and	potential	mechanisms.	Nat	Rev	Immunol	(2021).		

	

1.1 Vaccines	

The	need	for	highly	effective	vaccines	that	induce	robust	and	long-lasting	immunity	has	

never	been	more	apparent.	The	COVID-19	vaccination	program	alone	is	responsible	for	

preventing	more	 than	20	million	deaths	so	 far	 (Watson	et	al.,	2022).	Vaccines	protect	

individuals	from	infectious	diseases	by	eliciting	a	systemic	immune	response	involving	

humoral,	 innate,	 and	 cell-mediated	 immunity	 (Mohr	 &	 Siegrist,	 2016).	 As	 well	 as	

protecting	individuals,	vaccines	can	also	protect	populations	by	reducing	transmission	

and	 limiting	 exposure	 risks	 (Turnbaugh	 et	 al.,	 2007).	 	 The	 estimated	 number	 of	

vaccinated	 individuals	 required	 to	 stop	 the	 spread	 of	 disease,	 a	 concept	 called	 herd	

immunity,	 is	90%-96%.	However,	 this	varies	from	disease	to	disease	depending	on	its	

transmissibility	(R.	M.	Anderson	&	May,	1985).	In	addition,	variation	in	vaccine	immune	

responses	 between	 individuals	 means	 that	 achieving	 herd	 immunity	 is	 not	 always	

possible.	 Therefore	 strategies	 that	 improve	 the	 effectiveness	 of	 existing	 vaccines	 are	

essential	for	improved	population	health	globally	(Grassly,	Kang,	&	Kampmann,	2015).		
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Table 1.1 Immunogenicity of oral and parenteral vaccines in high-income countries 
compared with low- and middle-income countries 

Vaccine Populations 

compared 
Differences 

observed in 

vaccine 

immunogenicity 

Vaccine 

immunogenicity 

(HICs versus 

LMICs) 

Head to head 

comparison? 

Same 

vaccine 

schedule 

Reference 

ORV HICs versus 
LMICs 

IgA titres to ORV 
four-fold lower in 
infants from LMICs 

+ No; review of 
multiple 
different 
studies.  

Yes (Patel et 
al., 2013) 

ORV HICs versus 
LMICs 

Meta-analysis of 
RCTs of ORV: 
vaccine efficacy in 
HICs 94% (after 12 
months) compared 
with 44% in LMICs 

+ No; meta-
analysis 

Yes (Clark et 
al., 2019) 

OCV Sweden 
versus 
Nicaragua 

Mean IgA titres to 
CTB 1.6–1.9-fold 
lower in children from 
Nicaragua compared 
with children from 
Sweden; vibriocidal 
antibody 
concentrations also 
much higher in 
Swedish children 

+ Yes Yes  (Hallander 
et al., 2002) 

OPV HICs versus 
LMICs 

~100% of individuals 
in HICs seroconvert 
following OPV 
compared with ~70% 
in LMICs 

+ No; review of 
multiple 
different 
studies 

No (Patriarca, 
Wright, & 
John, 1991) 

OSV United States 
versus 
Bangladesh 

High levels of 
immunogenicity in 
adults in US but little 
or no immunogenicity 
in Bangladeshi 
infants  

+ No No (Levine, 
Kotloff, 
Barry, 
Pasetti, & 
Sztein, 
2007) 

DTP–
HepB–
Hib 

HICs versus 
Indonesia   

Similar levels of 
immunogenicity for 
infants in HICs and in 
Indonesia  

= No Yes (Rusmil et 
al., 2015) 

QIV Europe/Medit
erranean, 
Asia-Pacific 
and Central 
America 

Higher efficacy in 
children from HICs 
(73.4%) with lowest 
efficacy in LMICs 
(30.3%) 

+ Yes Yes, but 
some 
vaccine 
strain 
difference
s in 
different 
regions. 

(Dbaibo et 
al., 2020) 

RTS,S 
(malaria
) 

Burkina 
Faso, 
Ghana, 
Gabon, 
Kenya, 
Tanzania, 
Malawi and 
Mozambique 

Efficacy after 3 
doses from 40% to 
77% at 11 different 
trial sites across 7 
African countries 

n/a Yes Yes (Agnandji 
et al., 2014) 
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YF-17D Switzerland 
versus 
Uganda 

Antigen-specific T 
cell and neutralising 
antibody responses 
3-fold and 2-fold 
lower, respectively, 
in vaccine recipients 
from Uganda 
compared with 
Switzerland 

+ Yes Yes (Muyanja et 
al., 2014) 

Ebola  UK versus 
Tanzania, 
Kenya and 
Uganda 

23% higher antibody 
titres in vaccine 
recipients in UK 
compared with 3 
East African 
countries 

+ No; post-hoc 
analysis of 
data from 
three 
EBOVAC1 
consortium 
phase 1 trials  

Yes (Pasin et 
al., 2019) 

PCV7, 
PCV10 
and 
PCV13 

HICs and 
LMICs 

Meta-analysis: higher 
mean antibody titres 
in Africa, South East 
Asia and the 
Western Pacific 
compared with 
Europe and the 
Americas 

- No; meta-
analysis 

Yes (Choe, 
Blatt, Lee, 
& Choi, 
2020) 

BCG UK versus 
Malawi 

3 months after BCG 
vaccination: 100% of 
infants in UK had 
IFNγ response to 
PPD compared with 
53% of infants in 
Malawi 

+ Yes Yes (Lalor et al., 
2009) 

HIV United States 
versus 
Kenya, 
Rwanda and 
South Africa 

Significantly lower T 
cell responses in 
vaccine recipients in 
East Africa 
compared with South 
Africa or the United 
states 

+ Yes Yes (Baden et 
al., 2016) 

BCG, Mycobacterium bovis bacillus Calmette-Guérin; CTB, cholera toxin B subunit; DTP–
HepB–Hib, diphtheria tetanus pertussis–hepatitis B–Haemophilus influenzae type B; HIC, 
high-income country; IFNγ, interferon-γ; LMIC, low- and middle-income country; OCV, oral 
cholera vaccine; OPV, oral poliovirus vaccine; ORV, oral rotavirus vaccine; OSV, oral shigella 
vaccine (candidate); PCV, pneumococcal conjugate vaccine; PPD, Mycobacterium 
tuberculosis purified protein derivative; QIV, quadrivalent influenza vaccine; RCT, randomised 
control trial; YF-17D, yellow fever 17D.  
	
 

1.1.1 Vaccine	types	

Vaccines	have	had	an	unprecedented	impact	on	human	health.		Vaccine	programs	have	

led	to	the	eradication	or	near	eradication	of	diseases	such	as	smallpox	and	polio,	reduce	

the	 need	 for	 antibiotics	 by	 preventing	 infections,	 reduce	 disease	 severity	 when	 an	

infection	does	occur,	and	can	prevent	the	development	of	certain	cancers,	such	as	cervical	
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cancer,	 by	 targeting	 the	 causative	 infectious	 agent	 (e.g.	 human	 papilloma	 virus)	

(Mendonça,	 Lorincz,	 Boucher,	&	 Curiel,	 2021;	 The	 Lancet,	 2022;	 Yousefi	 et	 al.,	 2022).	

There	 are	 several	 types	 of	 vaccines	 in	 use	 today.	 These	 include	 live	 attenuated,	

inactivated,	subunit,	mRNA	and	adenoviral-vectored	vaccines,	which	vary	in	the	level	of	

immunogenicity	and	the	type	of	immune	response	induced.	Live-attenuated	vaccines	use	

a	weakened	form	of	the	pathogenic	virus	or	bacteria	and	promote	a	robust,	long-lasting	

response.	 Vaccines	 of	 this	 nature	 include	 the	 combined	measles,	 mumps	 and	 rubella	

(MMR)	vaccine,	 the	Bacillus	 Calmette-Guérin	 (BCG)	 vaccine,	 the	oral	 rotavirus	 vaccine	

(ORV),	 the	 oral	 polio	 vaccine	 (OPV)	 and	 the	 yellow	 fever	 vaccine	 (Hajj	Hussein	 et	 al.,	

2015).	 Despite	 their	 effectiveness,	 live	 vaccines	 have	 been	 associated	 with	 a	 higher	

frequency	of	adverse	events	and	live	attenuated	vaccines	are	not	recommended	for	use	

in	 immunocompromised	 individuals	 (Levitz	 &	 Golenbock,	 2012).	 Consequently,	 most	

current	 vaccines	 are	 non-live,	 comprised	 of	 antigenic	 polysaccharides,	 proteins,	

glycoconjugates,	or	 inactivated	microorganisms	(Van	Duin,	Medzhitov,	&	Shaw,	2006).	

Non-live	 vaccines	 that	 contain	 killed	 whole	 organisms	 or	 purified	 antigens	 are	

intrinsically	safer	but	 less	 immunogenic	than	 live	vaccines,	meaning	booster	shots	are	

required	 to	 boost	 responses	 to	 protective	 levels	 (Strugnell,	 Zepp,	 Cunningham,	 &	

Tantawichien,	2011).	Inactivated	vaccines	include	those	for	hepatitis	A,	influenza	and	the	

inactivated	 polio	 vaccine	 (IPV).	 Subunit,	 recombinant,	 polysaccharide	 and	 conjugate	

vaccines	 include	 vaccines	 against	 Haemophilus	 influenzae	 type	 b	 (Hib),	 hepatitis	 B,	

pertussis	 (DTaP	 combined	 vaccine),	 pneumococcal	 disease	 (PCV7,	 PCV13	 and	 PPV23	

vaccines)	 and	meningococcal	 disease	 (MenACWY,	Hib/MenC)	 (Assaf-Casals	&	Dbaibo,	

2016,	C.	A.	Siegrist,	2008).	 	mRNA	vaccines	are	a	novel	vaccine	type	composed	of	RNA	

packaged	in	a	vector	such	as	lipid	nanoparticles.	These	vaccines	received	rapid	approval	

to	combat	the	COVID-19	pandemic	and	have	demonstrated	high	efficacy	(Polack	et	al.,	
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2020).	Furthermore,	additional	mRNA	vaccines	are	in	the	development	pipeline	for	other	

viral	 diseases	 such	 as	 Epstein-Barr	 virus	 (EBV),	 respiratory	 syncytial	 virus	 (RSV),	

influenza,	 human	 immunodeficiency	 virus	 (HIV),	 and	 even	 to	 treat	 cancers	 such	 as	

melanoma	 (Barbier,	 Jiang,	 Zhang,	 Wooster,	 &	 Anderson,	 2022;	 Graham,	 2023).		

Adenovirus-vectored	 vaccines,	 such	 as	 the	 AstraZeneca	 ChadOx-1	 vaccine,	 have	 also	

successfully	 been	 employed	 to	 tackle	 the	 COVID-19	 pandemic	 (Ryan	 et	 al.,	 2023).	

Adenovirus-vectored	 vaccines	 are	 non-enveloped	 double-stranded	 DNA	 viruses	 that	

have	the	viral	genes	enabling	replication	deleted	and	replaced	with	transgenes	that	evade	

the	antigen	of	interest	e.g.	spike	protein	(Mendonça	et	al.,	2021).		

	

1.1.2 The	immune	response	to	vaccination		

Vaccine-mediated	 protection	 against	 the	 targeted	 infectious	 diseases	 is	 primarily	

mediated	 by	 antibodies	 (Siegrist,	 2008).	 Antibodies	 have	 three	 main	 functions:	

neutralising	pathogens,	opsonising	cells	for	phagocytosis	and	activating	the	complement	

system	(Subramanian	et	al.,	2014).	Antibody-secreting	cells	(ASCs)	are	primarily	formed	

in	 specialised	 microstructures	 called	 germinal	 centres	 (GCs)	 in	 secondary	 lymphoid	

organs.	 These	GCs	 play	 a	 crucial	 role	 in	 vaccine-induced	 immunity	 by	 supporting	 the	

production	 of	 short-lived	 plasma	 cells	 and	memory	 B	 cells	 (Fig.	 1.1)	 (Stebegg	 et	 al.,	

2018).		The	initial	response	to	vaccination	begins	at	the	injection	site,	where	immature	

dendritic	 cells	 (DCs)	mature	 and	 become	 activated	 (Palucka,	 Banchereau,	&	Mellman,	

2010).	 For	 most	 vaccines,	 intramuscular	 injections	 are	 the	 preferred	 route	 of	

administration	 due	 to	 the	 extensive	 vascular	 network	 containing	 a	 high	 number	 of	

patrolling	DCs	(Guilliams	Hervé	Luche	et	al.,	2012).	Exceptions	to	this	include	the	BCG	

vaccine,	 which	 is	 given	 intradermally.	 Activated	 DCs	 then	migrate	 to	 draining	 lymph	

nodes	(dLNs),	where	they	present	the	antigen	via	their	MHC	class	II	molecules	to	engage	
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naïve	CD4+	T	cells.	This	triggers	the	proliferation	and	differentiation	of	CD4+	T	cells	into	

various	effector	T-helper	cells,	including	T	helper	1	(Th1),	T	helper	2	(Th2),	T	helper	17	

(Th17)	and	T	regulatory	cells	(Tregs).	Some	of	these	primed	CD4+	T	cells	differentiate	

into	T	follicular	helper	(Tfh)	cells,	which	relocate	to	the	B-T	cell	border	within	the	GC.	Tfh	

cells	provide	survival	and	co-stimulatory	signals,	leading	to	the	differentiation	of	B	cells	

into	GC	B	cells,	short-lived	plasma	cells,	and	memory	B	cells	and	initiate	the	GC	response	

(N.	S.	De	Silva	&	Klein,	2015;	Liu,	Zhao,	&	Qi,	2022;	Waide	et	al.,	2020;	X	Zhang	et	al.,	2001).	

The	plasma	cells	 that	exit	 the	 lymphoid	 follicle	provide	 the	 first	wave	 in	 the	antibody	

response	after	vaccination.	B	cells	then	undergo	a	process	of	affinity	maturation,	where	

they	 are	 selected	 based	 on	 the	 affinity	 of	 their	 B	 cell	 receptor	 (BCR)	 for	 the	 antigen	

(Mesin,	Ersching,	&	Victora,	2016).	In	Goldilocks	fashion,	B	cells	with	affinity	that	is	too	

high	 or	 too	 low	will	 undergo	 apoptosis.	 Selected	 B	 cells	 whose	 affinity	 is	 ‘just	 right’	

differentiate	into	long-lived	plasma	cells,	some	of	which	accumulate	steadily	in	the	bone	

marrow	niche	(M.	J.	Robinson	et	al.,	2022).	Long-lived	plasma	cells	(LLPCs)	that	reach	

these	 survival	 niches	 in	 the	 bone	marrow	 can	 survive	 for	 decades	 and	 provide	 long-

lasting	humoral	protection	(Slifka,	Antia,	Whitmire,	&	Ahmed,	1998;	Zehentmeier	et	al.,	

2014).	Vaccines	can	also	 illicit	T-independent	responses	 to	vaccination.	This	 response	

can	be	mediated	by	innate-like	B	cells	such	as	B-1	cells	and	marginal	zone	(MZ)	B	cells.	B-

1	 cells	 are	 important	 for	 responses	 to	 polysaccharide	 vaccines	 in	 mice	 (New,	 Dizon,	

Fucile,	Rosenberg,	Kearney,	&	King,	2020).	

	

In	addition	to	the	need	for	boosting,	inactivated	vaccines	often	require	adjuvants	(e.g.	

aluminium	 salts	 or	 Alum)	 that	 accelerate,	 prolong	 and	 enhance	 immunity.	 Adjuvants	

recruit	 antigen-presenting	 cells	 (APCs)	 such	 as	 DCs	 and	 macrophages	 that	 express	

pattern	recognition	receptors	(PRRs)	both	on	their	surface	(Toll-like	receptors	(TLRs))	
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and	intracellularly	(NOD-like	receptors	(NLRs))	and	RIG-like	receptors	(RLRs))	(Awate,	

Babiuk,	&	Mutwiri,	2013).	Recognition	of	adjuvants	via	these	receptors	activates	APCs,	

leading	to	maturation	and	migration	to	the	draining	LNs,	where	they	activate	B	cells	and	

CD8+	 T	 cells,	 enhancing	 immune	 responses	 to	 the	vaccine.	 For	 example,	 the	 adjuvant	

AS04,	a	combination	of	TLR4	agonist	MPL	(3-O-desacyl-4'-monophosphoryl	lipid	A)	and	

Alum,	induces	maturation	and	trafficking	of	DCs	to	the	dLN	to	activate	antigen-specific	T	

cells	(Didierlaurent	et	al.,	2009).	Another	study	found	that	AS04	can	induce	significantly	

higher	 antibody	 responses	 than	with	 antigen	 alone,	with	 3-8	 fold	 higher	 anti-human	

papillomavirus	 (HPV)	 antibody	 titres	 observed	 following	 vaccination	 with	 the	 AS04	

adjuvanted	 HPV	 vaccine	 compared	 to	 alum-adjuvanted	 HPV	 vaccine	 (Einstein	 et	 al.,	

2014).	
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Figure 1.1| The immune response to vaccination involves both T-dependent and T-
independent pathways. During the T-dependent response, antigen-presenting cells present 
vaccine antigens to T cells in lymph nodes, contributing to the formation of GCs where B cells 
undergo affinity maturation, somatic hypermutation, class switching, and differentiation into 
plasma cells that produce high-affinity antibodies. Memory B cells are also generated to 
provide long-term immunity. The T-independent response, which occurs mainly in response 
to certain types of antigens such as polysaccharides, involves activating innate-like B cells 
(such as B-1 cells) that produce antibodies without T cell help. However, the resulting antibody 
response is weaker and shorter-lived than the T-dependent response and does not lead to the 
generation of memory B cells. Boosting with a second dose of the vaccine is often necessary 
to achieve optimal immunity, and different types of vaccines can elicit different types and 
strengths of immune responses. 
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1.1.3 Suboptimal	responses	to	vaccination	in	vulnerable	populations	

Despite	 the	 ongoing	 advancements	 in	 vaccine	 design,	 many	 challenges	 still	 lead	 to	

suboptimal	vaccine	effectiveness.	Dramatic	inter-individual	and	population	differences	

in	vaccine	immunogenicity	continue	to	be	observed,	especially	in	LMICs	(Fig.	1.2;	Table	

1).	Recent	vaccine	coverage	analyses	estimate	that	4-19	million	children	are	born	each	

year	 who,	 despite	 receiving	 routine	 childhood	 vaccines	 against	 pertussis,	 tetanus,	

measles,	diphtheria	and	pneumococcal	disease,	are	not	protected	against	these	diseases	

due	to	suboptimal	vaccine	effectiveness	(Grassly	et	al.,	2015).	For	example,	vaccine-type	

pneumococcal	 infection	and	carriage	 in	Malawi	children	between	 the	ages	of	1	and	4	

remained	high	three	years	post-vaccine	introduction,	with	17%	testing	positive	despite	

being	 vaccinated.	 Similar	 results	 were	 found	 in	 Kenya,	 Gambia	 and	 South	 Africa	 (	

Heinsbroek	et	 al.,	 2018;	Hammitt	 et	 al.,	 2014;	Nzenze	et	 al.,	 2013;	Roca	et	 al.,	 2015).	

These	estimates	of	pneumococcal	carriage	in	low	and	middle-income	countries	are	much	

higher	than	the	1-4%	carriage	in	vaccinated	children	observed	after	PCV	introduction	in	

high-income	countries	(Dunais	et	al.,	2015;	Grant	et	al.,	2016;	Van	Hoek	et	al.,	2014).	A	

significantly	poorer	efficacy	of	ORVs	has	also	been	reported	in	low-	and	middle-income	

countries.	Vaccine	efficacy	for	ORV	was	reported	at	only	76.9%	in	South	Africa	and	even	

lower	in	Malawi	at	49.4%	(Madhi	et	al.,	2010),	 levels	of	protection	far	 lower	than	the	

>90%	protection	achieved	in	HICs	such	as	the	Netherlands	(Vesikari	et	al.,	2007;		Clark	

et	al.,	2019).	Extensive	work	has	been	carried	out	to	characterise	the	various	factors	that	

could	affect	the	immune	response	to	vaccination	(Zimmermann	&	Curtis,	2019).	
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Figure 1.2| Differences in the composition and functional capacity of the gut microbiota 
between low-income and high-income countries correlate with differences in vaccine 
immunogenicity. Highlighted are example studies that have compared vaccine 
immunogenicity in individuals from low-income and middle-income countries (LMICs; red, 
orange and yellow) to those living in high-income countries (HICs; purple); see Table 1 for 
further details. The data for oral vaccines having reduced immunogenicity in LMICs are 
particularly convincing but further work is required to confirm whether responses to parenteral 
vaccines are impaired in LMICs as many of the reports so far are based on post hoc analyses 
of independent cohorts. Intriguingly, reported differences in vaccine immunogenicity correlate 
with differences in the composition and functional capacity of the gut microbiota between these 
populations. Classifications of income status are based on data from the World Bank, which 
within the broad category of LMICs, classifies countries as low income (red), lower-middle-
income (orange) and upper-middle income (yellow). BCG, Bacillus Calmette-Guérin; DTP–
HepB–Hib, diphtheria, tetanus, pertussis–hepatitis B virus–Haemophilus influenzae type B; 
IFNγ, interferon-γ. 
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1.1.4 Factors	affecting	vaccine	immunogenicity		

Specific	 host	 factors,	 such	 as	 age,	 sex	 and	 genetics,	 as	 well	 as	 perinatal,	 nutritional,	

behavioural	 and	 environmental	 factors,	 have	 been	 shown	 to	 significantly	 influence	

vaccine	 immunogenicity	 and	 efficacy	 (Fig.	 1.3).	 	 For	 example,	 the	 age	 at	 which	

immunisations	 are	 administered	 can	 be	 an	 important	 factor	 limiting	 vaccine	 efficacy,	

especially	in	infancy.	Antibody	titres	induced	by	vaccination	are	generally	lower,	subside	

more	rapidly,	and	have	significantly	lower	avidity	when	administered	in	the	first	months	

of	life	(N.	Nair	et	al.,	2007).	Maternal	antibodies	may	also	interfere	with	vaccine	responses	

(Halsey	&	Galazka,	1985;	di	Sant’Agnese,	1950;	Nic	Lochlainn	et	al.,	2019).	The	risks	of	

delaying	 vaccination	 in	 high	 infection	 areas	 could	 be	 fatal;	 therefore,	 finding	ways	 to	

overcome	 lower	 vaccine	 immunogenicity	 in	 infants	 is	 essential.	 Poorer	 vaccine	

immunogenicity	in	infants	may	be	due	to	the	distinct	properties	of	the	neonatal	immune	

system,	which	favours	a	tolerogenic	environment	of	anti-inflammatory	signals	and	a	Th2	

rather	than	a	Th1	phenotype,	as	well	as	poorer	plasma	cell	and	germinal	centre	B	cell	

responses	 (Olin	 et	 al.,	 2018;	 Zaghouani,	 Hoeman,	 &	 Adkins,	 2009).	 There	 remains	

inadequate	availability	of	vaccine	formulas	that	circumvent	the	intrinsic	properties	of	the	

neonatal	immune	system	(Mohr	&	Siegrist,	2016).			

	

Vaccine	hypo-responsiveness	 in	 the	elderly	 is	a	well-documented	barrier	 to	achieving	

herd	 immunity	 (J.	 Le	 Lee	 &	 Linterman,	 2022).	 Several	 factors	 contribute	 to	 this,	 and	

associations	have	previously	been	made	 to	 the	microbiota	and	 immune	senescence.	A	

systems	vaccinology	approach	using	transcriptional	and	cytometric	profiling	approach	

predicted	high	and	low	responders	to	the	HBV	vaccine	in	an	elderly	cohort	and	found	that	
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poorer	 antibody	 responses	 were	 driven	 by	 age-related	 inflammation	 (Fourati	 et	 al.,	

2016).		

	

Genetic	factors	can	also	contribute	to	vaccine	effectiveness,	with	variation	in	humoral	and	

cellular	 responses	 to	 vaccination	 associated	 with	 polymorphisms	 in	 MHC	 genes	

(Zimmermann	 &	 Curtis,	 2019).	 Other	 genetic	 factors	 associated	 with	 vaccine	

immunogenicity	include	polymorphisms	in	PRRs,	such	as	TLRs	or	RLR	genes,	most	likely	

due	 to	 their	 important	 role	 in	 recognising	 vaccine	 adjuvants,	 as	 well	 as	 pathogen-

associated	 molecular	 patterns	 (PAMPs)	 and	 damage-associated	 molecular	 patterns	

(DAMPs)	 that	may	 act	 as	 natural	 adjuvants.	 (Dhiman	 et	 al.,	 2008;	Moore	 et	 al.,	 2012;	

Ovsyannikova	et	al.,	2010;	Randhawa	et	al.,	2011).	The	microbiota	is	also	sensed	by	innate	

immune	cells	via	these	pathways,	and	increasing	evidence	suggests	the	microbiota	has	

an	essential	role	in	vaccine	efficacy	(Valdez,	Brown,	&	Finlay,	2014;	Ciabattini,	Olivieri,	

Lazzeri,	&	Medaglini,	2019)	
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Figure 1.3| Factors with the potential to influence vaccine immunogenicity and/or 
efficacy.	A	 range	of	 intrinsic	host	 factors	 (such	as	 age,	 sex,	 genetics	 and	 comorbidities)	 and	
extrinsic	 factors	 (such	 as	 perinatal,	 nutritional,	 environmental	 and	behavioural	 factors)	have	
been	 suggested	 to	 influence	 vaccine	 immunogenicity	 and/or	 efficacy.	 The	 influence	 of	 these	
factors	on	vaccine	immunogenicity	is	likely	mediated	indirectly	via	the	effects	of	these	factors	on	
baseline	immunity	and/or	the	composition	of	the	microbiota.	Vaccine	immunogenicity	is	also,	of	
course,	dependent	on	vaccine-intrinsic	factors	such	as	the	adjuvant	used,	and	vaccine	efficacy	
may	be	influenced	by	factors	other	than	vaccine	immunogenicity,	such	as	the	degree	of	match	
between	the	vaccine	and	the	strains	circulating	at	the	time.	
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1.2 The	Human	Microbiome		

The	human	microbiome	 comprises	 the	 entire	 ecosystem	of	microorganisms	 (bacteria,	

fungi,	 viruses	 and	 protozoa),	 their	 genomes,	 and	 the	 surrounding	 environmental	

conditions	 which	 colonise	 niches	 within	 and	 on	 the	 human	 body	 (Dominguez-Bello,	

Godoy-Vitorino,	Knight,	&	Blaser,	2019).	This	assemblage	of	archaea,	bacteria,	eukarya	

and	viruses	undergo	temporal	(Lai,	Tan,	&	Pavelka,	2018)	development	in	early	life	and	

the	 composition	 of	 the	 microbiome	 is	 largely	 unstable	 until	 the	 age	 of	 2	 -	 3	 years	

(Yatsunenko	et	al.,	2012).	Of	these	microorganisms,	the	bacteria	residing	in	the	intestinal	

compartment	 are	 found	 at	 the	 highest	 density	 in	 the	 human	 body	 and	 are	 the	 most	

extensively	studied	members	of	the	human	microbiota	(Donaldson,	Lee,	&	Mazmanian,	

2015;	Turnbaugh	et	al.,	2007).	The	composition	of	the	gut	microbiome	varies	significantly	

throughout	life	and	between	individuals	living	in	countries	with	different	socio-economic	

conditions	(Yatsunenko	et	al.,	2012,	Lin	et	al.,	2013).	In	healthy	infants,	the	gut	microbiota	

supports	 a	 state	 of	 homeostasis.	 The	 microbiome	 does	 this	 by	 promoting	 immune	

tolerance,	supporting	optimal	immune	development,	limiting	the	overgrowth	of	potential	

pathogens	and	producing	a	plethora	of	immunomodulatory	metabolites,	including	shorts	

chained	fatty	acids	(SCFAs)	(Lai	et	al.,	2018,	Lynch	&	Pedersen,	2016).	Human	infants	

are	rapidly	colonised	upon	birth,	and	the	consensus	is	that	before	birth,	the	neonate	

and	its	in-utero	environment	remain	sterile,	though	recent	work	controversially	suggests	

otherwise	 (Perez-Muñoz,	 Arrieta,	 Ramer-Tait,	 &	 Walter,	 2017;	 Younge	 et	 al.,	 2019).	

Disruption	of	this	microbial	community,	a	process	termed	‘dysbiosis’,	in	the	first	months	

of	 life	 can	 perturb	 the	microbial	 signals	 that	 the	 infant	 receives,	 potentially	 affecting	

development.	Therefore,	it	 is	essential	to	understand	the	factors	that	contribute	to	the	

development	of	the	microbiota	in	early	life.	
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1.2.1 Factors	affecting	infant	gut	microbiome	composition	

The	 establishment	 of	 the	 gut	microbiota	 at	 birth	 is	 a	 highly	 dynamic	 process	 that	 is	

influenced	by	various	host	 factors	 that	 contribute	 to	 the	healthy	development	of	 the	

infant.	Infants	born	via	caesarean	section	are	often	colonised	by	a	dysbiotic	microbiota	

which	 can	 include	 opportunistic	 pathogens	 found	 in	 the	 hospital	 environment.	 In	

contrast,	 vaginally	 born	 infants	 follow	 what	 is	 considered	 a	 ‘normal’	 path	 of	

development	(Shao	et	al.,	2019).	In	the	first	days	of	life,	aerobic	bacteria	and	facultative	

anaerobes,	such	as	Enterobacteria	and	Streptococci,	dominate	the	infant	gut	microbiota	

of	vaginally	born	infants.	The	gut	microbiota	of	breastfed	infants	is	soon	taken	over	by	

a	restricted	intestinal	microbiota	dominated	by	bifidobacteria,	which	can	account	for	up	

to	60%	of	the	total	bacteria	in	the	infant	gut	(Korpela	&	de	Vos,	2018b;	Huda	et	al.,	2014).	

Microbiome	 maturation	 is	 driven	 by	 the	 cessation	 of	 breastfeeding	 rather	 than	 the	

introduction	 of	 solid	 foods	 and	 is	 associated	 with	 colonisation	 by	 members	 of	 the	

phylum	Firmicutes,	such	as	Clostridia	(Stewart	et	al.,	2018).	Bacteria	in	the	gut	depend	

on	 the	 host’s	 diet,	 and	 undernourishment	 can	 impair	 gut	 microbiota	 development	

(Subramanian	 et	 al.,	 2014).	 Disturbances	 in	 nutritional	 status,	 such	 as	 protein	

deprivation,	can	lead	to	intestinal	dysbiosis,	epithelial	breaches,	immune	deficiencies,	

environmental	enteric	dysfunction,	and	altered	metabolism	in	malnourished	children	

(Guerrant,	Oriá,	Moore,	Oriá,	&	Lima,	2008;	Prendergast	&	Kelly,	2016).		

	

Antibiotic	exposure	is	a	significant	factor	leading	to	long-term	dysbiosis	of	the	intestinal	

microbiome.	Overuse	of	antibiotics	is	rife,	and	up	to	50%	of	infants	in	Australia	and	other	

developed	countries	are	exposed	to	antibiotics	(H.	Anderson	et	al.,	2017).	The	dysbiosis	

caused	by	intrapartum	antibiotic	prophylaxis	can	persist	up	to	3	months,	and	antibiotic	
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exposure	in	early	life	has	been	associated	with	aberrant	immune	responses	that	increase	

the	risk	of	allergies,	inflammatory	bowel	disease	(IBD),	excessive	weight	gain,	asthma	and	

autoimmune	diseases	(Neuman,	Forsythe,	Uzan,	Avni,	&	Koren,	2018;		Subramanian	et	al.,	

2014).	 In	 addition,	 studies	 have	 shown	 an	 increased	 risk	 of	 infection-related	

hospitalisation	for	both	mothers	and	infants	that	have	been	exposed	to	antibiotics	during	

pregnancy	and	that	preterm	infants	that	have	been	directly	exposed	to	antibiotics	have	

increased	susceptibility	to	late-onset	sepsis	(Miller	et	al.,	2018,	Kuppala,	Meinzen-Derr,	

Morrow,	 &	 Schibler,	 2011).	 Alterations	 in	 microbiome	 composition	 caused	 by	 these	

disturbances	 usually	 include	 increased	 enterobacteria,	 a	 reduced	 abundance	 of	

bifidobacteria,	and	a	sustained	lack	of	Bacteroides	(Korpela	&	de	Vos,	2018).	Increasing	

evidence	 suggests	 that	 dysregulation	 of	 the	 gut	 microbiota	 during	 this	 critical	

developmental	window	could	also	influence	the	immune	response	to	vaccination	.		

	

1.2.2 Evidence	the	microbiota	may	influence	the	immune	responses	to	

vaccination.	

In	recent	years,	the	relationship	between	vaccine	immunogenicity	and	the	microbiota	has	

been	a	topic	of	increasing	interest,	leading	to	several	observational	clinical	studies	(Table	

2).	 One	 such	 study	 found	 a	 correlation	 between	 cultivable	 Bifidobacterium	 species,	

specifically	B.	longum	subspecies	infantis	and	B.	breve,	and	anti-Polio	virus	IgA	titres	in	

infants	who	 received	 prebiotics	 and	were	 vaccinated	 against	 poliovirus	 (Mullié	 et	 al.,	

2004).	 A	 decade	 later,	 the	 relative	 abundance	 of	 bifidobacteria,	 assessed	 through	

sequencing	of	the	16S	rRNA	gene	V4	segment,	was	positively	correlated	to	CD4+	T	cell	

responses	 to	 tetanus	 toxoid	 (TT),	 BCG,	 and	 hepatitis	 B	 virus	 vaccines	 in	 Bangladeshi	

infants	at	15	weeks	of	age		(Huda	et	al.,	2014).	The	relationship	between	bifidobacteria	

relative	abundance	and	vaccine	responses	to	BCG,	TT,	OPV,	and	HBV	in	infants	persisted	
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into	early	childhood.	The	study	also	revealed	the	specific	strains	of	bifidobacteria	have	

either	a	positive	or	negative	correlation	with	vaccine	responses.	For	instance,	B.	longum	

and	B.	longum	infantis	colonisation	at	six	weeks	of	age	was	linked	to	CD4+	T	cell	responses	

to	BCG,	TT,	and	HBV	at	15	months,	while	B.	 longum	 longum	was	negatively	associated	

responses	to	with	OPV	at	15	weeks	and	B.	breve	at	2	years.	A	high	relative	abundance	of	

Bifidobacterium	 and	E.	 coli	 spp.	 in	 the	 first	week	of	 life	has	also	been	associated	with	

higher	saliva	antibody	responses	to	PCV10	at	12	months	of	age	(de	Koff	et	al.,	2022).	The	

authors	 of	 this	 paper	 also	 found	 that	 an	 increased	 relative	 abundance	 of	 E.	 coli	 was	

correlated	with	higher	antibody	responses	to	the	meningococcal	C	(MenC)	vaccine	at	18	

months	of	age.		

	

Although	most	studies	have	focused	on	the	gut	microbiota,	members	of	the	respiratory	

microbiota,	 such	 as	 Streptococcus	 infantis,	 Bacteroides	 ovatus,	 Veillonella	 dispar,	

Lactobacillus	helveticus,	and	Prevotella	melaninogenica,	have	also	been	associated	with	

influenza-specific	 IgA	 levels	 in	 nasal	 washes	 after	 intranasal	 vaccination	 with	 live	

attenuated	 influenza	 virus	 (Salk	 et	 al.,	 2016).	However,	 further	 research	 is	 needed	 to	

determine	if	any	of	the	associations	identified	in	any	of	these	studies	represent	causal	

relationships	and	to	understand	the	mechanisms	involved.	

	

There	 is	 conflicting	 evidence	 for	 an	 association	 between	 the	 gut	 microbiota	 and	

responses	to	the	OPV	vaccine.	For	example,	a	study	of	responses	to	OPV	in	107	infants	in	

China	found	that	the	relative	abundance	of	bifidobacteria	in	the	infant	faecal	microbiota	

was	correlated	with	increased	poliovirus-specific	IgA	responses	(Zhao	et	al.,	2020a).	In	

contrast,	another	study	on	infants	in	India	found	no	significant	differences	in	the	relative	

abundances	of	specific	taxa	between	responders	and	non-responders	to	OPV	(Praharaj	
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et	al.,	2019).	However,	in	both	studies,	higher	microbiota	diversity	was	associated	with	

poorer	responses	to	vaccination,	similar	to	the	findings	of	Parker	et	al.	in	the	context	of	

ORV	vaccination	(E.	P.	K.	Parker	et	al.,	2021).	

	

Antibiotic	exposure	has	also	been	shown	to	affect	vaccine	responses	in	specific	contexts.	

A	prospective	cohort	study	found	recent	antibiotic	exposure	was	associated	with	a	trend	

towards	 lower	seroconversion	at	21	days	after	 the	 first	dose	of	COVID-19	vaccination	

(BNT162B2)	but	not	at	the	later	timepoints	assessed	at	days	56	or	180	(Cheung	et	al.,	

2022).	A	low	number	of	antibiotic-exposed	participants	(9.2%	of	316	participants)	means	

this	 study	may	be	underpowered	 to	see	 the	effects	of	antibiotics	 in	 this	population.	A	

recent	retrospective	study	found	a	deleterious	effect	of	antibiotics	on	antibody	responses	

to	 vaccines,	 including	 DTaP,	 IPV	 and	 Hib,	 in	 560	 young	 children	 (Chapman,	 Pham,	

Bajorski,	&	Pichichero,	2022).	Each	course	of	antibiotics	up	to	booster	resulted	in	a	steady	

drop	in	induced	antibody	levels.	After	vaccine	boosting,	children	exposed	to	antibiotics	

had	10-20%	lower	antibody	levels	compared	to	those	unexposed.		

	

Unfortunately,	 although	most	 vaccines	 are	 administered	 to	newborns	and	very	young	

infants,	limited	clinical	studies	to	date	have	focused	on	this	high-risk	group	and	the	least	

is	known	about	their	vaccine	responses.	There	is	a	need	for	systems	biology	approaches,	

measuring	 multiple	 parameters	 of	 the	 host	 response	 in	 this	 critical	 period	 of	

development	(Amenyogbe,	Levy,	&	Kollmann,	2015).	
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Table 2 | Clinical cohort and interventional studies assessing links between the microbiota and 

vaccine responses.  

Vaccine Samples 

size 

(enrolled)  

Population Method used 

to profile the 

composition 

of the 

microbiota 

Study outcomes Reference  

Clinical cohort studies 

ORV n = 39-
154 

Ghanaian (n  = 
39) and Dutch 
(n =  154) 
infants 

Human 
Intestinal Tract 
Chip (HITChip) 

The fecal microbiota of vaccine 
responder infants in Ghana was 
more similar to that of age-
matched Dutch infants (assumed 
to be responders). 
Rel. abundance of Bacteroides 
and Prevotella species correlated 
with a lack of response to ORV.  
Rel. abundance of Streptococcus 
bovis positively correlated with 
response to ORV. 
Enterobacteria-Bacteroides ratio 
was significantly higher in 
responders.  

(V. C. 
Harris et 
al., 2016) 

ORV n = 10 per 
group 

Pakistani vs 
Dutch infants  

Human 
Intestinal Tract 
Chip (HITChip) 

Increased rel. abundance of 
Gram-negative bacteria notably 
Serratia and E. coli in vaccine 
responders.   
At a phylum level vaccine 
responders had significantly 
higher levels of Firmicutes 
(Clostridium cluster XI and 
Proteobacteria). 

(V. Harris 
et al., 2018) 

ORV n = 170 Indian infants 16S rRNA 
amplicon 
sequencing 

No significant associations 
between the composition of the 
fecal microbiota and responses to 
ORV were identified. 

(E. P. K. 
Parker et 
al., 2018) 

ORV n = 50 Nicaraguan 
infants 

16S rRNA 
amplicon 
sequencing 

Prior to correction for multiple 
statistical comparisons the 
authors found significant 
associations between the rel. 
abundance of Enterobacteriaceae 
and Eggerthella and ORV 
seroconversion. 

(Fix et al., 
2020) 

OPV n = 107 Chinese infants 16S rRNA 
amplicon 
sequencing 

The rel. abundance of 
Bifidobacteria in the infant fecal 
microbiota was correlated with 
increased poliovirus-specific IgA 
responses. Higher microbiota 
diversity was associated with 
poorer responses to vaccination. 
Rel. abundance of Firmicutes 
class Clostridia was significantly 
higher in OPV IgA negative 
infants.  

(Zhao et 
al., 2020a) 

OPV  n = 114-
704 

Indian infants TaqMan array 
cards (n=704); 
16S rRNA 
amplicon 

No significant differences were 
found in the rel. abundance of 
specific taxa between responders 
and non-responders to OPV but 

(Praharaj et 
al., 2019) 
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sequencing 
(n=114) 

higher microbiota diversity was 
associated with poorer responses 
to vaccination. 
Non-polio enteroviruses were 
significantly associated with 
reduced OPV seroconversion.  

BCG, 
OPV, 
TT, 
HepB 

n = 291 Bangladeshi 
infants 

16S rRNA 
amplicon 
sequencing 

Bifidobacterium rel. abundance in 
early infancy was significantly 
positively associated with CD4+ T 
cell response to BCG, TT, and 
HepB at 15 weeks; CD4+ T cell 
response to BCG and TT at 2 
years; and TT-specific IgG in 
plasma and OPV-specific IgA in 
stool at 2 years.   

(Huda et 
al., 2019) 

DTP-
HepB-
Hib, 
Polio, 
PCV13 

n = 29-
278 

Antibiotic 
exposed (n=29) 
and unexposed 
(n=87-278) 
Australian 
infants enrolled 
in the MIS-BAIR 
study.  

Not profiled No significant differences in 
seroprotection rates or antibody 
responses to infant immunisations 
in infants exposed to antibiotics at 
7 or 13 months of age. 

(Zimmerma
nn et al., 
2020) 

Interventional clinical studies 

OPV n = 348-
357 
 

Indian infants 
randomised to 
receive 
azithromycin 
(n=348) or 
placebo (n=357) 

qPCR and 
TaqMan array 
cards 

Antibiotics did not improve OPV 
immunogenicity despite reducing 
biomarkers of environmental 
enteropathy and the prevalence of 
pathogenic intestinal bacteria. 

(Grassly et 
al., 2016a) 

ORV n = 21 per 
group  

Healthy Dutch 
adults 
randomised to 
receive a broad-
spectrum 
cocktail of 
antibiotics; 
vancomycin or 
no antibiotics.  

16S rRNA 
amplicon 
sequencing 

Antibiotics did not alter absolute 
anti-ORV IgA titres. An increase 
in anti-RV IgA boosting was 
observed in adults treated with 
vancomycin. An increased ratio of 
Enterobacteriaceae to 
Bacteroides species was 
associated with enhanced 
boosting. 

(V. C. 
Harris et 
al., 2018) 
 

TIV Cohort 1 
n = 11 per 
group 
Cohort 2 
(with low 
baseline 
immunity) 
n=17 
controls; 
n=15 
antibiotics 
exposed. 

Healthy 
American adults 
randomised to 
receive a 5-day 
broad-spectrum 
cocktail of 
antibiotics or 
not.   
 

16S rRNA 
amplicon 
sequencing 

There was a significant 
impairment in H1N1-specific 
neutralization and IgG1 and IgA 
binding antibody titres in subjects 
from cohort 2 with low baseline 
antibody titres against influenza. 

(Hagan et 
al., 2019) 

BCG, Mycobacterium bovis bacillus Calmette-Guérin; DTP–HepB–Hib, diphtheria tetanus 
pertussis–hepatitis B–Haemophilus influenzae type B; OPV, oral poliovirus vaccine; ORV, oral 
rotavirus vaccine; PCV, pneumococcal conjugate vaccine; rel., relative; TIV, trivalent influenza 
vaccine; TT, tetanus toxoid.  
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1.2.3 Evidence	the	microbiota	may	influence	rotavirus	vaccine	immune	

responses.	

 

Given	 the	 limited	 efficacy	 of	 ORVs	 in	 countries	with	 high	mortality,	 there	 has	 been	 a	

growing	interest	in	identifying	factors,	including	differences	in	the	microbiota,	that	may	

contribute	to	poorer	immunogenicity	in	these	settings	(Clark	et	al.,	2019).	Two	studies,	

one	 conducted	 in	 rural	Ghana	and	 the	other	 in	Pakistan,	 found	 that	 the	microbiota	of	

responders	to	the	live-attenuated	ORV,	Rotarix,	was	more	similar	to	that	of	age-matched	

Dutch	infants	(who	respond	effectively	to	the	vaccine)	compared	to	non-responders	(V.	

Harris	 et	 al.,	 2018;	 V.	 C.	 Harris	 et	 al.,	 2017).	 In	 Ghanaian	 infants,	 ORV	 responders	

correlated	with	a	low	relative	abundance	of	Bacteroidetes	and	a	high	relative	abundance	

of	Streptococcus	bovis	(V.	C.	Harris	et	al.,	2017).	On	the	other	hand,	ORV	immunogenicity	

in	 Pakistani	 infants	 was	 correlated	 with	 an	 increased	 abundance	 of	 Proteobacteria,	

including	E.	coli	and	Serratia	(V.	Harris	et	al.,	2018).	There	was	a	correlation	between	

immunostimulatory	 bacteria,	 such	 as	 Gammaproteobacteria	 in	 Pakistan,	

enteropathogens	in	India,	and	bacteria	related	to	Streptococcus	bovis	(which	is	known	to	

have	pathogenic	potential)	with	vaccine	immunogenicity	across	different	regions	(V.	C.	

Harris,	 2018).	 These	 results	 illustrate	 the	 geographic	 dependence	 of	 responses	 to	

vaccination,	and	how	that	is	intrinsically	linked	to	differences	in	the	microbiota.		

	

	

	In	contrast,	another	study	examining	rotavirus	immunogenicity	in	a	cohort	of	infants	in	

South	 India	 did	 not	 find	 significant	 differences	 in	 microbiota	 composition	 between	

infants	according	to	rotavirus	seroconversion	(E.	P.	K.	Parker	et	al.,	2018).	The	authors	

suggest	that	one	possibility	could	be	that	all	infants	in	this	study	harboured	microbiota	
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that	was	inhibitory	to	rotavirus	replication.	Differences	in	methodology	may	also	explain	

why	this	study	did	not	find	associations	uncovered	in	the	two	other	studies	discussed	

above.	 For	 example,	 a	 higher	 relative	 abundance	 of	 Bacteroides	 at	 ten	weeks	 of	 age	

amongst	rotavirus	shedders	was	observed	in	this	study,	in	contrast	to	a	lower	relative	

abundance	 amongst	 seroconverters	 in	 the	 Ghana	 study,	 which	 were	 attributed	 to	

differences	in	methodology	(V.	C.	Harris	et	al.,	2017).	More	recent	studies	of	infants	in	

India	 and	Nicaragua	 also	did	not	 find	 any	 significant	 associations	between	 the	 faecal	

microbiota	and	responses	to	ORVs	(Parker	et	al.,	2018,	Fix	et	al.,	2020).	 Interestingly,	

however,	before	correction	for	multiple	statistical	comparisons,	the	Nicaraguan	study,	

which	was	likely	to	be	significantly	underpowered	with	only	25	infants	seroconverting,	

did	identify	significant	associations	between	the	relative	abundances	of	several	genera	

in	the	faecal	microbiota	(including	Enterobacteriaceae)	and	ORV	seroconversion.		

	

Another	study	comparing	responses	to	the	ORV	in	Malawi	(n=119)	and	India	(n=60)	and	

the	 UK	 (n=60)	 found	 that	 maternal	 antibodies	 and	 higher	 microbiota	 diversity	 was	

negatively	associated	with	ORV	immunogenicity	(E.	P.	K.	Parker	et	al.,	2021).	There	was	

no	 relationship	 between	 environmental	 enteric	 dysfunction	 (EED),	 an	 incompletely	

defined	 syndrome	 of	 inflammation,	 reduced	 absorptive	 capacity,	 and	 reduced	 barrier	

function	in	the	small	intestine,	 	and	ORV	responses.	Therefore,	EED	was	unlikely	to	be	

responsible	 for	 the	 poorer	 immunogenicity	 observed	 in	 LMICs	 (E.	 P.	 K.	 Parker	 et	 al.,	

2021).	Interestingly,	there	was	a	high	relative	abundance	of	Bifidobacterium	found	in	the	

Indian	 infants	 and	 a	 much	 lower	 of	 Bifidobacterium	 abundance	 in	 the	 UK	 cohort,	 in	

contrast	 to	 the	 literature	 suggesting	 that	Bifidobacterium	may	 have	 a	 positive	 role	 in	

vaccine	responsiveness	(Huda	et	al.,	2019;	Kandasamy,	Chattha,	Vlasova,	Rajashekara,	&	
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Saif,	2015;	Mullié	et	al.,	2004;	Ng	et	al.,	2022a).		The	authors	suggest	that	the	high	viral	

and	microbial	burden	in	LMICs	may	induce	a	state	of	hyporesponsiveness.		

	

Whole	 metagenome	 shotgun	 sequencing	 assessing	 the	 faecal	 microbiota	 of	 158	

Zimbabwean	 infants	with	 low	seroconversion	 found	no	distinct	microbiome	signature	

aligning	 with	 ORV	 immunogenicity	 (R.	 C.	 Robertson	 et	 al.,	 2021).	 This	 study	 took	

advantage	of	a	broader	clinical	study,	The	Sanitation	Hygiene	Infant	Nutrition	Efficacy	

(SHINE)	trial,	which	introduced	potential	confounding	factors,	such	as	an	emphasis	on	

breastfeeding	within	the	cohort	(>80%)	which	may	have	obscured	microbiome-vaccine	

related	effects.	 In	addition,	 stool	 samples	were	collected	 from	 infants	within	a	30-day	

window	of	the	time	of	vaccination,	at	a	period	of	life	that	sees	significant	instability	of	the	

microbiota.	 The	 key	 outcome	 of	 this	 trial	 was	 a	 50%	 improvement	 in	 ORV	

immunogenicity	(Church	et	al.,	2019),	though	no	microbiome	link	was	found	to	explain	

this	 improvement.	 In	 addition,	 there	 was	 no	 reduction	 in	 the	 incidence	 of	 diarrhea	

(Humphrey	et	al.,	2019)	or	the	burden	of	enteropathogen	carriage	(McQuade	et	al.,	2020)	

that	could	explain	this.	

	

1.2.4 Evidence	from	interventional	studies	

 
Several	observational	and	interventional	studies	have	 investigated	whether	antibiotic-

driven	perturbations	of	the	gut	microbiota	led	to	altered	responses	to	vaccination.	In	one	

of	the	first	studies	investigating	antibiotics’	effect	on	vaccine	responses	in	humans,	Harris	

et	 al.	 examined	ORV	 efficacy	 in	 adults	 randomised	 to	 receive	 either	 broad	 or	 narrow	

spectrum	 antibiotics.	 Antibiotics	 did	 not	 affect	 absolute	 anti-rotavirus	 IgA	 titres,	 but	

participants	receiving	narrow-spectrum	antibiotics	had	higher	ORV	shedding	and	slight	
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boosting	(V.	C.	Harris	et	al.,	2018).	Furthermore,	independently	of	the	treatment	groups	

they	 were	 placed	 in,	 rotavirus	 shedding	 and	 boosting	 was	 associated	 with	 a	 higher	

abundance	 of	 Enterobacteriaceae	 (Proteobacteria)	 and	 a	 lower	 abundance	 of	

Prevotellaceae	 (Bacteriodetes)	 (V.	 C.	 Harris	 et	 al.,	 2018).	 These	 results	 suggest	 that	

specific	taxa	and	not	microbiota	depletion	alone	could	influence	ORV	immunogenicity.	

	

	A	study	analysing	a	subset	of	 infants	enrolled	 in	the	Melbourne	Infant	Study:	BCG	for	

Allergy	 and	 Infection	 Reduction	 (MIS	 BAIR)	 (Zimmermann	 et	 al.,	 2020)	 found	 that	

seroprotection	rates	or	antibody	concentrations	(assessed	at	7	and	13	months	of	age)	in	

response	 to	 routine	 infant	 immunizations	 (DTP,	 HepB,	 Hib,	 poliovirus	 and	 PCV13	

vaccines)	 were	 not	 significantly	 different	 in	 infants	 exposed	 to	 antibiotics	 before	

vaccination	(the	majority	of	infants	received	antibiotics	in	the	first	week	of	life).	However,	

the	 sample	 size	 of	 infants	 exposed	 to	 antibiotics	 in	 this	 study	was	modest	 (n = 29).	 A	

randomised	 controlled	 trial	 (RCT)	 investigating	 the	 effect	 of	 azithromycin	 on	 the	

immunogenicity	of	OPV	in	healthy	 infants	 found	that	azithromycin,	administered	once	

daily	for	3	days	before	vaccination	11	days	later,	did	not	improve	vaccine	immunogenicity	

despite	reducing	biomarkers	of	EED	and	the	prevalence	of	pathogenic	intestinal	bacteria	

(Grassly	 et	 al.,	 2016b).	 EED,	 or	 environmental	 entropy,	 is	 a	 poorly	 defined	 state	 of	

intestinal	inflammation	that	is	often	accompanied	by	bacterial	overgrowth	in	the	small	

intestine,	which	 has	 been	 suggested	 to	 lead	 to	 impaired	 oral	 vaccine	 immunogenicity	

(Gilmartin	&	Petri,	2015)	

	

Recently,	 a	 systems	 vaccinology	 approach	 was	 used	 to	 comprehensively	 assess	 the	

impact	 of	 broad-spectrum	 antibiotics	 on	 innate	 and	 adaptive	 immune	 responses	 to	

influenza	 vaccination	 (Hagan	 et	 al.,	 2019).	 Broad-spectrum	 antibiotics	 (vancomycin,	
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neomycin	and	metronidazole)	were	administered	to	healthy	young	adults	(n = 11)	before	

and	after	vaccination.	Antibiotic	treatment	resulted	in	a	10,000-fold,	although	transient,	

reduction	 in	 gut	 bacterial	 load	 and	 a	 marked	 and	 long-lasting	 reduction	 in	 bacterial	

diversity.	However,	there	was	no	significant	impact	on	neutralising	or	antigen-binding	

antibody	responses	induced	by	vaccination.	To	determine	whether	this	was	owing	to	pre-

existing	 immunity,	 the	 experiment	 was	 repeated	 with	 individuals	 with	 low	 baseline	

antibody	titres	against	the	influenza	virus.	Interestingly,	antibiotic	treatment	markedly	

reduced	 H1N1-specific	 neutralization	 in	 these	 participants	 and	 IgG1	 and	 IgA	 binding	

antibody	 titres.	 In	 addition,	 in	 both	 study	 groups,	 antibiotic	 treatment	 resulted	 in	

increased	transcriptional	signatures	of	inflammation,	which	were	similarly	increased	in	

healthy	elderly	subjects	immunized	with	seasonal	influenza	vaccine	(Nakaya	et	al.,	2015)	

and	divergent	metabolic	trajectories.	There	was	a	1,000-fold	reduction	in	serum	levels	of	

secondary	 bile	 acids	after	 antibiotic	 treatment,	 which	 was	 highly	 correlated	 with	

transcriptional	signatures	of	inflammation,	suggesting	a	role	for	secondary	bile	acids	in	

suppressing	 inflammation.	 Integrative	modelling	 of	 the	multi-omics	 datasets	 revealed	

significant	associations	between	particular	bacterial	species	and	metabolic	phenotypes.	

Taken	together,	these	results	suggest	that	antibiotic-driven	changes	to	the	gut	microbiota	

can	 induce	 significant	 changes	 in	 the	metabolome,	 alter	 inflammatory	 responses	 and	

impair	antibody	responses	to	vaccination.	

	

In	summary,	studies	carried	out	so	far	suggest	that	antibiotic-driven	changes	to	the	gut	

microbiota	 can	 influence	 responses	 to	 influenza,	 DTaP,	 IPV,	 Hib	 and	 possibly	 to	 ORV	

vaccination,	although	all	of	the	studies	are	limited	by	a	small	sample	size	and	by	the	fact	

that	antibiotics	were	typically	administered	shortly	before	immunisation.	Interestingly,	

antibiotic	treatment	did	not	affect	responses	to	the	influenza	vaccine	in	recipients	with	
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high	 levels	 of	 pre-existing	 immunity,	 which	 is	 consistent	 with	 the	 limited	 effect	 of	

antibiotics	 on	 responses	 to	 ORVs	 in	 individuals	 who	 had	 high	 levels	 of	 baseline	

seropositivity	(V.	C.	Harris	et	al.,	2018).	It	is	therefore	possible	that	the	microbiota	has	a	

more	 marked	 effect	 on	 primary	 responses	to	 vaccination	 than	 on	 secondary	

immune	responses.	Another	 limitation	 is	 that	several	of	 the	studies	conducted	 to	date	

have	assessed	the	impact	of	antibiotics	on	vaccine	responses	in	adults.	In	mice	(see	next	

section),	it	has	been	shown	that	antibiotic	exposure	in	infancy	but	not	in	adulthood	leads	

to	impaired	responses	to	five	parenteral	vaccines	licenced	for	infants	(Lynn	et	al.,	2018),	

which	suggests	that	alterations	to	the	microbiota	in	early	life	may	have	more	significant	

effects	on	responses	to	vaccination	than	alterations	in	adulthood.		
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Figure 1.4| Differences in the gut microbiota of infants and the elderly compared with 
that of young adults correlate with altered immune status and suboptimal vaccine 
immunogenicity. a | The composition of the gut microbiota in early life is unstable and has 
low levels of diversity, with a small number of bacterial families tending to dominate. Over 
time, the diversity of the gut microbiota increases until an adult-like composition is reached 
between 2 and 3 years of age. The adult gut microbiota is more complex than in infancy (higher 
levels of diversity) but is also more homogeneous between individuals and, in the absence of 
external perturbations (such as antibiotics), is generally quite stable. b | As people age, the 
diversity and stability of the gut microbiota decline. There is also an increased relative 
abundance of inflammation-associated Proteobacteria and a decrease in Actinobacteria. c | 
The composition of the gut microbiota can strongly influence immune function and the baseline 
status of the immune system at the time of vaccination. Baseline immune status has been 
shown to be predictive of responses to vaccination in several studies.. d | Compared with 
healthy adults, vaccine immunogenicity is poorer in infants and in the elderly. Increasing data 
suggest causal links between these phenomena. 
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1.2.5 Evidence	from	mice	that	the	microbiota	influences	vaccine	responses.		

As	 previously	 discussed,	 the	 microbiota	 produces	 a	 range	 of	 immunomodulatory	

molecules	that	are	recognised	by	the	host’s	innate	immune	system.	PRRs	recognise	some	

of	these	molecules	that	may	then	be	able	to	act	as	a	natural	source	of	adjuvants	(D.	J.	Lynn	

&	Pulendran,	2017).	These	include	flagellin,	which	is	recognised	by	TLR5.	TLR5-sensing	

of	 flagellin	has	been	found	to	be	necessary	for	antibody	responses	in	mice	to	the	non-

adjuvanted	 seasonal	 flu	 vaccine,	 trivalent	 inactivated	 vaccine	 (TIV)	 (Oh	 et	 al.,	 2014).	

Antibody	 responses	 were	 reduced	 in	 Tlr5-/-	 mice	 and	 germ-free	 mice	 but	 could	 be	

restored	 by	 orally	 reintroducing	 the	 flagellated	 strain	 of	 Escherichia	 coli,	 but	 not	 an	

aflagellated	 strain.	While	 these	 differences	 were	 observed	 for	 TIV,	 a	 non-adjuvanted	

vaccine,	there	were	no	differences	in	response	to	adjuvanted	or	live	vaccines,	suggesting	

the	microbiota	is	not	essential	for	optimal	responses	to	these	vaccine	types.		

	

Experimental	evidence	also	suggests	that	NLRs	may	have	a	role	in	sensing	molecules	from	

the	microbiota	 that	can	adjuvant	 immune	responses	 to	vaccination.	NOD2	stimulation	

with	 the	 peptidoglycan	 component	 muramyl	 dipeptide	 (MDP)	 was	 essential	 for	 the	

mucosal	adjuvant	activity	of	intranasal	cholera	toxin	activity	in	mice	immunised	with	the	

model	antigen	human	serum	albumin	(HSA)	(Kim	et	al.,	2016).	Germ	free	(GF),	antibiotic-

treated	(ABX),	or	mice	deficient	in	NOD2	or	receptor-interacting	serine/threonine	kinase,	

an	adaptor	protein	downstream	of	NOD2,	had	significantly	 impaired	 IgG	responses	 to	

HSA	compared	to	wildtype	mice.		

	

Bacterial	 LPS	 signals	 through	 TLR4	 to	 promote	 inflammatory	 responses	 and	 has	 the	

potential	 to	 act	 as	 a	 vaccine	 adjuvant.	 Mice	 immunised	 with	 synthetic	 nanoparticles	

containing	antigens	and	TLR4	ligands	enhanced	neutralising	antibodies	(Kasturi	et	al.,	
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2011a).	Different	gut	microbiota	species	produce	different	types	of	LPS,	which	can	have	

varying	effects	on	T	helper	responses	(Pulendran	et	al.,	2001)	either	through	interaction	

with	local	immune	cells	or	via	translocation	out	of	the	gut	to	the	liver,	bloodstream	or	

lymphoid	organs.	Systemic	recognition	of	LPS	by	TLR4	on	B	cells	was	essential	 in	 the	

generation	 of	 microbiota-specific	 IgG,	 which	 provides	 evidence	 that	 LPS	 influences	

adaptive	immune	responses	systemically	(Melody	Y.	Zeng	et	al.,	2016).		

	

Previously,	 our	 laboratory	 has	 shown	 that	 the	 microbiota	 can	 modulate	 immune	

responses	 to	 vaccination	 in	 a	 murine	 model	 (Lynn	 et	 al.,	 2018).	 Mice	 treated	 with	

antibiotics	 (ampicillin	 and	neomycin)	 in	 early	 life	had	 significantly	 impaired	antibody	

responses	 to	 5	 vaccines	 routinely	 administered	 to	 infants	 worldwide:	 BCG,	 the	

adjuvanted	Bexsero	meningococcal	serogroup	B	(Men	b),	the	NeisVac-C	meningococcal	

serogroup	 C	 (Men	 C),	 PCV13	 and	 the	 INFRANRIX	 hexa	 vaccine	 (Lynn	 et	 al.,	 2018).	

Impaired	 antibody	 responses	 could	 be	 restored	 in	 these	 mice	 following	 a	 faecal	

microbiome	transplant	(FMT)	from	untreated	mice,	suggesting	that	it	is	the	species	that	

colonise	after	antibiotic	exposure	and	not	the	antibiotic	exposure	per	se,	which	influence	

subsequent	responses	to	vaccination.	This	result	was	exclusive	to	early	life,	as	the	same	

impairment	 was	 not	 observed	 in	 adult	 mice	 that	 underwent	 the	 same	 antibiotics	

treatment.	This	suggests	that	there	 is	a	potential	 ‘window	of	opportunity’	 in	early	 life,	

during	which	the	microbiota	may	have	a	more	marked	influence	on	immune	responses	

to	 vaccination.	 This	 is	 consistent	 with	 other	 studies	 that	 have	 highlighted	 a	 similar	

‘window’	for	the	microbiota	to	imprint	on	the	immune	system	in	different	contexts.	For	

example,	 in	 mice,	 the	 intestinal	 microbiota	 induces	 a	 strong	 immune	 response	 at	

weaning	that,	 if	 inhibited,	 can	 lead	 to	 pathological	 imprinting	 that	 drives	 disease	

susceptibility	in	later	life	(Al	Nabhani	et	al.,	2019).		
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In	contrast	to	the	impaired	antibody	responses	observed	in	mice	treated	with	antibiotics	

in	early	 life,	mice	had	exacerbated	 IFNg	production	by	T	cells	re-stimulated	 in	culture	

with	vaccine	antigen.	Interestingly,	Lynn	et.	al.	could	not	reproduce	the	findings	in	Tlr5-/-	

littermate	mice	 for	 the	 influenza	vaccine	 reported	by	Oh	et.	 al,	or	 in	 further	maternal	

vaccination	 experiments	 investigating	 PCV13,	 suggesting	 the	 microbiota	 present	 in	

transgenic	mice	could	have	been	mediating	the	differences	seen	between	groups.	More	

recently,	broad-spectrum	antibiotics	were	shown	to	significantly	blunt	T	cell	activation	

in	response	to	BCG	vaccination,	which	was	accompanied	by	a	decline	in	the	T	cell	memory	

response	 (Nadeem,	 Maurya,	 Das,	 Khan,	 &	 Agrewala,	 2020).	 This	 had	 negative	

consequences	 for	 Mycobacterium	 tuberculosis	 clearance	 in	 a	 challenge	 model	 as	

vaccinated	ABX	animals	had	poorer	clearance	than	unexposed	animals.	Differences	in	the	

gut	microbiota	 in	mice	also	 led	 to	differences	 in	 the	capacity	 to	mount	a	GC	response	

against	Plasmodium	yoelii	(Waide	et	al.,	2020).	Plasmodium	yoelii	resistant	mice	had	a	

higher	diversity	 in	 their	BCR	 repertoire	 and	better	GC	 structure	maintenance	 in	 their	

spleens	compared	to	susceptible	mice.		

	

Colonisation	with	Bifidobacterium	has	been	associated	with	increased	numbers	of	CD27+	

memory	 B	 cells	 (Lundell	 et	 al.,	 2012,	 Rabe	 et	 al.,	 2020),	 IgA-secreting	 plasma	 cells	

(Gronlund,	Arvilommi,	Kero,	Lehtonen,	&	Isolauri,	2000),	and	salivary	IgA	(Sjögren	et	al.,	

2009).	Additionally,	the	relative	abundance	of	several	strains	of	bifidobacteria	has	been	

associated	with	 improved	CD4+	T	 cell	vaccine	 responses	 in	 infants	 (Huda	et	al.,	2019;	

Rabe	 et	 al.,	 2020).	Bifidobacterium	 at	 1	 week	 of	 life	 was	 also	 associated	 with	 higher	

cytokine	production,	including	IL-6,	IL-1B,	and	TNF	after	T	cell	mitogen	PHA	stimulation,	

at	36	months	of	age	 in	a	study	assessing	responses	 in	65	Swedish	 infants	(Rabe	et	al.,	
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2020).		Moroishi	et	al	found	associations	between	the	microbiota	at	6	weeks	of	age	and	

pneumococcal	and	tetanus	antibody	responses	in	these	infants	at	1	year	(Moroishi	et	al.,	

2022).	 In	 contrast	 to	Huda	 et	 al	 (Huda	 et	 al.,	 2014;	Huda	 et	 al.,	 2019),	 they	 found	 an	

inverse	 association	 between	 tetanus	 antibody	 responses	 and	 a	 member	 of	 the	

Bifidobacteriaceae	family,	Aerisacardovia	aeriphila.	Therefore,	further	investigation	into	

the	 effects	 that	 bifidobacteria	 isolated	 from	 infants	 has	 on	 immune	 responses	 to	

vaccination	may	be	essential	to	determining	the	mechanism	by	which	these	important	

components	 of	 the	 infant	microbiota	 have	 on	 the	 immune	 response	 to	 both	 oral	 and	

parenteral	vaccines,	particularly	infant	vaccines.	

	

1.2.6 Microbiota	and	lymphocyte	responses		

Aside	from	studies	that	have	directly	investigated	the	role	of	the	microbiota	in	responses	

to	 vaccination,	 several	 other	 studies	 have	 highlighted	 important	 roles	 for	 the	 gut	

microbiota	 in	 modulating	 B	 cell	 and	 T	 cell	 responses	 that	 likely	 have	 important	

implications	for	the	effects	of	the	microbiota	on	vaccine	immunogenicity.	For	example,	

two	recent	preclinical	studies	have	shown	that	mucosal	or	systemic	microbiota	exposure	

shapes	B	cell	repertoires,	which	has	important	implications	for	antigen-specific	vaccine	

responses	 (New	 et	 al.,	 2020;	 Li	 et	 al.,	 2020).	 In	 the	 first	 study,	 adult	 germ-free	mice	

immunized	 with	 Group	 A	Streptococcus	(GAS)	 had	 significantly	 reduced	 B-1	

cell	clonotypes	 and	 serum	 antibodies	 specific	 for	 an	 immunodominant	 cell-wall	

polysaccharide	of	GAS	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	&	King,	2020).	Colonizing	

germ-free	mice	with	 a	 conventional	microbiota	 restored	 these	 responses.	 These	 data	

could	have	important	implications	for	infant	polysaccharide	conjugate	vaccines	such	as	

PCV13.	The	second	study	showed	that	sequential	exposure	to	different	microorganisms	

in	 the	 intestine	 of	 adult	 germ-free	 mice	 led	 to	 the	 attenuation	 of	 pre-existing	 IgA	
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responses	to	microorganisms	encountered	previously	(Li	et	al.,	2020).	This	contrasted	

with	sequential	systemic	microbial	exposures,	which	led	to	a	diverse	IgG	repertoire	that	

could	efficiently	respond	to	these	different	encounters.	These	data	may	partially	explain	

poor	responses	to	oral	vaccines	observed	in	LMICs,	particularly	in	settings	where	there	

is	a	high	burden	of	environmental	microorganisms	in	the	gut.	

	

It	 is	crucial	to	prioritize	the	improvement	of	current	vaccines	in	LMICs,	where	vaccine	

immunogenicity	 is	 notably	 lower	 compared	 to	 HICs.	 LMICs	 often	 face	 numerous	

challenges,	such	as	high	pathogen	burden,	micronutrient	deficiencies,	and	exposure	to	

pollution,	resulting	in	a	high	prevalence	of	EED.	A	recent	study	demonstrated	in	a	mouse	

model	of	EED	regulatory	T	cells	 suppress	CD4+	T	cell	 responses	 in	 the	small	 intestine	

leading	to	 impaired	oral	vaccine	efficacy	(Bhattacharjee	et	al.,	2021).	Mice	were	orally	

immunised	with	an	attenuated	 labile	 toxin	derived	 from	enterotoxigenic	E.	coli	(ETEC)	

and	EED	mice	were	unable	 to	mount	a	vaccine	specific	CD4+	T	cell	 in	 their	 intestines.	

Instead,	EED	mice	showed	an	increase	of	intestinal	RORγT+	Tregs.	Targeted	depletion	of	

these	Tregs	 could	 restore	vaccine	 responsiveness	 in	EED	mice	 and	protection	against	

challenge.		

	

 
1.2.7 The	relationship	between	vaccination	against	SARS-CoV-2	and	the	

microbiome	

 
Responses	to	SARS-CoV-2	vaccines	have	been	shown	to	be	highly	variable,	and	increasing	

data	suggest	that	this	variation	can	at	least	in	part	be	explained	by	differences	in	the	gut	

microbiota.	Two	recent	studies	found	that	baseline	gut	microbiota	(pre-immunisation)	is	

associated	with	responses	to	the	SARS-CoV2	mRNA	vaccine,	BNT162b2	(Ng	et	al.,	2022,	
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Healey	et	al.,	2023).	Healey	et	al.	also	found	greater	antibody	avidity	after	BNT162b2	in	

people	 who	 consumed	 a	 high-fibre	 diet.	 High	 fibre	 intake	 results	 in	 increased	 SCFA	

production,	so	it	 is	notable	that	Tang	et	al.	 found	a	link	between	SCFA	production	and	

increased	antibody	production	in	response	to	the	inactivated	SARS-CoV2	vaccine,	BBIBP-

CorV	(Tang	et	al.,	2022).	Associations	between	microbiome-mediated	SCFA	production	

and	 antibody	 responses	 to	 influenza	 vaccination	 have	 also	 been	 reported	 (Cait	 et	 al.,	

2021).		There	were	significant	changes	to	the	microbiota	after	the	Sinovac	SARS-CoV-2	

vaccine	was	administered	to	young	adults,	as	well	as	significant	associations	between	the	

gut	microbiota	and	SARS-CoV-2-specific	antibody	production	(Han	et	al.,	2022).		

	

Nearly	every	study	assessing	associations	between	the	gut	microbiota	and	responses	to	

vaccination	 against	 SARS-CoV-2	 has	 found	 an	 altered	 microbiome	 profile	 after	

immunisation,	 and	 in	 many	 cases,	 these	 profiles	 can	 be	 used	 to	 predict	 vaccine	

responsiveness	(Ng	et	al.,	2022,	Healey	et	al.,	2023,	Han	et	al.,	2022,	Tang	et	al.,	2022).	

Lastly,	BNT162b2	antibody	responses	positively	correlated	with	the	AP-1	transcription	

factor	network	and	the	gut	microbial	fucose/rhamnose	degradation	pathway	(Hirota	et	

al.,	 2022).	 Both	 were	 negatively	 correlated	 with	 T	 cell	 responses,	 showing	 another	

potential	link	between	immune	responses	to	the	BNT162b2	SARS-CoV-2	vaccine	and	the	

gut	microbiome.	

	

	

1.2.8 Potential	mechanisms		

The	 mechanisms	 by	 which	 the	 microbiota	 might	 modulate	 immune	 responses	 to	

vaccination	are	currently	incompletely	understood.	Several	potential	mechanisms	have	

been	 proposed,	 including	 the	 natural	 adjuvant	 hypothesis,	 the	 modulation	 of	 B	 cell	
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responses	 by	microbial	 metabolites	 and	microbiota-encoded	 epitopes	 that	 are	 cross-

reactive	 with	 vaccine	 antigens.	 Here,	 the	 evidence	 for	 and	 against	 these	 potential	

mechanisms	is	discussed.	Most	likely,	the	microbiota	can	influence	vaccine	responses	in	

multiple	ways.	Potential	redundancies	between	the	different	pathways	 involved	and	a	

dependency	 on	 the	 specific	 composition	 of	 the	 microbiota	 in	 different	 contexts	 may	

explain	why	it	has	so	far	been	challenging	to	fully	decipher	these	mechanisms.	

	

1.2.9 Innate	sensing	of	the	microbiota	by	pattern	recognition	receptors	

One	potential	way	in	which	the	microbiota	is	likely	to	modulate	vaccine	responses	is	by	

providing	natural	adjuvants	that	enhance	responses	to	vaccination	(Fig.	1.5a).	Adjuvants	

are	 pharmacological	 or	 immunological	 agents,	 such	 as	 aluminium	 salts	 (alum),	 that	

function	 to	 accelerate,	 prolong	 or	 enhance	 antigen-specific	 immune	 responses.	

Commonly	used	vaccine	adjuvants	directly	or	indirectly	activate	antigen-presenting	cells,	

such	as	dendritic	cells	(DCs),	via	pattern	recognition	receptors	(PRRs)	such	as	TLRs	or	

NOD-like	 receptors	 (NLRs),	 which	 also	 detect	 microbial	 molecules,	 including	 those	

produced	 by	 the	 microbiota	 (Georg	 &	 Sander,	 2019).	 For	 example,	 TLR5-mediated	

sensing	of	 flagellin	produced	by	the	gut	microbiota	was	required	for	optimal	antibody	

responses	 to	 the	 non-adjuvanted	 influenza	 vaccine	 (Oh	 et	 al.,	 2014).	 Consistent	 with	

these	data,	the	expression	level	of	TLR5	on	human	peripheral	blood	mononuclear	cells	

correlated	 with	 the	 magnitude	 of	 antibody	 titres	 assessed	 via	 a	 haemagglutination	

inhibition	assay	(Nakaya	et	al.,	2011).	However,	in	contrast	to	these	data,	another	study	

did	not	find	a	strong	dependency	on	TLR5	for	antibody	responses	to	influenza	vaccine	or	

PCV13	in	young	mice	(Lynn	et	al.,	2018).	The	reasons	for	these	different	results	are	not	

entirely	 clear	 but	 differences	 in	 the	 composition	 of	 the	 microbiota	 may	 play	 a	 role.	

Compared	with	 non-littermate	wild-type	mice,	which	 had	 a	 significantly	 different	 gut	
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microbiota,	Tlr5–/–	mice	did	have	substantially	 impaired	antibody	responses	 to	PCV13.	

Conversely,	compared	with	littermate	wild-type	mice,	which	had	a	similar	gut	microbiota,	

antibody	responses	to	PCV13	were	not	impaired	(Lynn	et	al.,	2018).	

	

The	activation	of	alternative	PRR	signalling	pathways	sensing	microbial	products	other	

than	flagellin	might	also	provide	similar	adjuvant	signals.	Consistent	with	this	possibility,	

the	 sensing	 of	 microbiota-produced	 peptidoglycan	 by	 NOD2	 has	 been	 shown	 to	 be	

required	 for	 optimal	 responses	 to	 intranasal	 immunization	 with	 the	 model	 antigen	

human	serum	albumin	and	cholera	toxin	(Kim	et	al.,	2016).	Furthermore,	the	influence	of	

the	microbiota	on	B-1	cell	responses	to	GAS	has	been	found	to	depend	on	MYD88,	a	key	

adaptor	protein	downstream	of	multiple	TLRs	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	

King,	et	al.,	2020).	Further	work	is	needed	to	assess	whether	other	PRRs	can	also	mediate	

the	 influence	of	 the	microbiota	on	vaccine	 responses.	For	example,	 although	 it	 is	well	

established	that	bacterial	LPS	(sensed	via	TLR4)	can	have	an	adjuvant	effect	on	responses	

to	 vaccination(Georg	 &	 Sander,	 2019;	 Kasturi	 et	 al.,	 2011b),	 it	 remains	 to	 be	 shown	

whether	TLR4-mediated	sensing	of	LPS	produced	by	the	gut	microbiota	can	modulate	

vaccine	 immune	responses.	This	may	be	 further	complicated	by	 the	 fact	 that	different	

bacterial	taxa	in	the	microbiota	produce	different	types	of	LPS	that	have	varying	degrees	

of	immunogenicity	(Vatanen	et	al.,	2016).	

	

The	ability	of	the	microbiota	to	provide	natural	vaccine	adjuvants	is	likely	also	dependent	

on	other	factors,	including	the	amount	of	specific	immunomodulatory	products	that	are	

produced	 and	 whether	 these	 products	 are	 confined	 to	 the	 gut	 or	 escape	 into	 the	

periphery.	 Blooms	 of	 specific	 pathobionts,	 such	 as	 members	 of	 the	 LPS-producing	

Enterobacteriaceae,	which	 frequently	overgrow	when	 the	gut	 is	 inflamed	or	 following	
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antibiotic	exposure,	may	lead	to	increased	levels	of	LPS	in	the	gut	and	the	periphery	(M.	

Y.	 Zeng,	 Inohara,	 &	 Nuñez,	 2017),	 thereby	 influencing	 responses	 to	 vaccines	 that	 are	

administered	concurrently	with	these	blooms.	The	ability	of	the	microbiota	to	influence	

the	 responses	 to	parenteral	 vaccines	 is	 also	 likely	dependent	on	gut	barrier	 integrity.	

When	the	gut	epithelial	barrier	is	compromised,	for	example	owing	to	gut	inflammation,	

malnutrition	or	antibiotic	exposure,	increased	levels	of	antigens	and	immunomodulatory	

products	produced	by	the	gut	microbiota	are	readily	detected	in	the	periphery,	where	

they	 can	 modulate	 systemic	 immune	 responses	 (Mu,	 Kirby,	 Reilly,	 &	 Luo,	 2017).	

Furthermore,	metabolites	produced	by	specific	taxa	in	the	gut	microbiota	can	support	gut	

barrier	 integrity	by	upregulating	epithelial	 tight	 junction	proteins	 (Singh	et	al.,	2019),	

which	suggests	that	the	abundance	of	specific	taxa	in	the	gut	microbiota	may	alter	the	

degree	 of	 gut	 ‘leakiness’	 and	 therefore	 the	 amount	 of	 microbiota-produced	 natural	

adjuvants	in	the	periphery.	
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Figure 1.5| Potential mechanisms by which the microbiota could modulate vaccine 
immunogenicity and efficacy. a | Immunomodulatory molecules produced by the 
microbiota, such as flagellin and peptidoglycan, have been shown in animal models to 
modulate vaccine responses by providing natural adjuvants that are sensed by pattern 
recognition receptors (PRRs), such as Toll-like receptors (TLRs) and NOD2, expressed by 
antigen-presenting cells. Other immunomodulatory molecules, such as lipopolysaccharide, 
may also similarly modulate responses. PRRs expressed by T cells and B cells may also 
sense these molecules directly. b | Dendritic cells (DCs) have a crucial role in immune 
responses to vaccination by presenting vaccine antigens to T cells and secreting 
immunomodulatory cytokines. The microbiota regulates the production of type I interferons by 
plasmacytoid DCs (pDCs), which in turn instruct a specific metabolic and epigenomic state in 
conventional DCs (cDCs) that enhances T cell priming. c | Immunomodulatory metabolites 
produced by the microbiota, such as SCFAs, can enhance B cell metabolism to support the 
energy demands of antibody production and can increase the expression of genes involved in 
plasma cell differentiation and class switching, potentially altering responses to 
vaccination. d | Increasing data suggest that the microbiota can encode epitopes that are 
cross-reactive with pathogen-encoded or vaccine-encoded epitopes. The presence of cross-
reactive B cells or T cells could potentially alter the responses to vaccination. 
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1.2.10 Microbiota-mediated	reprogramming	of	antigen-presenting	cells	

Antigen-presenting	cells,	such	as	DCs,	play	a	crucial	role	in	presenting	vaccine	antigens	

to	T	cells	and	controlling	the	magnitude,	quality	and	durability	of	the	ensuing	immune	

response.	 PRRs	 control	 the	 key	 functions	 of	 these	 cells	 (Georg	 &	 Sander,	 2019)	 and	

increasing	 data	 indicate	 that	 the	 microbiota	 can	 potently	 modulate	 DC	 function,	

suggesting	a	potential	way	 in	which	 the	microbiota	could	act	as	a	natural	adjuvant	 to	

vaccination	(Fig.	1.5b).	After	intranasal	immunization	with	inactive	cholera	toxin,	TLR-

mediated	sensing	of	the	microbiota	by	lung	DCs	led	to	the	upregulation	of	the	gut-homing	

receptors	α4β7	integrin	and	CC-chemokine	receptor	9	on	IgA+	B	cells.	The	migration	of	

these	 cells	 from	 the	 lung	 to	 the	gut	 resulted	 in	protection	against	oral	 challenge	with	

cholera	toxin	(Ruane	et	al.,	2016).	In	germ-free	mice	receiving	intranasal	immunization	

with	inactive	cholera	toxin,	the	levels	of	antigen-specific	IgA	in	the	gut	were	significantly	

reduced.	 Furthermore,	 depletion	 of	 the	microbiota	 by	 broad-spectrum	antibiotics	 has	

been	shown	to	inhibit	the	TLR-dependent	production	of	total	IgA	in	the	lungs	of	mice	and	

humans	in	intensive	care	units,	contributing	to	increased	susceptibility	to	Pseudomonas	

aeruginosa	infection	(Robak	et	al.,	2018).	

	

Recently,	the	microbiota	has	also	been	shown	to	regulate	the	constitutive	production	of	

type	I	interferon	by	plasmacytoid	DCs	(Schaupp	et	al.,	2020).	Type	I	interferon	production	

by	plasmacytoid	DCs	induces	a	specific	epigenomic	and	metabolic	state	in	conventional	

DCs	 such	 that	 they	 more	 efficiently	 prime	 antigen-specific	 T	 cell	 responses.	 The	

microbiota	may	 also	 have	 an	 adjuvant	 effect	 on	 vaccine	 responses	 through	 effects	 on	

other	antigen-presenting	cells.	For	example,	DCs	were	found	to	be	dispensable	 for	the	

ability	of	microbiota-produced	flagellin	to	enhance	the	antibody	responses	to	the	non-

adjuvanted	influenza	vaccine	(Oh	et	al.,	2014).	Instead,	these	effects	were	dependent	on	
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macrophages,	 as	 macrophage-depleted	 mice	 failed	 to	 mount	 a	 detectable	 antibody	

response	 to	 the	 vaccine	 at	 7	 days	 after	 immunization.	 The	microbiota	 has	 also	 been	

shown	 to	modulate	 antigen	 presentation	 by	 intestinal	 epithelial	 cells	 (Koyama	 et	 al.,	

2019),	which	 could	 have	 implications	 for	 immune	 responses	 to	 oral	 vaccines	 and,	 as	

discussed	in	more	detail	below,	the	microbiota	can	also	exert	direct	effects	on	B	cells	and	

T	cells.	More	recently,	B.	bifidum	has	been	shown	to	induce	immunosuppressive	Foxp3+	

Tregs	through	cell	surface	expression	of	ß-glucan/galactin	(Verma	et	al.,	2018).	These	

tolerance	 signals	were	partially	mediated	 through	TLR2	on	 regulatory	DCs	 sensing	of	

these	polysaccharides,	 leading	 to	 the	production	of	 IL-10	and	TGF-ß1	and	subsequent	

induction	of	Tregs.			

	

1.2.11 Immunomodulation	by	microbiota-derived	metabolites	

In	addition	to	molecules	sensed	by	PRRs,	the	gut	microbiota	also	produces	a	large	number	

of	 metabolites	that	 have	 the	 potential	 to	 modulate	 immune	 responses	 (Fig.	 1.5C)	

(Bittinger	 et	 al.,	 2020).	Amongst	 the	best	 studied	of	 these	 are	 SCFAs,	 such	 as	 acetate,	

butyrate	 and	 propionate,	 which	 are	 the	 main	 metabolic	 end	 products	 of	 bacterial	

fermentation	in	the	colon.	SCFAs	have	been	shown	to	increase	oxidative	phosphorylation,	

glycolysis	and	fatty	acid	synthesis	in	B	cells	to	support	the	energy	demands	of	optimal	

homeostatic	 (non-pathogen-specific)	 antibody	 responses	 and	 antibody	 responses	

to	Citrobacter	 rodentium	infection	 (M.	 Kim,	 Qie,	 Park,	 &	 Kim,	 2016).	 This	 study	 also	

showed	 that	 SCFAs	 enhanced	 the	 expression	 of	 genes	 involved	 in	 plasma	 cell	

differentiation	and	class	switching.	However,	a	more	recent	study	reported	that	SCFAs	

inhibit	 rather	 than	 enhance	 antibody	 responses	 to	 intragastrically	 administered	

ovalbumin	 as	well	 as	 inhibiting	 autoantibody	 responses	 (Sanchez	 et	 al.,	 2020).	 Given	
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these	 conflicting	 reports,	 further	 work	 is	 needed	 to	 assess	 the	 impact	 of	 SCFAs	 on	

antibody	responses	to	oral	and	parenteral	vaccines.	

	

Aside	from	SCFAs,	the	immunomodulatory	properties	of	many	other	microbiota-derived	

metabolites,	including	secondary	bile	acids	and	tryptophan	metabolites,	are	increasingly	

being	 uncovered.	 For	 example,	 antibiotic	 treatment	 has	 been	 shown	 to	 significantly	

reduce	levels	of	secondary	bile	acids,	the	reduction	of	which	correlated	with	enhanced	

inflammatory	signatures	in	humans	immunized	with	the	influenza	vaccine (Hagan et al., 

2019). As	mentioned	earlier,	microbiota-derived	metabolites	may	also	indirectly	regulate	

immune	responses	to	vaccination	by	enhancing	gut	barrier	integrity	(Scott,	Fu,	&	Chang,	

2020),	 thus	 potentially	 reducing	 the	 escape	 of	 microbial	 molecules	 that	 enhance	

parenteral	 vaccine	 responses.	 Further	 work	 is	 also	 needed	 to	 assess	 the	

immunomodulatory	effects	of	these	metabolites	on	other	immune	cell	populations	that	

regulate	responses	to	vaccination	such	as	T	cells	and	DCs.	SCFAs	have	potent	effects	on	T	

cells	in	other	contexts (Garrett, 2019)	but	whether	SCFAs	can	regulate	vaccine-induced	T	

cell-mediated	immunity	remains	to	be	investigated.	

	

Recently	 it	was	also	 reported	 that	metabolites	produced	by	 the	microbiota	 could	also	

influence	 numbers	 of	 thymic	mucosal-associated	 invariant	 T	 cells	 (MAIT)	 cells,	 a	 cell	

subset	 with	 a	 functional	 role	 in	 maintaining	 mucosal	 homeostasis.	 The	 microbiota	

controls	 the	 thymic	development	 of	MAIT	 cells	 through	 the	production	of	 vitamin	B2	

metabolites	which	are	directly	transferred	to	the	thymus	and	presented	by	the	MHC	to	

thymocytes,	driving	their	expansion	(Legoux	et	al.,	2019).	Induction	of	MAIT	cells	only	

occurs	 during	 a	 limited	 early-life	 window,	 therefore	 disruption	 of	 these	 cells	 due	 to	

dysbiosis	in	early	life	could	lead	to	dysregulation	of	mucosal	homeostasis	(Constantinides	
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et	al.,	2019a).	MAIT	cells	have	previously	been	shown	to	be	important	for	responses	to	

adenovirus-vectored	 vaccines,	 so	 this	 may	 be	 another	 plausible	 mechanism	 through	

which	the	microbiota	may	influence	immune	responses	to	these	vaccines.	

	

It	is	challenging	to	prove	a	causative	role	or	the	mechanisms	behind	how	specific	bacteria	

in	the	microbiome	influence	the	immune	system.	It	has	been	shown	that	infants	colonised	

with	Bifidobacterium	 species	 in	 early	 life	 have	 a	 reduced	 risk	 of	 developing	 immune-

mediated	diseases	(Arrieta	et	al.,	2018;	Vatanen	et	al.,	2016).	In	addition	to	this,	there	is	

a	link	between	the	loss	of	bifidobacteria	in	early	life	and	enteric	inflammation	(Henrick	

et	 al.,	 2019).	 The	 authors	 followed	 up	 this	 study	 by	 assessing	 why	 the	 absence	 of	

bifidobacteria	 is	 associated	with	 systemic	 inflammation	and	 immune	dysregulation	 in	

early	life	(Henrick	et	al.,	2021).	The	authors	found	supplementing	breastfed	infants	with	

a	 human	 milk	 oligosaccharide	 (HMO)-utilising	 commensal,	 Bifidobacterium	 infantis	

EVC001,	skewed	the	immune	system	from	an	allergy-associated	Th2	state	towards	a	Th1	

state.	The	metabolite	Indole-3-lactic	acid	(ILA)	was	10-fold	more	abundant	in	the	faecal	

water	of	supplemented	infants.		ILA	assessed	in	vitro	also	upregulated	immunoregulatory	

galectin	 -1	 in	 Th2	 and	 Th17	 cells.	 This	 could	 be	 one	mechanism	 by	which	 a	 healthy	

microbiome	 primes	 the	 immune	 system	 towards	 more	 controlled	 responses	 to	

vaccination.	

	

1.2.12 Microbiota-encoded	cross-reactive	antigens	

Previous	studies	in	humans	have	identified	CD4+	memory	T	cells	specific	for	pathogen-

encoded	antigens	in	individuals	who	were	not	previously	infected	with	those	pathogens	

(Su,	Kidd,	Han,	Kotzin,	&	Davis,	2013).	A	potential	explanation	is	T	cell	receptor	(TCR)	

cross-reactivity	to	environmental	antigens,	particularly	antigens	and	epitopes	encoded	
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by	 the	 gut	 microbiota	 (Fig.	 1.5D).	 Circulating	 and	 tissue-resident	 CD4+	T	 cells	 with	

reactivity	to	the	intestinal	microbiota	are	abundant	in	healthy	individuals	(Hegazy	et	al.,	

2017)	and	bioinformatic	predictions	suggest	that	there	is	extensive	sharing	of	the	TCR	

epitope	 repertoire	 between	 the	 human	 proteome,	 the	 gut	microbiota	 and	 pathogenic	

bacteria (Hegazy et al., 2017)	and	therefore,	presumably,	with	vaccine-encoded	pathogen	

antigens.	Increasing	data	suggest	that	the	presence	of	these	cross-reactive	T	cells	(and,	in	

some	cases,	cross-reactive	B	cells (Williams et al., 2015))	can	modulate	immune	responses	

to	 pathogens	 by	 either	 dampening	 or	 enhancing	 the	 immunogenicity	 of	 pathogen-

associated	 antigenic	 epitopes (Pro et al., 2018; Williams et al., 2015). The	presence	 of	

cross-reactive	T	cells	at	baseline	has	also	been	shown	to	positively	correlate	with	immune	

responses	 to	 the	 influenza	 vaccine	 (Wilkinson	 et	 al.,	 2012).	  The	 origin	 of	 the	 cross-

reactive	T	cells	was	not	identified	in	these	studies.	Still,	other	studies	have	identified	T	

cells	that	cross-react	with	both	influenza	virus-derived	peptides	and	epitopes	encoded	

by	taxa	in	the	microbiota	(Su	et	al.,	2013). Another	study	found	cross-reactivity	between	

MHC	class	I-restricted	tumour	antigens	and	epitopes	of	a	bacteriophage	protein	encoded	

in	 the	 genome	 of	Enterococcus	 hirae.	 Mice	 colonized	 with	E.	 hirae	harbouring	 this	

bacteriophage	had	improved	responses	to	 immunotherapy (Fluckiger et al., 2020).	The	

most	 conclusive	 evidence	 for	 this	 hypothesis	 comes	 from	 a	 recent	 clinical	 study	 in	 6	

humans	 which	 found	 that	 marginal	 zone	 B	 cells	 that	 were	 pre-diversified	 by	 cross-

reactive	glycans	 from	the	microbiome	were	 the	main	contributors	 to	a	T-independent	

response	 elicited	 by	 the	 23-valent	 pneumococcal	 vaccine,	 Pneumovax	 (Weller	 et	 al.,	

2023).	Therefore,	this	potential	mechanism	by	which	the	gut	microbiota	could	influence	

vaccine	responses	is	worthy	of	further	investigation.	
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Further	 work	 must	 be	 carried	 out	 to	 elucidate	 the	 mechanisms	 through	 which	 the	

microbiota	 can	 influence	 vaccine	 immunogenicity.	 While	 numerous	 studies	 have	

presented	 associations	 between	 the	 microbiota	 and	 vaccine	 responses,	 further	 work	

must	be	carried	out	to	prove	causative	links	using	both	clinical	and	pre-clinical	models	in	

humans,	specifically	infants,	and	in	GF	animals.	

	

1.2.13 Targeting	the	microbiota		

 
Microbiota-targeted	interventions,	including	prebiotics,	probiotics,	synbiotics,	FMT	and	

small-molecule	 drugs	 that	 inhibit	 specific	 microbial	 processes,	 are	 being	 extensively	

investigated	in	many	contexts	(Cully,	2019;	Wargo,	2020).	Whereas	some	of	these,	such	

as	FMT,	are	unlikely	 to	be	 feasible	at	a	population	scale	or	are	at	very	early	stages	of	

development,	 such	 as	 microbiota-targeted	 drugs,	 others	 such	 as	 probiotics	 (with	 or	

without	 prebiotics	 or	 other	 dietary	 interventions)	 are	 potentially	 more	 attractive	

interventions	 to	 improve	vaccine	efficacy	owing	 to	 their	 safety,	 cost-effectiveness	and	

scalability	(Sanders,	Merenstein,	Reid,	Gibson,	&	Rastall,	2019).	For	example,	probiotics	

are	 already	 proving	 effective	 interventions	 to	 prevent	 necrotising	 enterocolitis,	 acute	

diarrhoea	and	sepsis	(Alfaleh	&	Anabrees,	2014).	Furthermore,	a	recent	preclinical	study	

has	 shown	 that	 synbiotics	 can	 enhance	 responses	 to	 the	 oral	 cholera	 vaccine	 in	mice	

colonized	with	the	microbiota	of	non-responder	infants	(Di	Luccia	et	al.,	2020).	

	

A	recent	systematic	review	(Zimmermann	&	Curtis,	2018)	reported	that	only	~50%	of	

the	26	RCTs	 carried	out	 so	 far	have	 found	a	beneficial	 effect	 of	 probiotics	 on	 vaccine	

responses	(Table	3).	However,	these	trials	had	several	limitations,	including	small	sample	

sizes	(n <50	per	group	in	many	studies).	Furthermore,	differences	in	the	probiotic	strains	
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investigated,	 including	 their	purity	and	viability,	 and	 the	 timing,	duration	and	dose	of	

administration	 make	 these	 studies	 difficult	 to	 compare	 directly.	 Perhaps	 more	

importantly,	 none	 of	 these	 trials	 specifically	 recruited	 participants	 with	 a	 disrupted	

microbiota	(for	example,	 those	exposed	to	antibiotics).	Twelve	of	 the	26	RCTs	did	not	

report	whether	 or	 not	 participants	were	 exposed	 to	 antibiotics;	 9	 expressly	 excluded	

these	participants	and	in	those	studies	that	included	antibiotic-exposed	participants,	the	

sample	size	was	very	small.	It	is	highly	unlikely	that	administering	probiotics	to	already	

well-colonized,	 healthy	 infants	 would	 significantly	 affect	 the	 immune	 response	 to	

vaccination.	Well-powered	RCTs	that	assess	the	beneficial	effects	of	microbiota-targeted	

interventions	in	infants	with	disrupted	microbiota	are	therefore	warranted.	

	

More	recently,	the	use	of	probiotics	to	improve	responses	to	SARS-CoV-2	vaccination	has	

been	investigated.	Mice	administered	with	the	probiotic	Lactobacillus	plantarum	(LPG)	

after	a	course	of	antibiotics	had	improved	SARS-CoV-2	neutralising	antibody	responses	

up	to	6	months	after	COVID	vaccination	(primed	DNA-	S	and	boosted	AdC68	CoV/Flu).	

RNA	sequencing	revealed	that	the	effect	of	LPG	colonisation	on	response	to	vaccination	

appears	 to	 be	mediated	 by	 enhanced	 IFN	 signalling	 and	 a	 reduction	 of	 apoptotic	 and	

inflammatory	pathways	(Xu	et	al.,	2021).		There	have	also	been	promising	results	from	

large	animal	trials	 investigating	the	potential	of	probiotics	to	 improve	ORV	responses.	

For	examole,	E.	coli	Nissle	given	to	pigs	led	to	improved	responses	to	human	rotavirus	

infection	(Michael	et	al.,	2021)	and	could	prove	to	be	a	promising	candidate	to	improve	

vaccine	responses.	

	

Trials	investigating	the	impact	of	microbiota-targeted	interventions,	such	as	prebiotics	

and	probiotics,	on	vaccine	responses	in	the	elderly	have	mostly	examined	responses	to	
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the	influenza	vaccine.	These	studies	found	little	to	no	improvement	in	vaccine	responses	

in	 elderly	 individuals	 supplemented	 with	 probiotics	 (Akatsu	 et	 al.,	 2013;	 Boge	 et	 al.,	

2009a;	Bunout	et	al.,	2004a;	Maruyama	et	al.,	2015);	however,	the	number	of	participants	

was	 small	 and	 these	 studies	 mostly	 used	 probiotics	 containing	Lactobacillus	strains,	

which	are	not	commonly	found	in	the	adult	gut.	Further	research	is	needed	to	identify	

adult-adapted	strains	of	probiotics	that	might	be	more	beneficial	as	interventions	in	the	

elderly.	 Some	 studies	 have	 suggested	 that	 probiotics	 can	 unexpectedly	 delay	 the	 re-

establishment	of	a	diverse	microbiota	following	antibiotic	exposure	(Kotler	et	al.,	2018).	

However,	normal	recolonization	may	not	be	required	for	a	beneficial	effect.	For	example,	

administering	Bifidobacterium	 bifidum-based	 probiotics	 to	 antibiotic-treated	 mice	

prevented	 colonisation	 by	 pathobionts	 and	 suppressed	 inflammation	 without	 fully	

restoring	 a	 diverse	 gut	microbiota	 (Ojima	 et	 al.,	 2020).	 Another	 study	 found	B.	 breve	

probiotic	 supplementation	 to	 reduce	 oral	 cholera	 vaccine-specific	 IgA	 responses	 in	

children	 under	 5	 in	 Bangladesh	 (Matsuda	 et	 al.,	 2011).	 Given	 the	 potential	 effects	 of	

compromised	 gut	 barrier	 integrity	 and	 the	 translocation	 of	 microbial	 products	 on	

responses	to	vaccination,	microbiota-targeted	interventions	may	not	need	to	fully	restore	

the	gut	microbiota	to	a	‘healthy’	state	to	be	of	benefit.	

Table 3 | Summary of randomised controlled trials assessing the effects of probiotics on vaccine 

responses in infants or the elderly 

Probiotic Age of 

participants 

(sample 

size) 

Country Antibiotic 

exposure 

Effects on vaccine 

responses 

Overall 

effect 

Referenc

e 

Lactobacillus 
rhamnosus strain 
GG 
 

6–10-week-
old infants  
(n=135–143 
per group) 

India Not 
recorded 

Modest increase in 
seroconversion rate 
(+7.5%) in response to 
ORV in infants receiving 
the probiotic 

+ (Lazarus 
et al., 
2018) 

Lactobacillus 
casei strain GG 

2–5-month-
old infants 
(n=30 per 
group) 

Finland Not 
recorded 

Increased IgM (+11%) and 
IgA (+19%) 
seroconversion in 
response to ORV in the 
probiotic group  

+ (Isolauri, 
Joensuu, 
Suomalai
nen, 
Luomala, 
& 
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Vesikari, 
1995) 

Bifidobacterium 
breve strain 
Bbi99, 
Propionibacteriu
m freudenreichii 
ssp. shermanii 
strain JS, 
L. rhamnosus 
strain GG and  
L. rhamnosus 
strain LC705 

Neonates 
(n=40–47 per 
group) 

Finland  12 
antibiotic-
exposed 
infants in 
probiotic 
arm 

Protective antibody titres 
to Hib more frequent in 
the probiotic group (50% 
compared with 21%); 
IgG titres to diphtheria and 
tetanus vaccines 
comparable 

+ (Kukkone
n, 
Nieminen, 
Poussa, 
Savilahti, 
& 
Kuitunen, 
2006) 

Lactobacillus 
paracasei ssp. 
paracasei strain 
LF19 

4–13-month-
old infants 
(n=89–90 per 
group) 

Sweden Antibiotic-
exposed 
infants not 
excluded 

After adjusting for 
breastfeeding duration, 
diphtheria toxoid-specific 
IgG titres were 
significantly higher in the 
probiotic group after 
DTaP–IPV–Hib 
vaccination 

+ (West et 
al., 2008) 

Bifidobacterium 
longum strain 
BL999 and  
L. rhamnosus 
strain LPR 

Neonates 
(n=28–29 per 
group) 
 

Singapore Not 
recorded 

Trend (P=0.07) towards 
increased HepB virus 
surface IgG responses in 
the probiotic group in 
neonates receiving 
monovalent doses of 
HepB vaccine at birth and 
at 1 month of age and a 
DTaP–HepB combination 
vaccine at 6 months 

~+ (Soh et 
al., 2010) 

B. longum strain 
BB536 

Neonates 
(n=148–152 
per group) 

China  Not 
recorded 

No increase in antibody 
responses to DTP, polio 
or HepB vaccines in the 
probiotic group 

= (Wu, 
Yang, Xu, 
& Wang, 
2016) 

Bifidobacterium 
bifidum strain 
DSMZ20082, 
B. longum strain 
ATCC157078, 
Bifidobacterium 
infantis strain 
ATCC15697 and 
Lactobacillus 
acidophilus strain 
ATCC4356 

8–10-month-
old infants 
(n=27–29 per 
group)  
 

Israel Not 
recorded 

No significant difference in 
the number of infants 
achieving protective titres 
of antibodies against any 
of the four MMR vaccine 
components 

= (Youngste
r, Kozer, 
Lazarovitc
h, Broide, 
& 
Goldman, 
2011) 

L. paracasei 
strain MCC1849 
(heat-killed) 

≥65-year-old 
old adults 
(n=22–23 per 
group) 

Japan Not 
recorded 

No significant differences 
in antibody responses to 
TIV in the probiotic group 
 

= (Maruyam
a et al., 
2016) 

L. paracasei 
strain MoLac-1 
(heat-killed) 

68-83-year-
old adults  
(n=7–8 per 
group) 

Japan Not 
recorded 

No increase in antibody or 
T cell responses to TIV in 
the probiotic group 
 

= (Akatsu et 
al., 2013) 

L. paracasei 
strain NCC 2461 

≥70-year-old 
adults 
(n=30 per 
group) 

Chile Antibiotic-
exposed 
adults 
excluded 

No improvement in 
antibody responses to any 
serotypes of TIV or 
PPV23 in the probiotic 
group. 

= (Bunout 
et al., 
2004) 
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DTaP, diphtheria, tetanus, acellular pertussis; DTwP, diphtheria, tetanus, whole cell pertussis; 
HepB, hepatitis B; Hib, Haemophilus influenzae type B; IPV, inactivated poliovirus vaccine; 
MMR, measles, mumps, rubella; ORV, oral rotavirus vaccine; PPV23, 23-valent 
pneumococcal polysaccharide vaccine; TIV, trivalent influenza vaccine. 
	

1.3 Addressing	the	gaps	

The	studies	discussed	above	support	the	idea	that	the	gut	microbiota	modulates	both	B	

cell	and	T	cell	responses	to	vaccination,	although	much	further	work	is	required.	In	this	

thesis,	 I	 will	 investigate	 the	 influence	 of	 the	 microbiota	 on	 the	 immune	 response	 to	

vaccination	 in	 pre-clinical	 and	 clinical	 studies.	 While	 we	 know	 that	 mice	 exposed	 to	

antibiotics	in	early	life	have	impaired	antibody	responses	to	several	live	and	adjuvanted	

vaccines	(Lynn	et	al.,	2018),	it	is	not	yet	known	whether	this	is	also	the	case	in	human	

infants	and	what	effects	this	may	have	on	circulating	immune	cell	populations.	Therefore,	

the	effect	of	early	 life	antibiotic	exposure	on	 the	 immune	response	to	vaccination	was	

investigated	 in	 a	 cohort	 of	 infants	 from	 the	 Antibiotics	 and	 Immune	 Response	 (AIR)	

Study.	The	AIR	study	collected	metagenomic,	RNA	sequencing,	antibody	response	and	

flow	cytometry	data	from	over	255	healthy,	vaginally	born	infants	that	were	divided	into	

L. paracasei 
strain DN-114 
001, 
Lactobacillus 
bulgaricus and 
Streptococcus 
thermophilus 

≥70-year-old 
adults 
(n=109–113 
per group) 
 

France Antibiotic-
exposed 
adults not 
excluded; 
no 
antibiotic 
use 
recorded 

Significantly higher 
proportion seroprotected 
against the influenza virus 
B strain in the probiotic 
group following TIV 
immunisation  

+ (Boge et 
al., 
2009b) 

Lactobacillus 
plantarum strain 
CECT7315/7316 

65–85-year-
old adults 
(n=14–19 per 
group) 

Spain Antibiotic-
exposed 
adults 
excluded 

Increased TIV-specific IgG 
and IgA titres and a trend 
towards increased IgM 
titre in the probiotic group 

+ (Bosch et 
al., 2012) 

B. longum strain 
BB536 

≥65-year-old 
adults 
(n=18–19 per 
group) 
 

Japan 2 antibiotic-
exposed 
adults in 
probiotic 
arm  

No difference in TIV-
specific antibody titres or 
the proportion 
seroprotected in the 
probiotic group 
 

= (Maruyam
a et al., 
2016) 

L. casei strain 
Shirota 

≥65-year-old 
adults 
(n=362–375 
per group) 

Belgium Antibiotic-
exposed 
adults 
excluded 

No significant difference in 
mean TIV-specific 
antibody titre, 
seroconversion or 
seroprotection rates in the 
probiotic group 

= (Van 
Puyenbro
eck et al., 
2012) 
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groups	 based	 on	 their	 antibiotic	 exposure	 status.	 Subsequently,	 I	 investigated	 the	

influence	of	antibiotic	exposure	on	circulating	immune	cell	populations	in	these	infants	

at	seven	weeks	of	life.		

	

While	we	know	that	the	microbiome	is	associated	with	differences	in	antibody	responses,	

there	 have	 been	 few	 studies	 assessing	 the	 mechanisms	 by	 which	 the	 microbiome	

influences	the	immune	response	to	vaccination	in	early	life.	Therefore,	preclinical	work	

in	mice	was	carried	out	focusing	on	the	infant	pneumococcal	vaccine,	PCV13	which	was	

previously	shown	to	be	impaired	after	early	life	antibiotics	exposure	in	mice.	I	addressed	

the	mechanisms	through	which	the	microbiota	influences	cellular	responses,	specifically	

the	GC	response,	to	vaccination	using	a	GF	mouse	model.		

	

As	discussed	previously,	the	microbiota	can	act	as	a	natural	adjuvant	to	certain	vaccines	

via	PRR	signalling.	It	is	not	yet	known	if	the	microbiota	can	adjuvant	immune	responses	

to	 the	 PCV13	 vaccine	 via	 TLR	 pathways.	 Therefore,	 I	 also	 investigated	 the	 role	 of	

microbiota	signalling	through	TLRs,	specifically	TLR2	and	TLR4,	in	addition	to	the	critical	

adaptor	protein	MYD88	by	employing	the	use	of	knockout	mouse	models.		

	

	

	

	

	

	

	 	



 

	
 
 

49	

2 Methods	

2.1 Antibiotics	Immune	Response	(AIR)	protocols	

2.1.1 Study	design		

The	infants	in	this	study	were	recruited	as	part	of	the	Antibiotics	and	Immune	Responses	

Clinic	 study.	 Infants	 were	 recruited	 at	 the	 Women’s	 and	 Children’s	 Hospital	 (WCH)	

Adelaide,	Australia	between	April	2017	and	March	2021.	Ethics	approval	was	obtained	

from	Human	Research	Ethics	Committee	of	the	Women’s	and	Children’s	Health	Network	

(approval	 number	 HREC/17/WCHN/19).	 Exclusion	 criteria	 was	 maternal	 Body	 Mass	

Index	 (BMI)	 of	 >30	 (at	 first	 trimester	 antenatal	 visit),	 mother	 had	 confirmed	 sepsis	

(defined	 by	 laboratory	 confirmed	bacterial	 infection	 in	 blood	 cultures	 or	 CSF)	 during	

pregnancy,	infant	delivered	by	caesarean	section,	infant	has	a	confirmed	sepsis	(defined	

by	 laboratory	 confirmed	 bacterial	 infection	 in	 blood	 cultures	 or	 CSF),	 a	 known	 or	

suspected	disorder	of	the	immune	system	that	would	prevent	an	immune	response	to	the	

vaccines,	 such	 as	 participant	with	 congenital	 or	 acquired	 immunodeficiency	 or	 those	

receiving	systemic	immunosuppressive	therapy,	infant	has	suspected	or	confirmed	HIV,	

major	 congenital	 abnormality	 or	 serious	 illness,	maternal	 or	 infant	 participation	 in	 a	

clinical	 study	 that	may	 interfere	with	participation	 in	 this	 study,	 anything	 that	would	

place	the	individual	at	increased	risk	or	preclude	the	individual’s	full	compliance	with	or	

completion	of	the	study.	For	immunogenicity	analyses,	only	participants	who	received	at	

least	one	vaccine	at	study	visit	1	will	be	included.	Participants’	allocation	to	an	antibiotic	

exposure	group	for	immunogenicity	analyses	was	based	on	medical	record	review	and	

discussion	with	the	mother	to	ascertain	any	antibiotic	exposure	prior	to	vaccination	at	

study	visit	1	(approx.	6	weeks	of	age).	Antibiotic	exposure	groups	were	defined	as	infants	

with	no	direct	or	maternal	antibiotic	exposure	(control),		infants,	with	documented	direct	
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antibiotic	exposure		(defined	as	having	received	at	least	48h	of	antibiotic	treatment	in	the	

neonatal	period	with	or	without	maternal	antibiotic	exposure,	Neo-ABX),	mothers	having	

received	 antibiotics	within	 28	 days	 prior	 to,	 or	 during	 delivery	with	 no	 direct	 infant	

antibiotic	exposure	up	to	6	weeks	of	age	(IP-ABX),	and	infants	with	antibiotic	exposure	

which	 did	 not	 meet	 either	 of	 the	 above	 criteria	 including	 maternal	 antibiotics	 while	

breastfeeding	or	the	infant	receiving	less	than	48	hours	of	antibiotics	(PN-ABX).		

	

Exposure	 groups	 will	 be	 classified	 as	 group	 1):	 control	 (no	 exposure)	 or	 group	 2):	

exposed	to	antibiotics,	with	the	exposure	group	further	classified	into	exposure	types	to	

allow	for	sensitivity	analyses	for	various	exposures.	

	
2.1.2 AIR	blood	receipt	

Blood	 samples	 were	 drawn	 from	 enrolled	 infants	 and	 collected	 in	 EDTA	 tubes	 (BD	

Vacutainer	 Plastic	 K3EDTA	 Tube	 2	 mL)	 at	 the	 WCH	 and	 processed	 within	 1-4	 h	 of	

collection.		

	

2.1.3 Infant	blood	preparation	for	flow	cytometry	

Upon	arrival,	450	µl	of	infant	blood	was	transferred	into	a	sterile	10	mL	tube.	Red	blood	

cells	were	lysed	by	adding	4.5	mL	of	1x	RBC	lysis	buffer	(BD	Pharm	Lyse,	BD)	diluted	in	

sterile	MilliQ	water	and	incubating	for	15	min	at	RT.	After	centrifugation	(10	min,		200	x	

g),	 the	 supernatant	 was	 aspirated	 and	 the	 cell	 pellet	 was	 washed	 in	 10	 mL	 of	 flow	

cytometry	buffer	(as	described	above).	Live	cells	were	counted	using	a	hemocytometer	

and	the	number	of	cells	were	recorded.		
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2.1.4 Flow	cytometry	analysis	of	fresh	blood	samples	

Infant	blood	cells	prepared	using	method	described	section	2.1.3	was	separated	into	3	x	

500	µl	Eppendorf	tubes.	The	tubes	were	centrifuged	at	300	x	g	for	5	min	and	50	µl	of	pre-

stain	 Fc-block	 solution	was	 added	 to	 each	 sample	 (Human	 Trustain	 FCX	 (Biolegend)	

diluted	1/20	in	Brilliant	Stain	Buffer	(BD	Biosciences))	for	10	min.	The	three	antibody	

cocktails	listed	in	Tables	2.1,	2.2	and	2.3	were	prepared	and	added	to	one	of	each	of	the	

tubes.	Samples	were	incubated	in	the	dark	and	on	ice	for	30	min	before	being	washed	and	

resuspended	 in	300	µl	of	 flow	cytometry	buffer.	The	B	and	T	cell	and	extended	T	cell	

panels	 were	 transferred	 to	 round	 bottomed	 FACS	 tubes	 while	 the	 PAN	 panel	 was	

transferred	to	a	Trucount	FACS	tube	(BD	Biosciences).	10	µl	of	flow-count	beads	were	

added	to	the	B	and	T	cell	panel	FACS	tube.	Before	running,	10	µl	DAPI	was	added	to	each	

sample	 to	 3	 μg/μl	 concentration.	 Cell	 populations	 were	 assessed	 using	 a	 BD	

FACSymphony™	flow	cytometer	(BD	Biosciences)	and	final	populations	were	analysed	

and	 manually	 gated	 using	 FlowJo™	 (v10.6.1).	 The	 Spectre	 R	 package	 was	 used	 to	

undertake	exploratory	analysis	(Ashhurst	et	al.,	2022).	The	data	was	first	clustered	using	

FlowSOM,	then	down-sampling	and	UMAP	dimensionality	reduction	was	performed	to	

enable	 visualization	 of	 the	 data	 and	 identification	 of	 clusters	 present	 in	 the	 dataset.	

Expression	levels	of	each	marker	were	represented	as	a	heatmap	overlaid	on	each	cluster.	
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Table 2.1 Antibody cocktail 1, Pan-leukocyte panel 
 

no.   Cat. No 
Antibody 

name Flurophore Volume/test 

- BD 566349 BV stain 
BUFFER  25 ul 

1 BD  561802 CD3 FITC  5 uL 
2 BD  560999 CD11 c PE 5 uL 
3 BD  561358 HLA-DR APC-H7 2.5 uL 
4 Biolegend  362509 CD56 PE Cy7 2.5 uL 
5 Biolegend  302243 CD19  BV605 1.25 ul 
6 Biolegend  302355 CD20 BV786 1.25 ul 
7 BD  561585 CD15 V500 1.25 ul 
8 Biolegend  334621 FcεRI PerCP Cy5.5 1.25 ul 
9 BD  563791 CD45 BUV395 1.25 ul 
10 BD  562878 CD16 BV421 0.7 uL 
11 Biolegend  347109 Siglec8 PE Dazzle 0.7 uL 
12 BD  562690 CD14 A647 0.7 uL 
13 BD  563161 CD123 BV711 0.7 uL 

Total         ~50 uL 
 
 
Table 2.2 Antibody cocktail 2, B and T cell panel 
 

no Supplier Cat. No 
Antibody 

name Flurophore Volume/test 
- BD 566347 BV BUFFER  13 ul 
1 BD  555413 CD 19 PE 10 uL 
2 BD  560816 CCR7/CD197 A647 10 uL 
3 BD 351309  CD127 BV421 2.5 uL 
4 BD  563251 CD38 BV510 2.5 uL 
5 BD  561358 HLADR APC H7 2.5 uL 
6 BD  563548 CD3  BUV395 2.5 uL 
7 BD  562659 CD4 BV605 1.25 uL 
8 BD  560917 CD8 PE Cy7 1.25 uL 
9 Biolegend  356125 CD25 PE-dazzle  1.25 uL 
10 BD 561315  IgD PerCP Cy5.5 1.25 uL 
11 Biolegend  302355 CD20 BV786 1.25 uL 
12 BD  563167 CD27 BV711 0.7 uL 
13 Biolegend  304105 CD45RA FITC 0.7 uL 

Total         ~50 uL 
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Table 2.3 Antibody cocktail 3, Extended T cell panel 
 

no Supplier Cat. No 
Antibody 

name Flurophore Volume/test 
- BD 566347 BV BUFFER  36 ul 
1 BD  563548 CD3 BUV395 2 uL 
2 Biolegend  304105 CD45RA FITC 1 uL 
3 BD  562659 CD4 BV605 1 uL 
4 BD  560917 CD8 PE Cy7 1 uL 
5 BD  562558 Cxcr3 BV421 1 uL 
6 BD  564771 Ccr10 APC 2 uL 
7 BD  563923 Ccr6 BV711 2 uL 
8 BD  565391 Ccr4 PECF594 2 uL 

9 NIH 
561315  

CD1d-Tet 
PBS57 (1/50 
stock) PE 1 uL 

Total         ~50 uL 
 
 

2.1.5 AIR	blood	cell	cryopreservation	

To	prepare	infant	blood	for	cryopreservation,	400	µl	of	infant	blood	was	diluted	1:1	with	

PBS	and	gently	overlayed	over	600	µl	of	Ficoll-Paque	PLUS	(Merck)	in	a	round	bottom	5	

mL	tube.	Ficoll	preparations	were	centrifugated	at	400	x	g	for	25	min	with	no	brake	at	

RT.	 Peripheral	 blood	 mononuclear	 cells	 (PBMCs)	 were	 isolated	 from	 the	 cloudy	

plasma:ficoll	interface	as	shown	in	Figure	2.1,	placed	in	a	10	mL	tube	and	washed	with	

flow	cytometry	buffer	(PBS)	with	0.1%	bovine	serum	albumin	(BSA Cat # PBSA-250G; 

Ausgenex, Molendinar, Australia,) and 2 mM EDTA	(Life	Tech	Cat	#	15575-038)).	PBMCs	

were	counted	and	resuspended	at	2x106	cells/mL	in	cell	culture	freezing	medium.	Cells	

were	divided	between	2	mL	ampoules	and	frozen	in	a	controlled	rate	freezer	for	90	min	

to	-80°C.	Frozen	samples	were	transferred	for	long-term	storage	at	-80°C.		
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Figure 2.1| Principle of density centrifugation separation of blood using Ficoll-Paque. 
Adapted from (Julla et al., 2019). 
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2.2 Mice	

SPF	mice	used	 in	 this	project	were	C57BL/6J	mice.	Myd88	deficient	(Myd88-/-),	Tlr2-/-,	

Tlr4-/-	and	wildtype	mice	have	been	used	 in	 this	project	(The	 Jackson	Laboratory,	ME,	

USA).	Mice	were	bred	and	maintained	in	opportunistic	pathogen-free	conditions	at	the	

South	Australian	Health	and	Medical	Research	Institute	(SAHMRI).	Littermate	wildtype	

and	genetically-deficient	mice	were	obtained	by	backcrossing	heterozygotes.	Offspring	

were	genotyped	(Garvan	Institute,	Sydney)	using	gene-specific	primers	provided	by	The	

Jackson	Laboratory.	Mice	were	housed	in	cages	with	free	access	to	commercial	pelleted	

food	and	water	under	standardized	conditions	of	 temperature,	daylight	and	humidity.	

Dams	were	selected	from	the	same	breeding	colony	and	assigned	to	groups	at	random.			

	

Germ	free	(GF)	C57BL/6	mice	were	purchased	from	the	Translational	Research	Institute,	

Brisbane.	GF	mice	were	housed	at	 the	SAHMRI	PIRL	 facility	 in	positively	pressurised,	

high-efficiency	 particulate	 air	 (HEPA)	 filtered	 isolators	 with	 regulated	 humidity,	

temperature	and	daylight.	GF	mice	had	access	to	autoclaved	commercially	pelleted	food	

and	 sterilised	water.	 GF	 isolators	 and	 ISO-P	 cages	were	 routinely	 tested	 for	 sterility,	

swabs	 from	 soiled	 nesting	 material,	 bedding	 and	 faeces	 were	 aerobically	 and	

anaerobically	 cultured	 (ComPath,	 Gilles	 Plains,	 Australia)	 to	 test	 for	 bacterial	 growth.	

Bacterial	load	in	faecal	samples	was	also	assessed	by	16S	rRNA	gene	qPCR	for	sterility.	A	

subset	 of	 GF	 dams	were	 colonised	with	 an	 FMT	 and	 their	 progeny	 (exGF	mice)	were	

transported	to	the	SPF	facility	at	SAHMRI.	All	experiments	were	carried	out	in	accordance	

with	protocols	approved	by	the	SAHMRI	Animal	Ethics	Committee.	
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2.3 Antibiotic	Treatment	

Pairs	of	heterozygous	(het)	Myd88+/-,	Tlr2+/-	and	Tlr4+/-	dams	(8-12	weeks	of	age)	were	

bred	 with	 het	 studs,	 with	 expected	 genotypes	 of	 25%	 hom,	 25%	 wt	 and	 50%	 het	

offspring.	Pregnant	dams	were	treated	with	antibiotics	from	embryonic	day	14	(E14;	14	

days	post	 –	 coitus)	until	weaning	of	 their	pups	at	day	21	post	birth	 (D21).	Neomycin	

(0.5g/L;	Merck,	St	Louis,	USA)	and	ampicillin	(1g/L;	Merck)	were	provided	to	antibiotic	

treated	dams	in	sterile	drinking	water.	Antibiotic	water	was	replaced	every	3	days	for	the	

duration	of	exposure.		

	

2.4 Faecal	sampling	

Faecal	samples	were	collected	from	dams	prior	to	commencement	of	antibiotic	treatment	

at	E14,	two	days	post-birth	(D2)	and	at	the	end	of	antibiotic	treatment,	D21,	to	assess	

bacterial	load	prior	to	and	after	exposure	to	antibiotics.	Dams	in	the	untreated	control	

groups	also	had	 faecal	samples	collected	at	 the	same	timepoints.	Faecal	samples	were	

also	collected	from	the	offspring	at	D28	and	at	1,2,	4,	6,	8	and	10	weeks	post	vaccination.	

Briefly,	mice	were	removed	from	their	cages	and	separated	into	sterile	containers.	A	tail-

lift	was	performed,	and	 faecal	samples	were	aseptically	collected.	Dry	 ice	was	used	to	

snap	freeze	the	samples	and	samples	stored	at	-80°C	until	processing.				

	

2.5 Immunisations	

To	 assess	 the	mechanisms	 by	which	 the	microbiota	 influences	 immune	 responses	 to	

vaccination,	 mice	 were	 immunised	 1-week	 post-cessation	 of	 antibiotics/after	 FMT	

administration	(D28).	Mice	were	immunised	intraperitoneally	with	100	μl	of	13-Valent	

Pneumococcal	Conjugate	Vaccine	(Prevnar13	®,	PCV13,	Pfizer,	New	York,	USA)	diluted	



 

	
 
 

57	

1:2	 in	 phosphate	 buffered	 saline	 (PBS,	 Merck).	 A	 control	 group	 of	 mice	 were	 mock	

immunized	with	100	μl	 of	 PBS.	A	 second	booster	 dose	 of	 vaccine	 or	 control	 PBS	was	

administered	2	weeks	after	the	initial	vaccination.	The	optimal	route	of	administration	

was	 determined	 based	 on	 previous	 studies	 carried	 out	 within	 the	 research	 group.	

Intramuscular	 (i.m)	 administration	 of	 PCV13	 was	 found	 to	 be	 poorly	 immunogenic.		

Serum	was	collected	via	lateral	tail	vein	or	superficial	facial	vein	at	the	time	of	vaccination	

(V)	and	at	V+	2,	4,	6,	8	and	10	weeks	post-vaccination,	unless	otherwise	indicated.	At	V+2,	

4,	10	or	12	weeks	post-vaccination,	mice	were	humanely	killed	and	spleens,	bone	marrow	

and	lymph	nodes	(mediastinal	or	inguinal)	were	harvested	for	immune	assays.	

	

2.6 Monoculture	preparation	

Monocultures	were	used	to	inoculate	GF	animals	in	several	of	experiments.	Enterobacter	

cloacae	monocultures	were	prepared	by	plating	out	serial	dilutions	of	the	caecal	contents	

of	 mice	 with	 high	 levels	 of	 Enterobacter	 cloacae	 under	 anaerobic	 conditions.	 Single	

colonies	 of	 Enterobacter	 cloacae	 were	 identified	 using	 a	 Matrix-assisted	 laser	

desorption/ionization	 time-of-flight	(MALDI-TOF)	 (Bruker	 Daltonik,	 Billerica,	 USA).	

Whole	genome	sequencing	was	performed	to	verify	the	bacterial	strain	using	the	Kraken	

tool	(D.	E.	Wood	&	Salzberg,	2014).	Enterobacter	cloacae	monocultures	were	cultured	on		

brain	and	heart	infusion	culture	overnight	(Thermo	Fisher	Scientific,	Waltham,	USA)	and	

CFU	were	calculated	using	serial	dilutions.	Bacterial	monocultures	were	washed	twice	

with	1X	PBS	and	resuspended	at	1	x	108	CFU/mL	for	oral	gavage.	

Bifidobacteria	(Bifidobacterium	longum	subsp.	Longum	-	DSM	20219,	Bifidobacterium	

breve	-	DSM	20213,	Braunschweig,	Germany)	were	grown	up	in	BHI	+	Mucin	and	were	

https://www.google.com/search?rlz=1C1GCEU_enAU859AU859&q=Braunschweig&stick=H4sIAAAAAAAAAONgVuLQz9U3SElPq1jEyuNUlFiaV5ycUZ6amQ4AX01SrxsAAAA&sa=X&ved=2ahUKEwis6cCGiOX-AhWRr1YBHfnoAlsQmxMoAXoECFcQAw
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cultured	in	the	anaerobic	chamber	(Coy	Lab	Products,	Grass	Lake,	USA).	The	anaerobic	

chamber	was	supplied	with	a	gas	mixture	containing	10%	CO2,	10%	H2,	and	80%	N2.	

	

2.7 Faecal	microbiota	transplant	(FMT)	preparation	

The cecal contents age-matched (day 21), untreated, healthy control SPF mice were extracted 

under anaerobic conditions, pooled and diluted 3X in sterile anaerobic PBS. The caecal 

suspension was then filtered through a 100 μM strainer and resuspended in 15% glycerol in a 

sterile Hungate tubes and stored at −80°C until use.  The composition of cecal contents from 

the age-matched SPF mice was determined by 16S rRNA gene sequencing.  

 

2.8 Oral	gavage	

Briefly,	 mice	 were	 placed	 under	 anaesthetic	 using	 isoflurane	 (2-5%	 isoflurane,	 1	 L	

oxygen/min)	and	administered	100	µl	of	monoculture	preparation	at	108	CFU/mL	or	FMT	

preparation	 via	 oral	 gavage	 in	 accordance	 with	 approved	 SAHMRI	 AEC-	 SOPs.	 GF	

monoculture,	exGF	and	FMT	experimental	groups	also	received	100	µl	of	gavage	material	

using	these	conditions	at	least	twice.		

	

2.9 DNA	extraction	from	faecal	samples	

Single	faecal	pellet	samples	were	weighed	and	resuspended	in	PBS	and	DNA	extraction	

was	performed	using	the	DNeasy	PoweLyzer	PowerSoil	Kit	(Qiagen,	Hilden,	Germany)	in	

accordance	with	the	manufacturer’s	protocol	with	the	following	modifications:	the	faecal	

pellets	were	resuspended	in	750	μl	of	Powersoil®	bead	solution	and	60	μL	solution	C1.	

A	10	min	heating	step	at	65°C	prior	to	bead	beating	(Precellys	24	Tissue	Homogenizer,	

Montigny-le-Bretonneux,	France)	was	also	included.	
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2.10 	Splenocyte	processing	and	takedown	assays	

2.10.1 Splenocyte	and	lymph	node	processing	

Single	 cell	 suspensions	 of	 spleen	 cells	were	 prepared	 by	mechanical	 dissociation	 and	

filtration	through	a	sterile	80	μm	nylon	filter	(Merck	Millipore,	Darmstadt,	Germany).	Red	

blood	 cells	were	 lysed	with	 BD	 Pharm	 Lyse	 (BD	 Biosciences,	 San	 Jose,	 USA)	 prior	 to	

enumeration	via	manual	counting.	Lymph	nodes	were	mechanically	dissociated	through	

a	40	μm	nylon	filter	(Merck).	

	

2.10.2 	Bone	marrow	processing		

One	femur	from	each	mouse	was	removed	and	flushed	with	PBS	using	a	1	mL	25	G	x5/8	

syringe.	Red	blood	cells	were	lysed	with	BD	Pharm	Lyse	(BD	Biosciences)	prior	to	

enumeration	via	manual	counting.	

	

2.10.3 Splenocyte	stimulation	Assay	

Splenocytes	 (1x106	 /100	 μl)	 were	 plated	 in	 96-well	 flat	 bottom	 tissue	 culture	 plates	

(Corning,	Corning	City,	USA)	in	complete	culture	media	consisting	of	RPMI1640	(Merck)	

supplemented	with	GIBCO	minimal	essential	media	amino	acids,	GlutaMAX	L-glutamine	

(Thermo	 Fisher	 Scientific),	 10%	 fetal	 calf	 serum	 (FCS;	 Assay	 Matrix,	 Melbourne,	

Australia)	and	55	nM	2-Mercaptoethanol	(Life	Technologies,	Carlsbad,	USA).	Cells	were	

stimulated	with	equal	volume	of	a	136-fold	dilution	of	PCV13	vaccine	(Pfizer)	in	culture	

media,	 which	 equates	 to	 0.5	 μg/mL	 of	 the	 Diphtheria	 CRM197	 protein	 (Wyeth	

Pharmaceuticals,	Dallas,	USA)	 in	a	 final	volume	of	200	μL/well.	Cells	were	cultured	at	

https://www.google.com/search?rlz=1C1GCEU_enAU859AU859&q=Carlsbad&stick=H4sIAAAAAAAAAONgVuLQz9U3KDIpz3vEaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsXI4JxblFCclpgAASteWuk0AAAA&sa=X&ved=2ahUKEwig9cvsiuX-AhXB_GEKHRr3Bh4QzIcDKAB6BAgjEAE
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37°C,	 5%	CO2	 for	 72	h.	 Supernatants	were	 collected	 from	unstimulated	or	 stimulated	

wells	and	stored	at	-80°C	until	use.		

	

2.10.4 Measurement	of	cytokines	

Total	IFNγ	production	was	measured	using	a	commercial	ELISA	(eBioscience,).	Assay	was	

performed	with	 the	manufacturers	 specifications	and	 the	 results	were	analysed	using	

GraphPad	Prism	8.2.1	(GraphPad	Software	Inc.,	La	Jolla,	USA).		

	

2.10.5 Flow	cytometry	

Prepared	single	cell	suspensions	of	splenocytes	(100-250	μL/5	mL	preparation	(2-5	%	of	

organ)),	lymph	nodes	(25-50%	of	organ)	or	bone	marrow		were	added	to	a	U	bottomed	

96-well	plate.	Cells	were	stained	for	30	min	with	appropriate	antibody	panels	(Table	2.4	

-	2.7)	in	a	volume	of	30	μl,	before	being	washed	with	200	μL	of	flow	cytometry	(FACS)	

buffer	 (Merck)	 with	 0.1%	 bovine	 serum	 albumin	 (BSA)	 (Ausgenex,	 Queensland,	

Australia)	and	2	mM	EDTA	(Thermo	Fisher	Scientific).	To	assess	CRM197-specific	B	cells,	

cells	were	incubated	with	a	biotinylated	CRM197	probe	(Fina	Biosolutions,	Rockville,	USA)	

and	 the	 primary	 antibody	 stain.	 A	 secondary	 fluorescent	 streptavidin	 conjugated	

antibody	to	bind	to	biotinylated	CRM197	was	used.		

After	primary	antibody	staining,	cells	were	prepared	for	panels	containing	intracellular	

markers	(Table	2.8).	Cells	were	resuspended	in	80uL	per	well	of	eBioscience™	Foxp3	/	

Transcription	Factor	Staining	Buffer	Set	(Thermo	Fisher	Scientific)	fixing	solution	diluted	

1	 in	 4	 in	 diluent.	 Cells	 were	 then	 incubated	 for	 30	 min	 on	 ice	 before	 they	 were	

resuspended	in	180	μL	1X	Perm	buffer	(BD),	diluted	1	in	10	with	milliQ	water.	Cells	were	
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spun	400	x	g	for	5	min	at	4°C	and	incubated	with	30	μl/well	of	the	secondary	stain	diluted	

in	perm	buffer	for	30	min.	

For	panels	that	were	not	fixed,	10	μl	of	DAPI	was	added	to	each	sample	before	running.	

Cell	populations	were	assessed	using	a	FACSymphony™	(BD)	flow	cytometer	and	final	

populations	were	analysed	using	FlowJo™	(BD,	v10.6.1).	Gating	strategies	can	be	found	

in	the	results	section.	

	

Table 2.4 T-cell effector/memory panel 
no.  Source Antibody Fluorophore Dilution 

1 BD CD8 APC-Cy7 1:200 
2 BD TCRB FITC 1:400  
3 Biolegend CD4 PE-cy7 1:400 
4 BD FCblock  - 1:200 
5 BD CD44 APC 1:200 
6 Miltenyi CD62L PE 1:60 
7 BD (Add just before 

running) 
DAPI DAPI 10uL of 1:1000 working 

solution 
 

Table 2.5 GC B cell and plasma cell panel 
no.  Source Antibody  Fluorophore Dilution 

1 BD (dump channel) CD3  Percp 5.5 1:100 
2  BD   CD19 BV515 1:300  
3  BD  B220 PEcSf594 1:300  

4  BD GL7 HI647 1:200 
5  BD IgD BV510 1:200 
6  BD CD138  PE 1:200 
7  BD FC block  - 1:200 
8 BD  DAPI DAPI 10uL of 1:1000 working 

solution 
 

Table 2.6 Extended GC, plasma cell and B1 panel 
no.  Source Antibody  Fluorophore Dilution 
1 BD CD19 PerCP/Cy5.5 

  
1:200 

2 BD  IgM BUV395 1:100 
3 BD CD11b BV421 1:400 
5 BD Fas (CD95) BV750 1:50 

6 BD B220 PECF594 1:3000  
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7 BD GL7 Alexa-647 1:200 

8 BD CD138 PE 1:200 
9 Biolegend IgD BV510 1:200 
10 Thermo 

Fisher  
CD5 PE-Cy7 1:100 

11 BD CD43 BB515 1:200 
12 BD FC block  - 1:200 

 
Table 2.7 Antigen-specific GC B cell panel 
no.  Source Antibody  Fluorophore Dilution 
1 BD CD19 PerCP/Cy5.5 

  
1:200 

2 BD  IgM BUV395 1:100 
3 

 
CD38 PE Cy7 1:300 

5 BD Fas (CD95) BV750 1:50 

6 BD B220 FITC 1:3000  
7 BD GL7 Alexa-647 1:200 

8 BD CD138 PE 1:200 
9 Biolegend IgD BV510 1:200 
10 BD CD27 BV421 1:300 
11 BD Sca-1 APC Cy7 1:200 
12 Fina 

Biosolutions 
CRM197-
biotin 

- 1:100 

13 BD Steptavidin PE-CF594 1:400 
14 BD FC block  - 1:200 

 
Table 2.8 Tfh panel 
 
no.  Source Antibody  Fluorophore Dilution 

1 BD CXCR5 Biotin  1:100 
2 BD CD3  BV421 1:200 
3 BD CD19 PerCP/Cy5.5 1:200 
4 BD CD4 BV510 1:200 
5 BD PD-1  BUV737 1:100 
6 BD  CD44 APC 1:200 
7 BD CD62L BV395 1:400 
8 Biolegend ICOS AF488 1:400  
9 BD FC block  - 1:200 
10 BD Fixable 

viability 
stain 

FVS 700 
  

1:1000 
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11 BD Bcl6  
 PE 

1:20 

 
 

2.10.6 Intracellular	staining	(ICS)	of	stimulated	splenocytes	

After	stimulation	with	0.5	μg	of	PCV13	vaccine	for	72	h,	Brefeldin	A	(BD	Biosciences)	was	

added	(2.8.2)	and	splenocytes	were	cultured	for	a	further	3	h.	Following	centrifugation	

at	350	x	g	at	4°C	for	5	min	and	washing	with	cold	FACS	buffer,	cells	were	stained	with	the	

Surface	Stain	Panel	(Table	2.9)	for	30	min	at	4°C.	Cells	were	washed	and	incubated	in	

neat	BD	Fixation	buffer	(BD	Biosciences).	Samples	were	washed	in	1X	BD	Perm	buffer	

and	 stained	 for	 30	 min	 with	 Intracellular	 Cytokine	 Stain	 (Table	 2.10)	 in	 BD	

Cytofix/Cytoperm	(BD	Biosciences).	Cells	were	washed	once	with	200	μL	BD	perm	buffer	

and	then	resuspended	in	200	μL	FACS	buffer.	Resuspended	cells	were	transferred	to	FACS	

tubes.	All	antibodies	were	titrated	for	optimal	dilution.	Cell	populations	were	assessed	

using	a	BD	FACSymphony™	flow	cytometer	and	final	populations	were	analysed	using	

FlowJo™	(BD,	v10.6.1).	

	

Table 2.9 Surface stain panel 

no. Source Antibody Fluorophore Dilution 

1 Biolegend Live/dead Zombie 
Aqua 

1:500 

2 BD FC block - 1:200 

3 BD  CD8  APC Cy7 1:200 

4 BD  CD3  BV421 1:200 

5 Biolegend CD4 PE-Cy7 1:400 

6 Biolegend CD44 APC 1:400 
 
Table 2.10 Intracellular cytokine stain 

no. Source Antibody Fluorophore Dilution 

7 Miltenyi IFNγ FITC 1:500 
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8 Miltenyi TNFα  PE 1:50 
 

2.10.7 ELISPOT	Assay		

To	measure	total	 IgG	production	by	B	cells,	 the	ELISPOT	plate	was	 first	coated	with	5	

μg/mL	of	antigen	(1:10	dilution	of	PCV13	vaccine)	diluted	in	PBS	and	incubated	at	4°C	

overnight.	After	24	h,	the	wells	of	the	tray	were	washed	with	sterile	PBS	5	times	with	the	

bottom	tray	removed.	Wells	were	blocked	with	100	μl	RPMI	(Merck)	+	20%	FCS	(Assay	

Matrix)	 per	 well	 for	 30	 min.	 Wells	 were	 washed	 five	 times	 with	 sterile	 PBS	 before	

addition	of	2	 x	106	 splenocytes	or	2x105	bone	marrow	cells	 resuspended	 in	 complete	

culture	 media	 consisting	 of	 RPMI1640	 (Merck)	 supplemented	 with	 GIBCO	 minimal	

essential	media	amino	acids,	GlutaMAX	L-glutamine	(Thermo	Fisher	Scientific),	10%	FCS	

(Assay	Matrix)	 and	 55	 nM	 2-Mercaptoethanol	 (Life	 Technologies).	 200	 μl	 per	well	 in	

duplicate	 was	 used.	 	 Cells	 were	 incubated	 for	 16-24	 h	 at	 37°C,	 5%	 C02.	 After	 this	

incubation	 was	 complete,	 cells	 were	 washed	 with	 sterile	 PBS	 with	 the	 bottom	 tray	

removed	and	75	μl	of	1:2000	horseradish	peroxidase	(HRP)	conjugated	anti-mouse	IgG	

(AbCam,	Cambridge,	UK)	and	incubate	for	1	h	at	room	temperature	(RT).		Cells	were	then	

washed	5	times	with	PBS.	To	develop	the	plates,	75	μl	of	ELISPOT	TMB	reagent	(BD)	was	

added	until	 spots	were	 clearly	 visible.	Membranes	was	washed	 in	H2O	and	dried	 and	

spots	were	counted	via	ELISPOT	plate	reader	(ImmunoSpot,	Shaker	Heights,	USA).	

	

2.11 DNA	and	RNA	procedures	

2.11.1 RNA	extraction	

500	μl	–	1	mL	TRIzol	(Thermo	Fisher	Scientific)	was	added	to	107	pelleted	splenocytes	

and	samples	were	frozen	at	-80°C	until	processing.	To	extract	RNA,	samples	were	thawed	
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and	100	μL	of	chloroform	(Merck)	was	added	to	each	tube	before	shaking	vigorously	for	

15	s.	Samples	were	then	incubated	for	5	min	at	RT	and	centrifuged	at	12,000	x	g	for	15	

min	at	4°C.		The	aqueous	layer	of	the	sample	was	removed	and	placed	into	a	new	tube	

with	 0.5μl	 of	 glycogen	 (Thermo	 Fisher	 Scientific).	 250	 μl	 of	 100%	 isopropanol	

(Merck)	was	added	and	tubes	were	 inverted	before	a	10	min	 incubation	at	RT	(20°C).	

Samples	were	then	spun	for	10	min	at	12,000	x	g	at	4°C,	supernatant	was	removed,	and	

the	remaining	pellet	was	washed	with	1	mL	of	freshly	prepared	75%	ethanol.	Samples	

were	centrifuged	(10	min;15,000	x	g	at	4°C)	and	the	ethanol	wash	step	was	repeated	once	

more	 before	 air	 drying	 the	 pellet	 for	 5	min	 and	 resuspending	 the	RNA	 in	RNase-free	

water.		

	

2.11.2 Nano	Drop	

RNA	 quantity	 was	 measured	 with	 the	 NanoDrop	 8000	 Microvolume	 UV-Vis	

spectrophotometer	 (Thermo	 Fisher	 Scentific).	 260/280	 and	 260/230	 ratios	 of	 1.8	 or	

higher	were	consider	of	sufficient	quality.		

	

2.11.3 cDNA	synthesis	

cDNA	was	synthesized	from	purified	RNA.	A	preparation	of	1	μg	of	RNA,	10	mM	dNTP’s	

(Thermo	Fisher	Scientific)	and	1μl	0.5	μg/μl	Oligo	dT’s	(Life	Technologies)	was	brought	

up	 to	 a	 final	 volume	 of	 10	 μl	with	 RNase-free	water.	 The	 RNA	 preparation	was	 then	

denatured	 using	 a	 65°C	 heat	 block	 for	 5	 min.	 Following	 denaturation	 Protoscript	 II	

Reverse	 Transciptase	 (200U/μl),	 0.1M	DTT	 and	 5X	 First	 Strand	Buffer	 (New	England	

Biolabs,	Ipswich,	USA)	were	added	to	the	samples	and	solution	was	brought	up	to	a	final	

volume	of	20	μl	using	RNase-free	water.	Samples	were	incubated	at	42°C	for	60	min	with	
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a	subsequent	20	min	incubation	at	65°C	for	enzyme	inactivation.	cDNA	was	stored	at	-

20°C.	

	

2.11.4 Quantitative	real-time	PCR	analysis	to	determine	bacterial	load	

The	bacterial	load	in	faecal	samples	was	assessed	by	measuring	the	16S	rRNA	gene	using	

quantitative	real-time	PCR	analysis.	Primers	for	the	conserved	16S	rRNA	gene	were	used	

to	assess	bacterial	load	(Table	2.11)	(Nadkarni	et	al,	2002).	Each	reaction	was	loaded	

into	optimal	grade	384	well	plates	and	real-time	PCR	was	performed	on	a	Quant	StudioTM	

7	Flex	Real	–time	PCR	system	(Thermo	Fisher	Scientific).	Table	2.12	lists	the	composition	

of	each	reaction.	No	template	controls	and	reagent	only	samples	were	included	in	each	

run,	with	3	μl	of	sterile	water	substituted	for	DNA.	Each	sample	was	run	in	duplicate.	The	

PCR	amplification	program	ran	as	follows:	50°C	for	2	min,	followed	by	95°C	for	10	min,	

then	40	cycles	of	95°C	for	15	s	and	60°C	for	1	min.	After	the	40	cycles,	a	melting	curve	

analysis	was	 performed.	 The	 bacterial	 load	 for	 each	 sample	was	 quantified	 against	 a	

standard	curve	of	serial	dilutions	of	E.	coli	genomic	DNA,	which	was	performed	in	the	

same	PCR	run	and	is	detectable	within	a	range	of	3	to	3	x	106	equivalent	E.	coli	cells.	The	

bacterial	load	of	Enterobacter	cloacae	was	quantitated	against	a	standard	curve	of	serial	

dilutions	of	Enterobacter	cloacae	cells.	The	final	number	of	cells	were	then	normalised	

relative	to	the	faecal	weight	of	each	sample.	

Table 2.11 Table of bacterial primers. 
16S Forward 5-TCCTACGGGAGGCAGCAGT-3  

16S Reverse 5-GGACTACCAGGGTATCTAATCCTGTT-3  

 

Table 2.12 Composition of Bacterial load qPCR. 
Platinum®SYBR®Green qPCR SuperMix- UDG 5 µl 

0.2 µM Forward Primer 1 µl 

0.2 µM Reverse Primer 1 µl 
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DNA template + Sterile Water 3 µl 

Total 10 µl/well 

 

2.11.5 Quantitative	real-time	PCR	for	gene	expression	analysis	

Real-time	 qPCR	 was	 carried	 out	 on	 a	 Quant	 StudioTM	 7	 Flex	 Real	 –time	 PCR	 system	

(Thermo	Fisher	 Scientific),	 using	optical	 grade	384	well	 plates.	 The	 expression	of	 the	

housekeeping	 genes,	 Beta	 Actin	 and	 GAPDH	 (listed	 in	 Table	 2.13),	 were	 used	 as	

reference	genes	for	normalisation.	The	targeted	genes	and	primers	used	are	shown	in	

Table	2.13	 and	 the	 composition	 of	 each	well	 is	 shown	 in	Table	2.14.	 A	 no	 template	

control	was	 run	alongside	 the	 samples,	where	DNA	was	 substituted	 for	1	µl	of	 sterile	

water.	The	PCR	program	ran	as	follows:	50°C	for	2	min,	followed	by	95°C	for	10	min,	then	

40	cycles	of	95°C	for	15	s	and	60°C	for	1	min.	After	program	completion,	a	melting	curve	

analysis	was	performed.	

Table 2.13 Table of mouse primers. 
Beta Actin Forward 5-TTGCTGACAGGATGCAGAAG-3  

Beta Actin Reverse 5-AAGGGTGTAAAACGCAGCTC-3  

Cxcl10 Forward 5-TATCCTGCCCACGTGTTGAG-3  

Cxcl 10 Reverse 5-TGGTCTTAGATTCCGGATTCAGA-3  

Ifih1 Forward 5-GCACAGCAGTGAAGTCAAGC-3  

Ifih 1 Reverse 5-ACCGTCGTAGCGATAAGCAG-3  

Il1b Forward GTGCTGTCGGACCCATATGA 

Il1b Reverse TTGTCGTTGCTTGGTTCTCC 

Il12a Forward CAGTCCCGAAACCTGCTGAA 

Il12a Reverse TGTCTTCAGTGCAGGAA 

Il12b Forward CCAACTGCCGAGGAGACC 

Il12b Reverse CTTGGGCGGGTCTGGTTT 

Il6 Forward TCTGGGAAATCGTGGAAATGAC 

Il6 Reverse CAAGTGCATCATCGTTGTTCA 

Ifny Forward  GAGGTCAACAACCCACAGGT 

Ifny Reverse GGGACAATCTCTTCCCCACC 
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Tnfa forward CCAGACCCTCACACTCAGATCA 

Tnfa Reverse  GTTTGCTACGACGTGGGCT 

Gapdh F GGGTCCCAGCTTAGGTTCAT 

Gapdh R TACGGCCAAATCCGTTCACA 

Mcp1 F AAGTCCCTGTCATGCTTCTG 

Mcp1 R TCTGGACCCATTCCTTCTTG 

Mcp1 Forward TGATCCCAATGAGTAGGCTGGAG 

Mcp1 Reverse ATGTCTGGACCCATTCCTTCTTG 

Mip1alpha Forward CAGCGAGTACCAGTCCCTTTT 

Mip1alpha 39 Reverse CCTCGCTGCCTCCAAGA 

 

 

 

Table 2.14 Composition of gene expression qPCR. 
Platinum®SYBR®Green qPCR SuperMix- UDG  5 µl 

0.2 µM Forward Primer 0.725 µl 

0.2 µM Reverse Primer 0.725 µl 

DNA template + Sterile Water 3.5 µl 

Sterile water  0.05 µl 

Total 10 µl/well 

 

2.11.6 	16S	rRNA	gene	sequencing	analysis	
16S	rRNA	gene	sequencing	was	undertaken	by	the	SA	Genomics	Centre	on	DNA	extracted	

from	 faecal	 samples	 collected	 from	 individual	mice	at	 the	V	 timepoint.	DNA	extracted	

from	faecal	samples	was	used	to	generate	amplicons	of	the	V4	hypervariable	region	of	

the	 16S	 rRNA	 gene	 as	 described	 previously	 (Lynn	 et	 al.,	 2018).	 The	 amplicon	 library	

sequencing	was	performed	using	an	Illumina	Miseq	system	(2	×	300bp	run).	Paired	end	

16S	 rRNA	 gene	 sequences	 were	 demultiplexed	 and	 imported	 into	 QIIME2	 (release	
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2019.9)	 for	processing	 (Bolyen	et	al.,	2019).	Sequences	were	error	corrected,	and	 the	

counts	 of	 error-corrected	 reads	 per	 sample	were	 generated	with	 DADA2	 version	 1.8	

(Callahan	et	al.,	2016).	A	phylogenetic	tree	of	error-corrected	sequences	was	constructed	

with	FastTree	(Price,	Dehal,	&	Arkin,	2010).	Taxonomy	was	paired	to	sequences	with	the	

sklearn	plugin	for	QIIME2	to	which	an	80%	confidence	threshold	was	applied,	using	the	

GreenGenes	 13.8	 database	 (DeSantis	 et	 al.,	 2006).	 The	 MetaCyc	 pathway	 relative	

abundance	was	predicted	the	PICRUSt2	plugin	(Douglas	et	al.,	2020).		Statistical	analysis	

was	 carried	 out	 in	 R	 version	 3.6.3.	 Graphs	 were	 generated	 using	 ggplot2	 (Wickham,	

2016).	 Alpha	 and	 Beta	 diversity	 values	 were	 produced	 using	 PhyloSeq	 version	 1.3	

(McMurdie	&	Holmes,	2013).	Shannon	diversity,	which	takes	evenness	into	account,	was	

also	used	to	assess	differences	between	the	groups.	For	example,	if	there	is	10	species	

present,	each	is	at	10%	abundance.		

 

2.11.7 Vaccine	specific	antibody	ELISA	

ELISAs	 against	 PCV13,	 the	 polysaccharides	 PPS1	 and	PPS3	 and	 the	 conjugate	 protein	

CRM197	 specific	 were	 carried	 out	 using	 Nunc	 MaxiSorp®	 ELISA	 plates	 (Merck).	

Concentrations	of	each	were	optimised	using	serial	dilutions	of	both	the	coating	buffer	

and	 serum.	 Plates	were	 coated	with	 50	 μl	 of	 either	 0.05	 μg/mL	 PCV13	 vaccine,	 1.25	

ng/mL	CRM197	protein,	5	ng/mL	PPS1	or	5	ng/mL	PPS3	and	incubated	overnight	at	4°C.	

Plates	were	washed	with	100	μl	0.5%	Tween-20/PBS	and	blocked	for	2	h	at	RT	with	0.5x	

ELISA	 buffer	 (eBioscience,	Waltham,	 USA).	 Serum	 samples	 collected	 from	mice	 were	

diluted	in	0.5x	ELISA	buffer	and	pipetted	onto	blocked	plates.	After	overnight	incubation	

at	4°C,	antigen-specific	antibodies	were	measured	using	HRP	conjugated	anti-mouse	IgG	

(Novex,	Lake	Oswego,	USA),	IgG1,	IgG3,	IgG2b,	IgA	or	IgM	(all	from	AbCam,	Cambridge,	

UK)(Table	2.15	–	2.18).	The	activity	of	HRP	was	measured	using	tetramethylbenzidine	
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(TMB)	substrate	(Thermo	Fisher	Scientific)	and	the	reaction	was	stopped	using	2N	H2SO4.	

Plates	 were	 analysed	 using	 an	 EnVision	microplate	 absorbance	 reader	 (PerkinElmer,	

Waltham,	USA)	at	450	nm	adjusted	by	subtraction	at	595	nm.		

Table 2.15 Serum concentrations for ELISAs at V+1 
Antigen IgGtotal 
PCV13 1/100 - 1/250 
PPS1 1/100 
PPS3 1/250 
CRM197  1/500 
	

Table 2.16 Serum concentrations for ELISAs at V+2 
Antigen IgGtotal IgM 
PCV13 1/100 - 1/250 1/250  

PPS1 1/100 - 1/250 
1/100 - 
1/2501`` 

PPS3 1/100 - 1/250 1/250 
CRM197 1/250 1/500 
	

Table 2.17 Serum concentrations for ELISAs at V+4 – V+10 
Antigen IgGtotal IgM IgG1 IgG3  IgG2b IgA 

PCV13 
1/2000 - 
1/4000 1/1000 1/2000 

1/500 - 
1/1000 1/1000 1/100 

PPS1 1/500 
1/500 - 
1/1000 1/500 1/500 1/500 - 

PPS3 
1/1000 - 
1/2000 1/1000 

1/1000 - 1 in 
2000 1/500 1/500 - 

CRM197 
1/500 - 
1/3000 1/1000 1/1000 1/500 1/500 - 

	

Table 2.18 Antibody concentrations 

Antibody Concentration 

IgGtotal 1/2000 
IgG1 1/10,000 
IgG2b 1/2000 
IgG3 1/1000 
IgM 1/500 – 1/1000 
IgA  1/100 
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2.12 Confocal	microscopy	of	germinal	centres.	

2.12.1 Fixation,	embedding	and	cryosectioning	

Half	of	the	collected	spleen	was	fixed	in	fixation	buffer	(4%	PFA-	source	in	PBS)	for	4-5	h.	

Spleens	were	then	incubated	with	1-2	mL	of	30%	sucrose	solution	for	12-16	h	at	4°C	until	

the	tissue	sinks	(left	up	to	5	days).	Sucrose	solution	was	removed	from	the	samples	and	

dabbed	dry	with	a	paper	tissue.	Tissue	was	transferred	into	a	cryomold	containing	OCT	

so	it	was	fully	immersed	without	bubbles	surrounding	it.	Cryomolds	were	placed	into	an	

esky	of	dry	ice	for	rapid	freezing.	The	tissue	block	was	wrapped	with	tinfoil	and	stored	at	

-80°C.	Samples	were	sent	for	cryosectioning	at	the	Adelaide	Health	and	Medical	School	

(AHMS)	and	cut	into	10μm	sections	on	glass	slides.	

	
2.12.2 Immunofluoresence	staining	

Slides	 were	 removed	 from	 -80°C	 and	 air-dryed	 under	 airflow	 for	 30	 min	 at	 RT.	 An	

unbroken	 circle	 was	 drawn	 around	 tissue	 sections	 with	 a	 PAP	 pen	 to	 create	 a	

hydrophobic	barrier,	and	left	for	15-30	min	until	the	wax	had	completely	dried.	The	slides	

were	transferred	to	a	staining	jar	and	washed	3	times	for	5	min	with	Wash	Buffer	at	RT.	

The	 slides	 were	 kept	 hydrated	 using	 a	 humidified	 chamber.	 Slides	 were	 blocked	 in	

blocking	buffer	(normal	goat	serum	4%	(v/v),	normal	donkey	serum	4%	(v/v),	bovine	

serum	albumin	15%	(v/v)	in	PBS)	(Merck)	for	120	min	at	RT.	Slides	were	washed	3	times	

for	5	min	with	Wash	Buffer	at	RT.	Permeabilization	buffer	was	added	(Triton	X-100	2%	

(v/v)	in	1x	PBS)	for	30	min	at	RT.	Slides	were	washed	again	3	times	at	RT	and	100ul	of	

antibody	cocktail	(Table	2.19)	made	up	in	blocking	buffer	was	added	to	slide,	covering	

entire	section	(40-100	μl	per	slide).	The	covered	slide	was	incubated	in	a	dark	humidified	
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chamber	overnight	at	4°C.	The	next	day,	slides	were	washed	with	Wash	Buffer	3	times	for	

5	min	at	RT.	Slides	were	then	rinsed	with	1X	PBS	and	dried	without	disrupting	the	tissue.	

The	 tissue	was	mounted	with	Vector	 shield	mounting	medium	 	 and	dried	 at	RT	until	

mounting	medium	 has	 set.	 Slides	 were	 sealed	 with	 nail	 polish	 and	 stored	 at	 4°C	 for	

imaging.		

	

2.12.3 Confocal	imaging	acquisition	

Sections	were	visualised	using	a	Leica	TCS	SP8X	confocal	microscope.	Tile	scan	images	

were	acquired	with	a	10X	magnification	lens,	which	had	a	10%	overlap,	while	enlarged	

images	were	captured	using	a	20X	magnification	lens.	Subsequently,	the	acquired	images	

were	processed	and	analysed	using	Fiji	and	ImageJ.	 
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Figure 2.2| Immunofluorescence staining protocol for imaging germinal centres in 
spleens and draining lymph nodes of immunised mice. Figure from STAR methods 
protocol (Fra-Bido, Walker, Innocentin, & Linterman, 2021). 

 

Table 2.19 Immunofluorescence staining antibody panel 
Antibody Conjugation Dilution 

factor 
Clone Company 

CD16/CD32 
Purified 

Purified 
 

1:200 
 

2.4G2 
 

BD 

CD21/35  BV421  1:200  7E9 Biolegend 
GL7  AF488 1:100 GL7 Biolegend 
CD3 AF594 1:200 17A2 Biolegend 
IgD AF647 1:200 11-26c Biolegend 
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3 Assessing	the	impact	of	antibiotic	exposure	on	

peripheral	blood	immune	cell	populations	in	

infants	post-vaccination.		

*This	chapter	includes	data	from	The	Antibiotics	and	Immune	Response	(AIR)	Study.	The	
full	manuscript	is	in	preparation	for	publication	and	can	be	found	in	the	appendix	of	this	
thesis.	
	
A	systems	immunology	study	to	assess	the	impact	of	early-life	antibiotic	exposure	

on	infant	vaccine	immune	responses.	Feargal	J.	Ryan1,2†,	Michelle	Clarke3,4†,		A.	Lynn1,2,	
Saoirse	C.	Benson1,2,	Sonia	McAlister5,6,	Lynne	C.	Giles7,	Jocelyn	M.	Choo2,	Alyson	Richard2,	
Lex	Leong2,	Stephen	J.	Blake1,2,	Mary	Walker3,	Steve	L.	Wesselingh1,2,	Damon	J.	Tumes1,6,	
Peter	Richmond5,6,9,	Geraint	B.	Rogers1,2,	Helen	S.	Marshall	3,4,7††,	and	David	J.	Lynn1,2††			
	
	
3.1 Introduction		

After	clean	water,	vaccination	is	the	most	effective	public	health	intervention	we	have	to	

protect	 against	 infectious	 disease,	 with	 global	 immunisation	 programs	 preventing	

millions	 of	 deaths	 per	 year.	 However,	 even	 for	 licensed	 vaccines,	 there	 is	 room	 for	

improvement.	 For	 reasons	 that	 are	 poorly	 understood,	 antibody	 titres	 (the	 primary	

correlate	 of	 protection	 for	 most	 vaccines)	 can	 vary	 up	 to	 100-fold	 between	 healthy	

individuals.	My	colleagues	have	previously	shown	in	mice	that	early-life	antibiotic-driven	

dysbiosis	can	impair	antibody	responses	to	live	and	adjuvanted	infant	vaccines	(Lynn	et	

al.,	2018).	These	data	suggest	that	the	gut	microbiota	is	an	important	regulator	of	immune	

responses	to	vaccination.	These	data	are	supported	by	clinical	observational	studies	that	

have	reported	significant	correlations	between	the	composition	of	the	gut	microbiota	and	

vaccine	 responses	 (Ng	 et	 al.,	 2022;V.	 Harris	 et	 al.,	 2018;	 V.	 C.	 Harris	 et	 al.,	 2017).	 Of	

particular	note,	Hagan	and	colleagues	conducted	a	systems	vaccinology	study	in	which	
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adults	were	randomised	to	receive	antibiotics	or	a	placebo	prior	to	influenza	vaccination	

and	found	that	in	those	participants	with	low	pre-existing	immunity,	antibiotic	exposure	

led	 to	 impaired	 IgG	 responses	 to	 vaccination,	 although	 the	 sample	 size	 was	 modest	

(n=11/group)	(Hagan	et	al.,	2019).	In	contrast,	a	recent	epidemiological	study	evaluated	

the	impact	of	antibiotic	exposure	on	the	seropositivity	of	oral	rotavirus	vaccine	(ORV)	in	

537	infants	from	LMICs	and	found	that	those	exposed	to	antibiotics	from	birth	up	to	7	

days	after	vaccination	had	higher	rates	of	seropositivity	(St	Jean	et	al.,	2022).		

To	 assess	 the	 gap	 in	 our	 understanding	 of	 how	 the	 microbiota	 may	 impact	 vaccine	

immunogenicity	 in	 infants,	 we	 established	 the	 Antibiotics	 &	 Immune	 Response	 (AIR)	

Study.	The	primary	aim	of	this	study	was	to	assess	the	influence	of	antibiotic	exposure	on	

PCV13-specific	 antibody	 titres	 in	 infants,	 with	 secondary	 objectives	 including	 the	

assessment	of	the	impact	on	responses	to	other	infant	vaccines.	Over	1,000	blood	and	

stool	samples	were	collected	from	224	healthy,	full-term,	vaginally	delivered	infants	born	

at	the	Women’s	and	Children’s	Hospital	in	Adelaide,	Australia,	between	2017	and	2019.	I	

assessed	more	than	30	different	immune	cell	populations	via	flow	cytometry	analysis	of	

156	fresh	blood	samples	collected	from	these	infants	at	7	weeks	of	life	(1	week	after	most	

primary	immunisations	were	administered).	I	compared	these	immune	cell	population	

data	 to	 the	 other	 data	 gathered	 from	 this	 study.	 These	 included	 comparisons	 of	

circulating	cell	populations	when	grouped	by	sex,	antibiotic	exposure	type	and	antibody	

response.		

3.2 Study	Design	

The	 AIR	 Study	 was	 a	 clinical	 observational	 study	 that	 aimed	 to	 determine	 whether	

responses	 to	vaccination	are	 impaired	 in	 infants	 exposed	 to	 either	maternal	or	direct	
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antibiotics	in	the	neonatal	period.	Using	a	systems	vaccinology	approach,	the	study	aimed	

to	 identify	 the	 key	 taxa	 and	 metagenomically-encoded	 processes	 in	 the	 infant	 gut	

microbiota	associated	with	vaccine-specific	antibody	responses.	Preterm	infants,	infants	

born	by	C-section,	 and	 infants	born	 to	mothers	with	 a	maternal	BMI	>	30	 in	 the	 first	

trimester	were	excluded	from	the	study.	Additionally,	infants	were	excluded	where	they	

or	 their	 mothers	 had	 sepsis,	 allergy	 to	 a	 vaccine	 component,	 major	 congenital	

abnormality,	 gastrointestinal	 or	 other	 severe	 disease,	 or	 with	 immunodeficiency	 or	

immunosuppression.	Recruitment	 for	 the	AIR	study	ended	early	 in	2020.	255	healthy,	

vaginally	born,	term	infants	that	were	either	exposed	or	unexposed	to	antibiotics	were	

enrolled	in	the	study.	Antibiotic	exposure	groups	were	defined	as	unexposed	infants	(No	

ABX),	direct	antibiotic-treated	in	the	neonatal	period	(Neo	ABX),	 intrapartum	exposed	

with	no	direct	exposure	(IP	ABX)	or	post-natal	maternal	antibiotic	exposed	(PN	ABX).	A	

total	of	81	infants	were	subsequently	withdrawn,	mostly	citing	concerns	over	multiple	

blood	draws	and	the	 logistics	of	attending	multiple	appointments	at	the	Women’s	and	

Children’s	 Hospital.	 The	 sample	 collection	 timeline	 for	 the	 AIR	 study	 is	 illustrated	 in	

Figure	 3.1.	 Faecal	 samples	 were	 collected	 for	 shotgun	 metagenomic	 sequencing	 to	

profile	 the	microbiota	 composition	 in	 the	 neonatal	 period	 (~day	 7	 of	 life)	 and	 again	

immediately	 before	 primary	 vaccinations	 at	 week	 6	 of	 life	 (~day	 45	 of	 life).	 Blood	

samples	were	collected	at	weeks	6	and	7	for	Total	RNASeq.	Flow	cytometry	analysis	was	

performed	on	samples	collected	at	week	7.	Serum	was	collected	at	baseline	(6	weeks)	

and	then	at	7	and	15	months	to	measure	antibody	responses.	Serum	IgG	responses	to	20	

different	 vaccine	 antigens	 in	 the	 Hepatitis	 B	 (HepB),	 Infanrix	 hexa	 6-in-1	 vaccine	

(containing	 Diphtheria	 Tetanus	 Pertussis	 (DTP),	 Hepatitis	 B	 (Hep	 B),	 Polio,	 and	

Haemophilus	 influenzae	 type	 B	 (Hep	 B)	 vaccines)	 and	 the	 13-valent	 Pneumococcal	

Conjugate	Vaccine	(PCV13)	was	assessed	at	the	Telethon	Kids	Institute	in	Perth,	Western	
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Australia	 using	 in-house	multiplex	 fluorescent	 bead-based	 immunoassays.	 Serum	 IgA	

responses	 to	 the	 oral	 rotavirus	 vaccine	 (ORV)	 were	 also	 assessed.	 Data	 on	 possible	

confounders	such	as	birth	weight,	type	of	antibiotics	and	feeding	type	were	also	collected,	

as	well	as	summary	data	from	the	cohort	(Table	3.1).	

	

Figure 3.1| The Antibiotics and Immune Responses (AIR) Study was an observational 
clinical study that aimed to identify the key taxa and pathways in the infant gut 
microbiota associated with vaccine antibody responses. As part of the AIR study, we 
recruited a cohort of 255 vaginally born, healthy, term infants that were either unexposed (No 
ABX) or exposed to direct (Neo ABX), intrapartum (IP ABX) or postnatal maternal antibiotics 
(PN ABX). Faecal samples were collected for shotgun metagenomics in the first week of life 
and at week 6 (when the majority of primary immunisations were administered). Blood 
samples were collected at week 6, week 7, 7 months and 15 months for serology, flow 
cytometry and RNA sequencing. Serum IgG titres to 20+ vaccine antigens were assessed. 
Serum IgA responses to ORV were also assessed. 	
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Table 3.1 Key demographics of the AIR study infants.   

*The Apgar test is performed on newborns soon after birth to check the infants Appearance 
(skin colour), Pulse (heart rate), Grimace response (reflexes), Activity (muscle tone) and 
Respiration (breathing rate and effort). Scores are between 0 and 10.                                                   	

 	

Vaccinated cohort (n=191)

Antibiotic exposed Non 
Exposed

Neo-ABX 

(n=32)

IP-ABX 

(n=49)

PN-ABX 

(n=30)

Control 

(n=80)

Mother

Age at delivery (Mean years, 

SD) 31 (5) 32 (4) 33 (4) 32 (4)

BMI (mean kg/m2, SD) 24 (3) 24 (3) 23 (3) 24 (3)

Pertussis vaccine during 
pregnancy (n, %) 31 (97%) 47 (96%)

30 

(100%) 73 (94%)

Infant

Birthweight (mean kg, SD) 3.5 (0.5) 3.3 (0.4) 3.3 (0.4) 3.2 (0.5)

Gestation at delivery (mean 

weeks, SD) 39 (1) 39 (1) 39 (1) 39 (1)

Sex (n, % male) 17 (53%) 30 (61%)

15 

(50%)

41/80 

(51%)

Apgar at 5 min (mean, SD) 8.6 (0.8) 8.9 (0.5) 8.9 (0.5) 8.9 (0.4)

Breastfed (n, %)

32 

(100%)

49 

(100%)

30 

(100%) 79 (99%)

Received any formula (n, %) 5 (16%) 7 (14%) 5 (15%) 15 (19%)

Probiotics during study (n, %) 6 (19%) 7 (14%) 5 (15%) 3 (2.5%)
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-	Results	-	

3.2.1 Summary	of	key	findings	from	the	AIR	Study	

Analysis	of	the	RNAseq,	metagenomic	and	serology	data	in	the	AIR	study	was	performed	

by	others	in	the	laboratory.	Briefly,	we	found	that	neonates	directly	exposed	to	antibiotics	

had	 altered	 transcriptional	 profiles	 pre-	 and	 post-vaccination	 and	 significantly	 lower	

antibody	titres	against	multiple	vaccine	antigens	at	7	months,	most	notably	in	response	

to	 polysaccharides	 in	 the	 PCV13	 pneumococcal	 vaccine.	 Consistent	 with	 data	 from	

previous	studies	(Neuman	et	al.,	2018),	we	also	found	that	both	direct	and	intrapartum	

antibiotic	 exposure	 led	 to	 a	 significant	 reduction	 in	 the	 relative	 abundance	

of	Bifidobacterium	spp.	in	the	infant	microbiota	prior	to	vaccination.	Furthermore,	these	

differences	 in	 the	 composition	 of	 the	 microbiota	 correlated	 with	 vaccine	 serological	

responses.	Overall,	these	findings	illustrate	the	profound	effect	on	that	ABX	exposure	has	

on	 the	 composition	 of	 the	 infant	 microbiota	 and	 suggest	 that	 a	 reduced	 relative	

abundance	 of	 Bifidobacterium	 spp.	 in	 antibiotic-exposed	 infants	 leads	 to	 impaired	

responses	to	vaccination.	A	more	thorough	presentation	of	these	data	can	be	found	in	the	

Appendix	of	this	thesis	(Ryan	et	al.,	manuscript	in	preparation).		 	

Saoirse Benson
*Removed due to copyright restriction.

Saoirse Benson
*



 

	
 
 

80	

3.2.2 Multiparameter	flow	cytometry	analysis	to	characterise	peripheral	blood	

immune	cell	populations	in	the	AIR	infants	

One	 way	 ABX	 in	 early	 life	 might	 affect	 responses	 to	 vaccination	 is	 by	 altering	 the	

frequency	of	different	immune	cell	populations.	In	addition,	it	is	important	to	examine	

differences	in	immune	cell	populations	as	they	could	confound	RNA	sequencing	analysis.	

To	 determine	 whether	 there	 were	 any	 differences	 in	 the	 number	 or	 frequency	 of	

circulating	 immune	 cell	 populations	 in	 antibiotic-exposed	 infants,	 I	 performed	 flow	

cytometry	analysis	of	fresh	peripheral	blood	samples	collected	at	approximately	week	7	

of	life,	one	week	after	the	infants	received	their	first	routine	immunisations.	A	total	of	156	

infants	(67	female,	89	male)	had	blood	drawn	at	this	time	point	and	were	assessed.	Three	

multi-parameter	flow	cytometry	panels	were	optimised	to	comprehensively	phenotype	

immune	 cell	 populations	 in	 peripheral	 blood	 samples	 from	 the	 infants.	 The	 flow	

cytometry	panels	were	developed	in	reference	to	those	used	in	the	Human	Immunology	

Project	(Maecker,	McCoy,	&	Nussenblatt,	2012).	Panel	1	can	identify	~17	different	cell	

types,	including	neutrophils,	eosinophils,	basophils,	T	cells,	B	cells,	NK	cells	(CD16+CD56-

,	CD16-CD56+	subsets),	NKT-like	cells	 (CD3+CD56+),	monocytes	(classical,	 intermediate	

and	nonclassical),	and	DCs	(conventional	and	plasmacytoid	subsets)	(Table	3.2,	Fig.	3.2).	

Panel	2	enabled	the	characterisation	of	~18	functional	subsets	of	B	and	T	cells	including	

naıv̈e,	central	memory	and	effector	memory	CD4+	and	CD8+	T	cells;	regulatory	T	cells;	and	

naıv̈e	 and	memory	B	 cells,	 as	well	 as	plasma	cells	 (Table	3.2,	Fig.	3.3)	 (Weller	et	 al.,	

2004).	 A	 third	 panel	which	 to	 assessed	 specific	 T	 helper	 subsets,	 including	Th1,	 Th2,	

Th17,	and	Th22	cells,	in	addition	to	their	memory	subsets,	was	used	to	analyse	a	subset	

of	 infants	 (51	 female,	 67	male)	 (Table	 3.2,	 Fig.	 3.4).	 Blood	 samples	 were	 couriered	

immediately	from	WCH	to	SAHMRI	for	analysis	of	fresh,	not	frozen,	samples.	Processing	
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was	carried	out	within	3	hours	of	the	blood	draw.	This	prevented	the	potential	loss	of	cell	

populations	sensitive	to	freeze-thaw	cycles.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



 

	
 
 

82	

 
Table 3.2 Immune cell populations assessed via flow cytometry analysis in the AIR 
study. 
 

 

Pan-leukocyte panel 
Immune cell subset Markers 
Eosinophils CD45+SSChiCD16-Siglec8+ 
FcεRI+ eosinophils CD45+SSChiCD16-Siglec8+FcεRI+ 
Basophils CD45+SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-CD123+ 
FcεRI+ basophils CD45+SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-CD123+FcεRI+ 
Neutrophils CD45+SSChiCD16+ 
Classical Monocytes CD45+SSCloCD3-CD56-CD14++CD16- 
Nonclassical Monocytes CD45+SSCloCD3-CD56-CD14-CD16+ 
Intermediate Monocytes CD45+SSCloCD3-CD56-CD14+CD16+ 
Conventional DCs (cDC) CD45+SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c+ 
Plasmacytoid DCs (pDC) CD45+SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c-CD123+ 
FcεRI+ cDCs  CD45+SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c+FcεRI+ 
Lymphocytes FSCloSSClodoublet discriminated 
CD16- NK cells CD45+SSCloCD3-CD19-CD56+CD56++CD16- 
CD16+ NK cells CD45+SSCloCD3-CD19-CD56+CD56+CD16+ 
CD3+ cells CD45+SSCloCD3+ 
B and T cell panel markers 
Immune cell subset Markers 
CD4+ T cells CD3+CD56-CD4+ 
CD4+CCR7+ T cells CD3+CD56-CD4+CCR7+ 
CD4+CXCR5-HLADR+ T cells CD3+CD56-CD4+CXCR5-HLA-DR+ 
Naïve CD4+ T cells CD3+CD56-CD4+CD45RA+CCR7+ 
Central memory CD4+ T cells CD3+CD56-CD4+CD45RA-CCR7+ 
Effector memory CD4+ T cells CD3+CD56-CD4+CD45RA-CCR7- 
Effector Memory cells re-expressing 
CD45RA (TemRA) CD4+ T cells CD3+CD56-CD4+CD45RA+CCR7- 
B cells CD3-CD56-CD19+ 
Naïve B cells  CD3-CD56-CD19+CD27- 
IgD+CD27+ non-switched memory B 
cells/marginal zone B cells CD3-CD56-CD19+IgD+CD27+ 
Memory B cells CD3-CD56-CD19+IgD-CD27+ 
Plasmablasts CD3-CD56-CD19+/-CD20-CD27++CD38++ 
iTreg cells CD3+CD4+CD127-CD25+ 
HLADR+ iTreg cells CD3+CD4+CD127-CD25+CD45RA-HLADR+ 
CD45RA- iTreg cells CD3+CD4+CD127-CD25+CD45RA- 
CD8+ T cells CD3+CD56-CD8+ 
Naïve CD8+ T cells CD3+CD56-CD8+CD45RA+CD27+ 
Central memory CD8+ T cells CD3+CD56-CD8+CD45RA-CD27+ 
Effector memory CD8+ T cells CD3+CD56-CD8+CD45RA-CD27- 
Effector Memory cells re-expressing 
CD45RA (TemRA) CD8+ T cells CD3+CD56-CD8+CD45RA+CCR7- 
CD8+ Tregs CD8+CD25+CD127+ 
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The	Spectre	R	package	was	used	to	undertake	an	initial	exploratory	analysis	of	the	pan-

leukocyte	 flow	 cytometry	 panel	 data	 (Ashhurst	 et	 al.,	 2022).	The	 analysis	 began	with	

clustering	the	data	using	FlowSOM,	a	scalable	and	efficient	method	for	clustering	large	

datasets.	The	resulting	clustered	data	was	then	down-sampled,	and	UMAP	dimensionality	

reduction	was	performed	to	enable	visualisation	of	the	data	and	identification	of	clusters	

present	 in	 the	 dataset	 (Appendix	 Fig.	 S2.1).	 Expression	 levels	 of	 each	 marker	 are	

represented	as	a	heatmap	overlaid	on	each	cluster.	For	instance,	distinct	CD3+	and	CD19+	

clusters	were	observed	that	corresponded	to	T	and	B	cell	populations	and	CD15	and	CD16	

were	co-expressed	on	the	neutrophil	cluster.	

	

Extended T cell panel markers 
Immune cell subset Markers 
Th1 cells CD3+CD4+CCR4+CCR3+ 
Th2 cells CD3+CD4+CCR4+CCR6- 
Th17 cells CD3+CD4+CCR4+CCR6+CCR10-CXCR3- 
Th22 cells CD3+CD4+CCR4+CCR6+CCR10+ 
NKT cells CD3+CD1d-tet+ 
CD45RA- CD4+ T cells CD3+CD4+CD45RA- 
Th1 memory cells (mTh1) CD3+CD4+CD45RA-CCR4-CXCR3+ 
Th2 memory cells (mTh2) CD3+CD4+CD45RA-CCR4-CXCR3+CCR4+CCR6- 
CD45RA- CD8+ T cells  CD3+CD8+CD45RA- 
CD45RA- CD8+ Tc1 cells CD3+CD8+CD45RA-CCR4-CCR10+ 
CCR6+CCR10- mCD8+ T cells CD3+CD8+CD45RA-CCR6+CCR10- 

Saoirse Benson
*Removed due to copyright restriction.
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Figure 3.2| Pan-leukocyte panel gating strategy. A| Beads from each Trucount tube were 
recorded from the FSCxSSC gate and then the PEhi population. B| For all pan-leukocyte panel 
analyses, cells were gated by singlet discrimination, followed by live (DAPI-), CD45+ and 
CD45+ leukocytes. C| Leukocytes were split into SSC high and low populations. Eosinophils 
and neutrophils were gated on SSC low and high populations, respectively. T cells were gated 
on SSC low CD3hi and CD3- cells were further defined as CD19+CD20+ B cells. D| The CD19- 

S
S

C
-A

FSC-A

FS
C

-H

FSC-ACD56 - PE-Cy7

D
A

P
I

FSC-A

C
D

45
 -

B
U

V
39

5

FSC-A

Gated on CD45+
S

S
C

-A
S

S
C

-A

FSC-A

C
D

16
-B

V
42

1

Siglec8-PE-CF594SSC-A

C
D

16
-B

V
42

1

C
D

16
-B

V
42

1

CD15-V500

Neutrophils

Gated on SSC-A high

Gated on SSC-A lowGated on leukocytes

CD45-BUV395

C
D

3-
FI

TC

C
D

20
-B

V
78

6

CD19-BV605

B cells
T cells

Gated on SSC-A low Gated on CD3-

Eosinophils

CD16-BV421

C
D

16
-B

V
42

1

CD14-APC

H
LA

-D
R

-A
P

C
-H

7

CD123-BV711

C
D

56
-P

E
 C

y7

HLADR+

Basophils
Classical 
mono

CD16+

NK

Gated on CD19-

Gated on CD56- Gated on CD14-CD16-
-

CD123-BV711

Fc
εR

I–
P

er
C

P
-C

y5
.5

C
D

11
c-

P
E

CD123-BV711

FcεRI -PerCP Cy5.5

C
D

11
c-

P
E

C
D

3-
FI

TC

CD123-BV711

NKT-like

CD11c+ DCs

CD123+ DCs

CD11c-CD123-

FcεRI- DCs

FcεRI+ DCs

Gated on HLADR+ Gated on HLADR+

Gated on CD11c+ DCs Gated on CD3+

FcεRI+ basophils

C

A B

D

E

F

Int. mono
Nonclassical 
mono

Fc
εR

I–
P

er
C

P
-C

y5
.5

Siglec8-PE CF594

Gated on eosinophils

FcεRI+ eosinophils

CD45+

CD16- NK

CD56-



 

	
 
 

85	

population was gated on to define CD16-CD56+ NK cells. CD56- cells were further gated on 
CD16 and CD14 expression identifying monocyte populations. E| Remaining CD14-CD16- 
cells were further gated on HLA-DR and CD123 expression to identify CD123+HLA-DR- 
basophils. Basophils were further gated based on the positive expression of FcεRI. HLA-DR+ 
cells were gated on CD11c and CD123 to identify various DC populations. Conventional 
CD11c+ DCs were further gated based on their expression of FcεRI. F| CD3+ T cells were 
gated further on their CD56 expression to identify CD56+CD3+ NKT-like cells. An additional 
FcεRI+ population was also gated from the eosinophil gate.  
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Figure 3.3| B and T cell panel gating strategy. A| For all B and T cell panel analyses, cells 
were gated by singlet discrimination, live (DAPI-) and for leukocytes (SSC-Alo) B| CD3+ T cells 
were gated on CD4+ and CD8+ expression. CD4+ T cells were then defined as 
CD45RA+HLADR- TemRA CD4+ T cells, CCR7+CD45RA+ Naïve CD4+ T cells (naïve T), 
CCR7+CD45RA- CD4 central memory T cells (TCM), CCR7-CD45RA- CD4+ effector memory T 
cells (TEM). C| CD4+ T cells were also gated on CD127 and CD25 expression to identify 
CD127-CD25+ iTregs, further gated for CD45RA and HLADR expression to identify CD45RA-

HLADR+ iTregs. D| CD8+ T cells were then defined as CD45RA+HLADR- CD8+ TemRA T cells, 
CCR7+CD45RA+ Naïve CD8 T cells (naïve T), CCR7+CD45RA- CD8+ central memory T cells 
(TCM), CCR7-CD45RA- CD8+ effector memory T cells (TEM). A population of 
CD8+CD25+CD127+ Tregs was also identified from the CD8+ T cell gate. E| The CD3- 
population from B| was gated further on CD20 and CD19 so that CD20-CD19- cells could be 
gated out and CD19+ B cells could then be identified. These were further divided into a CD38 
and CD20 gate to identify CD38+CD20- plasma cells and an IgD and CD27 gate was applied 
to identify IgD-CD27+ Memory B cells, IgD+CD27+ non-switched memory B cells/marginal 
zone-like B cells and IgD- naïve B cells.  
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Figure 3.4| Extended T cell panel gating strategy. A| For all extended T cell panel analyses, 
cells were gated by singlet discrimination, live (DAPI-) and leukocytes (SSC-Alo). B| NKT cells 
were identified using a tetramer specific for CD1d. C| CD3+ T cells were gated on CD4+ and 
CD8+ expression. D| CD4+ T cells were then defined as CCR4+ CCR3+ Th1 cells and CCR4+ 

CD4+ T cells. This CCR4+ gate was used to define CCR4+CCR6- Th2 cells and CCR4+CCR6+ 

cells. The CCR4+CCR6+ cells were further gated to identify CCR10+CCR6+ Th22 cells and 
CCR10-CCR6+ Th17 cells. Th17 cells could be further distinguished by identifying the CXCR3- 
population of Th17 cells. E| CD45- T cells were identified using the CD4+ T cell gate. This 
CD45- T cell gate was used to identify CCR4-CXCR3+ Th1 memory cells (mTh1) and a CCR4+ 
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memory population that was further gated to identify CCR4+CCR6- Th2 memory cells (mTh2). 
F| Finally the CD8+ T cell gate was further gated on the CD45- population to identify CD45RA- 

CD8+ cells. This population was further gated to identify CCR4+CCR10- CD8+ mTh2 cells and 
CCR10+CCR4- CD8+ mTh1 cells. Finally, the CD45RA- CD8+ population was also gated on to 
identify a CCR6+CCR10- population.  
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3.2.3 Differences	in	immune	cell	populations	due	to	biological	sex		

	
The	AIR	study	collected	comprehensive	data	on	 the	demographics	of	enrolled	 infants,	

including	information	on	sex,	gestational	age,	breastfeeding,	probiotic	usage,	etc.	(Table	

3.1).	Many	immunological	factors	are	known	to	vary	between	the	sexes	throughout	life	

(Klein	&	Flanagan,	2016),	and	consistent	with	this	one	of	the	most	discernible	differences	

in	 immune	 cell	 populations	 in	 the	 peripheral	 blood	was	 sex	 (Fig.	 3.5).	 For	 example,	

female	infants	had	significantly	(P	=	0.0078)	higher	numbers	of	CD4+	T	cells	compared	to	

male	 infants	 (Fig.	 3.5A).	 Female	 infants	 also	 had	 significantly	 (P	 =	 0.0077)	 higher	

numbers	of	naïve	CD4+	T	cells	compared	to	male	infants,	probably	driving	these	overall	

differences	in	CD4+	T	cells	(Fig.	3.5B).	Similar	sex	differences	were	reported	previously	

in	 another	 cohort	 of	 Australian	 infants	 (Collier	 et	 al.,	 2015).	 Significantly	 higher	 (P	 =	

0.0363)	numbers	of	Th1	cells	were	also	observed	in	female	infants	(Fig.	3.5C).	Previous	

studies	have	shown	that	female	cord	blood	contains	higher	numbers	of	CD4+	T	cells	and	

a	higher	ratio	of	CD4+/CD8+	T	cells	(van	Gent	et	al.,	2009).	Male	infants	in	the	AIR	study,	

however,	 did	 not	 have	 significantly	 lower	 numbers	 of	 total	 CD8+	 T	 cells	 or	 NK	 cells	

(Appendix	Fig.	S2.3),	as	has	been	reported	in	some	other	studies	(	Lee	et	al.,	1996,	Lisse	

et	al.,	1997,	Uppal,	Verma,	&	Dhot,	2003).	Male	infants	in	the	AIR	study	did,	however	have	

lower	effector	memory	(EM)	CD8+	T	cells	compared	to	female	 infants	(Fig.	3.5D).	The	

differences	between	studies	may	be	due	to	population-specific	effects	as	the	two	studies	

referenced	above	involved	Asian	and	West	African	infants	(Lee	et	al.,	1996,	Lisse	et	al.,	

1997),	whereas	the	AIR	study	was	conducted	in	South	Australia.		

	

Female	 infants	also	had	significantly	higher	numbers	of	 iTregs	 than	male	 infants	(Fig.	

3.5E).	 	 iTregs	play	 a	 crucial	 role	 in	 the	 regulation	of	Th1	 and	Th2	 responses	 and	 are	
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critical	 for	regulating	autoimmunity	and	allergic	responses	(Lu	et	al.,	2008;	Wei	et	al.,	

2008).	 Female	 infants	 also	 had	 a	 modestly	 higher	 number	 of	 CD45RA-	 iTreg	 cells	

compared	to	male	infants	(Fig.	3.5F).	CD45RA-	Tregs	are	a	highly	immunosuppressive	

cell	type	often	referred	to	as	effector	Tregs	that	have	been	found	at	a	higher	frequency	in	

infants	 that	 were	 predominantly	 colonised	 with	 Firmicutes	 compared	 to	 those	

predominantly	colonised	with	E.coli	(Silva-Neta	et	al.,	2018;	Ihara	et	al.,	2017).	As	they	

are	a	CD4+	T	cell	population,	differences	in	this	population	may	also	contribute	to	overall	

differences	 in	 CD4+	 T	 cells	 between	 males	 and	 females.	 Previous	 studies	 have	 not	

reported	differences	in	Treg	populations	between	male	and	female	Australian	infants,	but	

these	 studies	 assessed	 the	 proportion	 of	 resting	 naïve	 T	 regulatory	 cells	 (rTreg;	

CD4+CD45RA+FoxP3+)	 and	 activated	 Tregs	 (aTreg,	 CD4+CD45RA−FoxP3high)	 using	 the	

FoxP3	marker	instead	of	CD127	and	CD25	(Collier	et	al.,	2015).	
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Figure 3.5| Sex-specific differences in infant peripheral blood T cell populations. 
Representative gating and the absolute number of A| CD4+ T cells (CD3+CD4+), B| Naïve 
CD4+ T cells (CD3+CD4+CD45RA+CCR7+), C| Th1 cells (CD3+CD4+CCR4+CCR3+), D| 
Effector Memory CD8+ T cells (CD3+CD8+CD45RA-CCR7-), E| Tregs (CD3+CD4+CD127-

CD25+) and F| CD45RA- Tregs (CD3+CD4+CD127-CD25+CD45RA-) grouped by sex. Data are 
represented as the mean ± SEM. Statistical significance was assessed using a Mann-Whitney 
test as data were not normally distributed. F = Female, M= Male.  
	

	

3.2.4 Infant	circulating	immune	cell	population	counts	were	not	significantly	

different	between	antibiotic	exposure	groups	

Next,	 I	 assessed	 the	 differences	 in	 immune	 cell	 populations	 in	 infants	 based	 on	 their	

antibiotic	 exposure	 status.	 Each	 exposure	 group	 was	 assessed	 in	 comparison	 to	 the	

unexposed	(no	ABX)	infants.	No	significant	differences	in	immune	cell	populations	were	

observed	 in	 any	 pan-leukocyte	 or	 B	 and	 T	 cell	 panel	 population	 when	 grouped	 by	

antibiotic	 exposure	 (Fig.	 3.6-7).	 In	 addition,	 there	were	 no	 differences	 in	 antibiotics-

exposed	infants	in	the	subset	of	infants	assessed	in	the	extended	T	cell	panel	compared	

to	unexposed	infants	(Fig.	3.8).		
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To	assess	differences	in	immune	cell	populations	according	to	their	frequencies,	immune	

cell	populations	from	each	panel	were	graphed	according	to	 frequency	of	 their	parent	

populations.	Differences	were	assessed	in	each	exposure	group	compared	to	unexposed	

infants.	Immune	cell	populations	from	the	pan-leukocyte	panel	were	also	assessed	as	a	

frequency	of	CD45+	cells	(Appendix	Fig.	S2.5).	The	populations	from	the	B	and	T	cell	and	

extended	T	 cell	panels	were	additional	 assessed	by	exposure	group	as	 a	 frequency	of	

CD4+,	CD8+	or	CD19+	cells.	No	significant	differences	were	found	(Appendix	Fig.	S2.6-

S2.7).	
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Figure 3.6| No significant differences in the circulating immune cell populations defined 
using the pan-leukocyte panel when assessed by antibiotic exposure group. The 
absolute number of A| Neutrophils (SSChiCD16+), B| Eosinophils (SSChiCD16-Siglec8+), C| T 
cells (SSCloCD3+), D| B cells (CD3-CD56-CD19+), E| CD16+ NK cells (SSCloCD3-CD19-

CD56+CD56+CD16+), F| CD16- NK cells (SSCloCD3-CD19-CD56+CD56++CD16-), G| Basophils 
(SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-CD123+), H| NKT-like cells (CD3+CD56+), I| 
Intermediate Monocytes (SSCloCD3-CD56-CD14+CD16+), J| Classical Monocytes (SSCloCD3-

CD56-CD14++CD16-), K| Nonclassical Monocytes (SSCloCD3-CD56-CD14-CD16+), L| 
Conventional DCs (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c+), M| Plasmacytoid 
DC (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c-CD123+), N| FcεRI+ basophils 
(SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-CD123+FcεRI+) O| FcεRI+ cDCs (SSCloCD3-

CD56-CD14-CD16-CD19-HLA-DR+CD11c+FcεRI+) and P| FcεRI+ eosinophils (SSChiCD16-

Siglec8+FcεRI+). All cell populations are CD45+. Kruskal-Wallis tests were used to assess 
statistical significance. Dunn’s multiple comparison tests was used to correct for multiple 
comparisons within each graph. Data are represented as a Violin plot, with the thick dashed 
representing the median and thinner dashed lines representing the quartiles. ns = not 
significant. 
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Figure 3.7| No significant differences in the majority of circulating B and T cell 
populations when assessed by antibiotic exposure group. The absolute number of A| 
CD4+ T cells (CD3+CD56-CD4+), B| Naïve CD4+ T cells (CD3+CD56-CD4+CD45RA+CCR7+), 
C| Central Memory CD4+ T cell (TCM) (CD3+CD56-CD4+CD45RA-CCR7+), D| Effector Memory 
CD4+ T (TEM) cell (CD3+CD56-CD4+CD45RA-CCR7-), E| TemRA CD4+ T cells (CD3+CD56-

CD4+CD45RA+CCR7-) F| iTreg cells (CD3+CD4+CD127-CD25+) G| HLADR+CD45RA- CD4+ T 
cells. H| CD8+ T cells I| Naïve CD8+ T cells (CD3+CD56-CD8+CD45RA+CD27+) J| Central 
memory CD8+ T cells (CD3+CD56-CD8+CD45RA-CD27+), K| Effector Memory CD8+ T cells 
(CD3+CD56-CD8+CD45RA-CD27-), L| TemRA CD8+ T cells (CD3+CD56-CD8+CD45RA+CCR7-

) M| Naïve B cells (CD3-CD56-CD19+CD27-), N| Memory B cells (CD3-CD56-CD19+IgD-CD27+) 
O| IgD+CD27+  non-switched memory B cells/marginal zone B cells (CD3-CD56-

CD19+IgD+CD27+) and P| CD38++CD27++ plasma cells (CD3-CD56-CD19+/-CD20-

CD27++CD38++). Kruskal-Wallis tests were used to assess statistical significance. Dunn’s 
multiple comparison test was used to correct for multiple comparisons within each graph. Data 
are represented as a Violin plot, with the thick dashed representing the median and thinner 
dashed lines representing the quartiles. ns = not significant. 
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Figure 3.8| No significant differences in the circulating immune cell populations defined 
using the extended T cell panel when assessed by antibiotic exposure group.  The 
absolute number of A| Th1 cells (CD3+CD4+CCR4+CCR3+), B| Th2 cells 
(CD3+CD4+CCR4+CCR6-), C| Th17 cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), D| Th22 
cells (CD3+CD4+CCR4+CCR6+CCR10+), E| CD45RA- CD4+ T cells(CD3+CD8+CD45RA-), F| 
Th1 memory cells (CD3+CD4+CD45RA-CCR4-CXCR3+), G| Th2 memory cells 
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(CD3+CD4+CCR4+CCR6-), H| Th17 memory cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), 
I| Th22 memory cells (CD3+CD4+CCR4+CCR6+CCR10+), J| CD45RA- CD8+ T cells 
(CD3+CD8+CD45RA-) and K| CD8+ Tc1 memory cells (CD3+CD8+CD45RA-CCR4-CCR10+). 
Kruskal-Wallis test was used to assess statistical significance. Dunn’s multiple comparison 
test was used to correct for multiple comparisons within each graph. Data are represented as 
a Violin plot, with the thick dashed representing the median and thinner dashed lines 
representing the quartiles. ns = not significant. 
	
	
	

	

3.2.5 Maternal	intrapartum	antibiotic	exposure	is	associated	with	a	reduced	

number	of	Tregs	in	the	peripheral	blood		

Interestongly,	there	was	a	modest	reduction	in	CD45RA-	Tregs	was	observed	in	infants	

exposed	 to	 intrapartum	 antibiotics	 compared	 to	 unexposed	 infants	 (Fig.	 3.9A-B).	 As	

mentioned	above,	there	was	a	significant	effect	of	sex	on	this	population,	but	a	reasonably	

even	 spread	 of	 sexes	 in	 each	 group	 and	 these	 differences	 were	 robust	 to	 statistical	

adjustment	 for	 sex	 (data	 not	 shown).	 These	 data	 suggest	 that	 maternal	 antibiotic	

exposure	may	 impact	 the	development	of	 the	 infant’s	 immune	 system	 in	 early	 life.	 In	

mice,	maternal	antibiotic	exposure	has	been	shown	to	impact	the	numbers	of	maternal	

splenic	Tregs	but	did	not	affect	placental	Tregs	(Benner	et	al.,	2021).	

	

To	assess	differences	in	cell	frequency,	CD45RA-	iTregs	cell	subsets	were	also	assessed	as	

a	frequency	of	live,	total	T	cells,	CD4+	T	cells	and	its	parent	iTreg	population	(Fig.	3.10A-

D).	There	were	no	statistically	significant	differences	in	CD45RA-	iTregs	when	grouped	

as	a	frequency	of	each	parent	population	(Fig.	3.10A-D).	Future	studies	are	needed	to	

better	 understand	 the	 implications	 of	 reduced	 CD45RA-	 iTregs	 in	 infants	 exposed	 to	

intrapartum	antibiotics.	
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Figure 3.9| The number of CD45RA- iTregs were reduced in infants exposed to 
intrapartum antibiotics (IP ABX). A| Representative plots of CD45RA- Tregs 
(CD3+CD4+CD127-CD25+CD45RA-) and B| CD45RA- Tregs graphed by antibiotic exposure 
group. Kruskal-Wallis test was used to assess statistical significance. Dunn’s multiple 
comparison test was used to correct for multiple comparisons within each graph. Data are 
represented as a Violin plot, with the thick dashed representing the median and thinner dashed 
lines representing the quartiles.	
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Figure 3.10| No significant differences in CD45RA- iTregs as a frequency of live and 
parent populations when grouped by infant ABX exposure group. CD45RA- Tregs 
graphed by antibiotic exposure group as a frequency of A| live cells, B| total T cells, C| total 
iTregs, and D| CD4+ T cells. Kruskal-Wallis test was used to assess statistical significance. 
Dunn’s multiple comparison test was used to correct for multiple comparisons within each 
graph. Data are represented as a Violin plot, with the thick dashed representing the median 
and thinner dashed lines representing the quartiles.	
 
 
 
3.2.6 Correlations	between	immune	cell	populations	and	antibody	responses	to	

vaccination	

To	assess	whether	circulating	immune	cell	populations	at	7	weeks	of	age	were	correlated	

with	subsequent	antibody	responses	at	7	months	of	life,	Spearman	correlation	analysis	

was	performed	with	the	month	7	serology	data.	The	month	7	serology	data	was	adjusted	

for	sex,	age	and	batch	prior	to	correlation	with	linear	regression	analysis.	The	serology	

data	 was	 adjusted	 for	 baseline	 differences	 in	 antibody	 titres.	 Several	 statistically	

significant	(P	<	0.05)	correlations	were	observed	(Fig.	3.11).	For	example,	the	number	of	

HLA-DR+	iTreg	cells	in	the	blood	at	7	weeks	of	age	was	significantly	positively	correlated	
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with	IgG	responses	to	several	different	polysaccharides	in	the	PCV13	vaccine	(PPS4,	PPS5	

and	 PPS18C)	 and	 with	 many	 of	 the	 antigens	 in	 the	 Infanrix	 hexa	 vaccine	 including	

diphtheria	 (DT),	 tetanus	(TT)	and	pertussis	 toxoid	(PT)	and	 the	pertussis	 filamentous	

hemagglutinin	 (FHA)	 and	pertactin	 (PRN)	proteins.	 CD8+	 Tc1m	 cells	 and	 their	 parent	

population,	CD45RA-CD8+	T	cells,	were	also	significantly	positively	correlated	with	IgG	

titres	against	the	majority	of	polysaccharides	in	the	PCV13	vaccine	as	well	as	TT	and	to	

the	 Hib	 capsular	 polysaccharide	 polyriboseribitolphosphate	 (PRP).	 Several	 other	

immune	 cell	 populations	were	 correlated	with	DT,	 including	 CD8+	 TEM	 cells,	 CD45RA-	

iTregs,	CD4+	TEM	cells,	and	Th22	cells.	Th22	and	Th22m	cells	were	correlated	with	FHA	

and	 PRN,	 while	 Th17m	 cells	 were	 correlated	with	 FHA	 and	 PT.	 Several	 immune	 cell	

populations	were	 also	 significantly	 negatively	 correlated	with	 antibody	 titres	 against	

specific	 vaccine	 antigens	 (Fig.	 3.11).	 For	 example,	 Th17	 cells	 were	 significantly	

negatively	associated	with	IgG	titres	against	four	polysaccharides	in	the	PCV13	vaccine	

as	well	as	PRP.	Th2	cells	and	non-switched	memory	B	cells/marginal	zone	B	cells	were	

negatively	correlated	with	anti-TT	IgG	titres.	Classical	monocytes	had	a	strong	negative	

association	with	anti-FHA	IgG	titres.	No	significant	correlations	were	detected	between	

any	immune	cell	populations	and	IgA	responses	to	ORV.	
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Figure 3.11| Correlations between circulating immune cell populations at week 7 of life 
and subsequent vaccine antibody responses at 7 months. The heatmap was generated 
in R Studio using ggplot2. Statistical significance was assessed via linear regression adjusting 
for sex, age and time at which the sample was collected during the study. *p < 0.05 
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3.2.7 Differences	in	peripheral	blood	immune	cell	populations	in	infants	

grouped	by	metagenomically-defined	community	sub-type	

	

The	effects	of	antibiotics	on	the	composition	of	the	gut	microbiota	are	not	uniform,	and	

depending	 on	 factors	 such	 as	 the	 dose	 and	 type	 of	 antibiotic	 used,	 what	 species	 are	

sensitive	 to	 the	 specific	 antibiotic	 used,	 and	 which	 species	 colonise	 post-antibiotic	

exposure,	 can	 vary	 significantly	 between	 different	 individuals	 (S.	 Kim,	 Covington,	 &	

Pamer,	 2017).	 Shotgun	 metagenomic	 sequencing	 and	 Dirichlet	 multinomial	 mixtures	

(DMM)	modelling	(carried	out	by	Dr	Feargal	Ryan)	revealed	that	infants	in	the	AIR	study	

could	 be	 grouped	 into	 distinct	 community	 types	 based	 on	 the	 composition	 of	 the	

microbiota	at	week	6.	The	6	DMM	groups	were	defined	as;	DMM-1	consisting	mainly	of	

Klebsiella/Bacillota	(Firmicutes),	DMM-2	were	B.	breve	enriched,	DMM-3	were	B.	longum	

enriched,	 DMM-4	 were	 Bacteroidota	 (Bacteroidetes)	 enriched,	 DMM-5	 were	 E.	 coli	

enriched	and	DMM-6	were	B.	pseudocatenulatum	 enriched	 (Ryan	et	al.,	manuscript	 in	

preparation).	The	counts	of	immune	cell	populations	at	7	weeks	of	age	were	compared	

across	 the	 6	 different	 groups	 to	 assess	whether	 there	were	 differences	 in	 peripheral	

blood	 immune	 cell	 populations	 based	 on	 these	 metagenomically-defined	 groups	

(Appendix	Fig.	S2.8-2.10).	DMM-2	was	chosen	a	priori	as	the	reference	group	for	these	

comparisons	 as	 this	 group	 consisted	 predominatly	 of	 No	 ABX	 infants	 (17/26)	 who	

responded	well	to	vaccination.	In	addition	to	this,	choosing	a	reference	group	prevents	

an	excessive	number	of	comparisons	which	reduces	statistical	power.		

	

Infants	 in	 the	B.	 breve	 enriched	 group	 (DMM-2)	 had	 significantly	 higher	 numbers	 of	

effector	memory	CD8+	T	cells	than	infants	with	a	B.	longum	enriched	microbiota	(DMM-

3)	 (Fig.	3.12A).	Additionally,	DMM-2	 infants	had	modestly	higher	numbers	of	 central	
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memory	CD8+	T	cells,	CD45RA-CD8+	T	cells	and	mCD8+	Tc1	cells	than	DMM-3	infants	(Fig.	

3.12B-D).	 Interestingly,	 DMM-3	 infants	 also	 had	 significantly	 lower	 responses	 to	 the	

PCV13	 vaccine	 polysaccharide,	 PPS4,	 compared	 to	 DMM-2	 infants	 (Ryan	 et	 al.,	

manuscript	in	preparation).	
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Figure 3.12| Modestly increased CD8+ T cell populations in infants with a B. breve 
enriched microbiota (DMM-2) compared to infants with a B. longum enriched microbiota 
(DMM-3). A| Effector memory (EM) CD8+ T cells (CD3+CD56-CD8+CD45RA-CD27-), B| 
Central Memory CD8+ T (TCM) cells (CD3+CD56-CD8+CD45RA-CD27+) C| CD45RA- CD8+ T 
cells (CD3+CD8+CD45RA-) D| mCD8+ Tc1 cells (CD3+CD8+CD45RA-CCR4-CCR10+) and E| 
Naïve CD8+ T-cells (CD3+CD56-CD8+CD45RA+CD27+). Metagenomically defined subgroups 
were DMM-1 - Klebsiella/Bacillota enriched, DMM-2 - B- breve enriched, DMM-3 – B. longum 
enriched, DMM-4 - Bacteroidota enriched, DMM-5 - E. coli enriched and DMM-6 - B. 
pseudocatenulatum enriched.   Kruskal-Wallis test was used to assess statistical significance. 
Dunn’s multiple comparison test was used to correct for multiple comparisons within each 
graph. Data are represented as a Violin plot, with the thick dashed representing the median 
and thinner dashed lines representing the quartiles. 
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3.2.8 DMM-1	Infants	have	significantly	higher	numbers	of	classical	monocytes	

and	memory	B	cells	compared	to	DMM-2	infants	

In	 addition	 to	 changes	 observed	 in	 CD8+	 T	 cell	 populations,	 there	 were	 also	 higher	

numbers	 of	 classical	 monocytes	 and	 memory	 B	 cells	 in	 DMM-1	 (Klebsiella/Bacillota	

enriched)	 infants	 compared	 to	 DMM-2	 (B.	 breve	 enriched)	 infants	 (Fig.	 3.13A-B).	

Previous	 studies	 have	 suggested	 that	 increased	 classical	monocyte	 responses	 at	 birth	

predict	 subsequent	 allergic	 disease	 (Y.	 Zhang	 et	 al.,	 2016;	 Tulic	 et	 al.,	 2011).	 The	

observation	 that	 memory	 B	 cells	 were	 lower	 in	 infants	 with	 a	 B.	 breve	 enriched	

microbiota	contrasts	with	a	study	in	Swedish	infants	which	reported	that	colonisation	in	

early	life	with	Bifidobacteria	and	E.	coli	species	led	to	higher	numbers	of	CD27+	memory	

B	cells	in	later	infancy	(Lundell	et	al.,	2012).	A	recent	study	found	an	association	between	

expanded	 circulating	 naïve	 and	 switched	 B	 cells,	 plasmablasts,	 and	 a	 lack	 of	

Bifidobacteriaceae	 in	 infants	 at	 3	 months	 (Henrick	 et	 al.,	 2021)	 but	 did	 not	 find	 an	

association	between	the	relative	abundance	of	Bifidobacteriaceae	and	memory	B	cells.	
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Figure 3.13| Infants with microbiomes enriched with Klebsiella and Bacillota (DMM-1) 
had significantly higher numbers of classical monocytes and memory B cells than B. 
breve (DMM-2) enriched infants.  A| Classical Monocytes (CD45+SSCloCD3-CD56-

CD14++CD16-) and B| Memory B cells (CD3-CD56-CD19+IgD-CD27+). Each DMM represents 
metagenomically defined subgroups: DMM 1 - Klebsiella/Bacillota enriched, DMM 2 - B- breve 
enriched, DMM 3 – B. longum enriched, DMM 4 - Bacteroidota enriched, DMM 5 - E. coli 
enriched and DMM 6 - B. pseudocatenulatum enriched. Dunn’s multiple comparison test was 
used to correct for multiple comparisons within each graph. Data are represented as a Violin 
plot, with the thick dashed representing the median and thinner dashed lines representing the 
quartiles. 
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Discussion	

Although	 antibiotics	 are	 a	 lifesaving	 clinical	 health	 intervention,	 their	 overuse	 is	 also	

associated	 with	 deleterious	 effects	 on	 immunity,	 particularly	 in	 infants	 (Shekhar	 &	

Petersen,	 2020).	 Here,	 the	 influence	 of	 early-life	 antibiotic	 exposure	 on	 circulating	

immune	cell	populations	was	investigated	using	multi-parameter	flow	cytometry.	Studies	

assessing	 circulating	 immune	cell	populations	have	been	conducted	 in	adults	but	 to	a	

much	lesser	extent	in	infants	(Hagan	et	al.,	2019;	Nakaya	et	al.,	2015).	The	AIR	Study	has	

several	 notable	 strengths,	 particularly	 utilising	 a	 multi-omic	 systems	 vaccinology	

approach	 with	 appropriate	 control	 for	 confounding	 factors.	 I	 individually	 processed	

infant	blood	for	flow	cytometry	analysis	and	carried	out	extensive	analysis	of	the	data	set	

based	 on	 sex,	 serology,	 antibiotic	 exposure	 status	 and	 metagenomically	 defined	

subgroups.	 In	 particular,	 using	 fresh	 blood	 samples	 for	 flow	 cytometry	 analysis	 is	 a	

significant	strength	of	this	study	since	it	eliminates	any	potential	effects	due	to	selective	

subpopulation	loss	resulting	from	freeze-thaw	cycles.	

	

There	are	striking	differences	between	circulating	immune	cell	populations	in	infants	and	

adults.	 Infants,	 for	 example,	 have	 an	 increased	 proportion	 of	 B	 cells	 and	 a	 lower	

proportion	of	activated	T	cells	than	adults,	and	these	observations	are	consistent	across	

geographical	regions	(Ikinciogullari	et	al.,	2004;	Borriello	et	al.,	2022;	Ding	et	al.,	2018;	

van	Gent	et	al.,	2009;	O’Gorman,	Millard,	Lowder,	&	Yogev,	1998).	Additionally,	there	is	a	

significantly	higher	 frequency	of	FoxP3+	Tregs	 in	adult	blood	compared	to	 infant	cord	

blood,	even	though	Tregs	are	particularly	important	for	the	maintenance	of	tolerance	in	

infants	during	this	critical	window	of	immune	system	development	(H.	Kim	et	al.,	2012).	

The	normal	range	 in	B	cells	 in	 infants	has	only	recently	been	defined	through	a	meta-
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analysis	 of	 28	 papers	 (Borriello	 et	 al.,	 2022).	 As	 one	 would	 expect,	 naïve	 B	 cell	

populations	decrease	rapidly	after	infancy,	whereas	memory	B	cell	subsets,	both	class-

switched	and	non-switched,	increase	(Morbach,	Eichhorn,	Liese,	&	Girschick,	2010).	The	

proportion	 and	 number	 of	 immune	 cell	 populations	 in	 the	 AIR	 Study	 infants	 were	

comparable	 to	 those	 assessed	 in	 these	 previously	 published	 studies	 (Morbach	 et	 al.,	

2010;	Borriello	et	al.,	2022).	However,	most	large	studies	have	assessed	cord	blood	and	

not	 circulating	 immune	 cell	 populations	 in	 infants	 (van	 Gent	 et	 al.,	 2009).	 Significant	

changes	 in	 immune	 cell	 populations	 can	 be	 expected	 to	 occur	 during	 the	 critical	

development	windows	in	early	infancy.		

	

Significant	sex	differences	in	the	circulating	immune	cell	populations	in	the	AIR	infants	

were	identified,	including	higher	numbers	of	CD4+	T	cell	subsets	in	females	compared	to	

male	 infants.	 Other	 studies	 have	 found	 that	 female	 children	 and	 adults	 have	 higher	

numbers	of	CD4+	T	cells	than	males	and	a	higher	ratio	of	CD4+/CD8+	T	cells	(Abdullah	et	

al.,	2012;		Lee	et	al.,	1996;	Lisse	et	al.,	1997;	Uppal,	Verma,	&	Dhot,	2003).	However,	our	

study	appears	to	be	among	the	first	to	confirm	that	this	is	also	the	case	in	infants.	There	

were	also	modestly	higher	numbers	of	CD8+	TEM	cells	in	female	infants	compared	to	male	

infants	in	our	cohort.	A	Chinese	study	analysed	circulating	immune	cell	populations	in	

over	1000	children,	including	104	infants	aged	1-6	months,	did	not	find	any	significant	

differences	in	CD8+	TEM	cells	in	1-6	month-old	infants	but	instead	saw	significantly	higher	

CD4+	TEM	cells	in	males	compared	to	females	(Ding	et	al.,	2018).	Several	previous	studies	

have	reported	that	males	have	an	 increased	frequency	of	CD8+	T	cells	 from	infancy	to	

adulthood	(Lee	et	al.,	1996,	Lisse	et	al.,	1997;	Uppal,	Verma,	&	Dhot,	2003),		though	I	did	

not	find	this	to	be	the	case	in	the	AIR	study	infants.	Differences	in	CD8+	T	cell	populations	

in	the	AIR	Study	infants	could	be	due	to	differences	 in	geography	(these	other	studies	
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were	 carried	 out	 in	 India,	 Guinea-Bissau	 and	 Asia)	 in	 addition	 to	 the	 socioeconomic	

conditions	of	 these	 countries	 and	 the	 specific	 age	of	 the	AIR	 infants	 as	 some	of	 these	

previous	studies	looked	at	a	broad	range	of	ages	in	their	subjects.	Infant	males	living	in	

higher	pathogen	burden	environments	reportedly	have	higher	numbers	of	basophils	and	

monocytes	compared	to	females	up	to	13	months	of	age	(Bellamy,	Hinchliffe,	Crawshaw,	

Finn,	 &	 Bell,	 2000).	 These	 differences	 were	 not	 observed	 in	 the	 AIR	 Study,	 which	 is	

perhaps	unsurprising	given	the	low	burden	of	infectious	disease	in	HICs	such	as	Australia,	

where	the	AIR	study	was	conducted.	Female	infants	in	the	AIR	study	also	had	significantly	

higher	iTregs	than	male	infants.	This	is	in	contrast	to	a	study	in	adults,	which	reported	

significantly	lower	numbers	of	CD25+	Tregs	in	healthy	female	adults	(Afshan	G,	Afzal	N,	

2012).	 However,	 a	 more	 recent	 study	 found	 that	 one	 of	 the	 main	 distinguishing	 sex	

differences	 in	 immune	cell	populations	between	cisgender	men	and	cisgender	women	

was	 significantly	 higher	 numbers	 and	 frequencies	 of	 CD4+CD25+CD127–	Treg	 cells	 in	

cisgender	women	(G.	A.	Robinson	et	al.,	2022).	The	AIR	Study	is	the	first	study	to	make	

this	observation	in	infants.		

	

Cell	 populations	were	 assessed	 in	 infants	 that	were	 either	 not	 exposed	 to	 antibiotics,	

exposed	directly	to	antibiotics	in	the	neonatal	period,	exposed	to	intrapartum	antibiotics,	

or	potentially	exposed	to	maternal	antibiotics	ex-partum	(e.g.	infants	may	be	exposed	to	

antibiotics	 through	 breastmilk).	 I	 observed	 that	 infants	 exposed	 to	 intrapartum	

antibiotics	 had	 a	 modest	 reduction	 in	 circulating	 CD45RA-	 Treg	 cells,	 an	

immunosuppressive	 antigen-experienced	 regulatory	 cell	 population	 (Silva-Neta	 et	 al.,	

2018;		Ihara	et	al.,	2017).	This	is	potentially	concerning,	given	the	crucial	role	these	cells	

play	in	maintaining	peripheral	tolerance	and	regulating	T	cell	responses,	as	well	as	their	

association	with	the	risk	of	allergic	disease	later	in	life	(Smith	et	al.,	2008;	Strachan,	1989;	



 

	
 
 

112	

Y.	Zhang	et	al.,	2016).	There	is	a	well-established	link	between	the	microbiota	and	allergy	

in	later	life.	For	example,	infants	born	via	C-section,	which	disrupts	the	establishment	of	

a	healthy	infant	microbiome,	have	a	higher	risk	of	developing	asthma	(Darabi,	Rahmati,	

Hafeziahmadi,	 Badfar,	 &	 Azami,	 2019).	 Previous	work	 has	 shown	 that	 enrichment	 of	

specific	 taxa,	 including	 Escherichia,	 Ruminococcus	 and	 Dialister,	 in	 the	 maternal	

microbiota	is	associated	with	higher	proportions	of	central	naïve	CD4+	T	cells	and	naïve	

Tregs	in	their	infant’s	cord	blood	(Gao	et	al.,	2022).	Our	study	did	not	assess	the	maternal	

microbiome.	 However,	 it	 is	 possible	 that	 maternal	 antibiotic	 exposure	 could	 have	

disrupted	 the	 maternal-infant	 microbiome	 exchange,	 contributing	 to	 the	 observed	

reduction	in	Tregs.	Tregs	are	known	to	be	influenced	by	changes	in	the	microbiota,	and	

their	generation	is	dependent	on	microbiota-derived	metabolites	such	as	SCFAs	(Arpaia	

et	al.,	2013).	Dysbiosis	in	mice	exposed	to	antibiotics	in	utero	has	been	shown	to	lead	to	

compromised	 Treg	 development	 and	 dysregulated	 T	 cell	 responses	 to	 infection	

(Xiaozhou	 Zhang	 et	 al.,	 2021).	 The	 observed	 reduction	 in	 Tregs	 in	 mice	 exposed	 to	

antibiotics	 in	utero	was	 irreversible	after	weaning.	 Interestingly,	changes	 in	Tregs	can	

also	 affect	 the	 composition	 of	 the	microbiota;	 depletion	 of	 Tregs	 in	mice	 leads	 to	 an	

increased	abundance	of	Firmicutes	(Kehrmann	et	al.,	2020).	Breastfeeding	is	important	

for	the	induction	of	tolerogenic	Tregs	in	newborns	(H.	Wood	et	al.,	2021).	However,	the	

vast	majority	of	infants	in	our	study	were	breastfed,	so	this	was	not	a	confounding	factor.		

	

Grouping	infants	by	metagenomically	defined	subgroups	showed	that	B.	breve	enriched	

infants	had	higher	numbers	of	effector	memory	CD8+	T	cells,	central	memory	CD8+	T	cells,	

CD45RA-	CD8+	T	cells	and	mCD8+	Tc1	cells	 than	 infants	with	a	microbiota	enriched	 in	

Bacteroidata.	This	contrasts	with	recent	literature	in	a	cohort	of	Swedish	infants	which	

found	a	lack	of	Bifidobacteriaceae	was	associated	with	an	expanded	memory	CD8+	T	cell	
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population	(Henrick	et	al.,	2021).	The	influence	of	Bifidobacterium	spp.	on	CD8+	T	cell	

responses	has	been	particularly	appreciated	in	the	context	of	cancer	treatment	(Sivan	et	

al.,	2015).	A	Bifidobacterium	cocktail	containing	B.	breve,	B.	longum	and	B.	adolescentis	

was	 shown	 to	 enhance	 PD-L1	 anti-tumour	 efficacy	 by	 activating	 DCs,	 which	 in	 turn	

supported	 the	 effector	 function	 of	 anti-tumour	 CD8+	 T	 cells	 in	 a	 mouse	 model	 of	

melanoma	(Sivan	et	al.,	2015).	Previous	studies	have	also	shown	that	the	upregulation	of	

type	I	interferons	by	the	plasmacytoid	DCs	is	controlled	by	the	microbiota,	which	leaves	

conventional	DCs	better	equipped	to	prime	antigen-specific	T	cell	responses	(Schaupp	et	

al.,	2020).	It	is	therefore	possible	that	the	microbiota	could	also	modulate	the	ability	of	

DCs	to	enhance	CD8+	T	cell	responses	after	vaccination	via	similar	mechanisms.	

	

The	 study	 also	 has	 limitations	 that	 need	 to	 be	 considered.	 First,	 the	 AIR	 study	 only	

followed	infants	up	until	15	months	of	life,	which	meant	the	allergy	status	of	the	enrolled	

infants	was	not	assessed	as	this	is	usually	characterised	at	5	years	of	age.	Assessment	of	

the	 impact	 of	 antibiotics	 on	 allergies	 in	 the	AIR	 infants	 could	 have	provided	 valuable	

insights	into	the	long-term	consequences	of	antibiotic	exposure	on	the	immune	system.	

Another	limitation	is	the	period	in	which	the	samples	were	processed;	recruitment	for	

this	study	was	conducted	over	more	than	2	years,	a	significant	source	of	variation	in	the	

data	that	needed	to	be	adjusted	for	in	statistical	analyses.	Moreover,	some	immune	cell	

populations	of	interest	could	not	be	measured	with	the	markers	in	this	panel,	including	

Tfh	cells.	A	small	human	study	found	that	circulating	Tfh	cells	derived	from	pre-existing	

memory	 T	 cells	 were	 positively	 associated	 with	 antibody	 responses	 to	 influenza	

vaccination	(Hill	et	al.,	2021).	A	heightened	inflammatory	gene	signature	in	the	Tfh	cells	

of	 elderly	 participants	 was	 linked	 to	 impaired	 Tfh	 cell	 differentiation	 and	 weakened	

antibody	titres	(Hill	et	al.,	2021).	Assessing	if	Tfh	cells	were	correlated	with	serology	and	
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metagenomic	 data	 gathered	 in	 this	 dataset	 would	 have	 been	 of	 interest.	 Lastly,	 the	

inability	to	compare	circulating	immune	cell	populations	at	two	different	time	points	was	

a	 limiting	 factor.	 There	 was	 not	 sufficient	 blood	 at	 the	 week	 6	 timepoint	 for	 flow	

cytometry	analysis,	 as	a	baseline	blood	sample	 for	 serology	was	 required	at	 this	 time	

point.	However,	if	baseline	blood	had	been	assessed	by	flow	cytometry	at	week	6	before	

the	infants	received	their	routine	immunisations,	changes	could	have	been	compared	to	

those	observed	at	week	7	post	vaccination.	In	addition,	the	ability	of	the	infants	to	mount	

an	effective	cellular	response	could	have	been	assessed.	Without	the	week	6	data,	there	

is	 no	baseline	 to	 compare	 the	week	7	 samples	 to,	 as	many	of	 the	 infants	may	 still	 be	

responding	 to	 the	 vaccinations	 they	 received	 the	 week	 before.	 This	 could	 obscure	

changes	due	to	antibiotic	exposure.	Changes	in	the	cellular	response	from	week	6	to	week	

7	could	also	have	been	assessed	in	comparison	to	the	RNA	sequencing,	metagenomic,	and	

serology	data.		

	

To	summarise,	the	extensive	flow	cytometry	analysis	carried	out	as	part	of	the	AIR	Study	

revealed	multiple	significant	differences	 in	 immune	cell	populations	by	sex	but	not	by	

antibiotic	exposure.	A	modest	reduction	in	CD45RA-		iTregs	in	the	intrapartum	exposed	

infants	and	future	work	is	needed	to	determine	the	importance	of	this	cell	population	for	

the	risk	of	allergy	in	later	infancy	and	childhood.		
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4 A	case	study	of	two	infants	lacking	CD16	

expression	on	neutrophils			

	

4.1 Introduction	

The	 Fc	 gamma	 receptors	 (FcγRs)	 play	 an	 essential	 role	 in	 the	 immune	 system	 by	

recognising	immunoglobulin	G	(IgG)	coated	targets	(Junker,	Gordon,	&	Qureshi,	2020).	

There	 are	 several	 classes	 of	 FcγRs,	 including	 CD16,	 CD32,	 and	 CD64,	 with	 various	

affinities	for	IgG	(Bruhns	et	al.,	2009).	CD16,	also	known	as	FcγRIII,	is	a	transmembrane	

glycoprotein	and	part	of	the	Fcγ	receptor	(FcγR)	family,	found	on	the	surface	of	NK	cells,	

neutrophils,	monocytes,	and	macrophages.	CD16	consists	of	two	Fcγ	receptors,	FcγRIIIa	

(CD16a)	and	FcγRIIIb	(CD16b),	with	FcγRIIIb	being	one	of	the	most	abundant	proteins	

on	the	surface	of	neutrophils	(Wang	&	Jönsson,	2019).	Although	FcγRIIIa	was	previously	

believed	to	be	exclusively	expressed	by	NK	cells	and	monocytes,	recent	evidence	suggests	

neutrophils	can	also	express	low	levels	of	FcγRIIIa	(Golay	et	al.,	2019;	Wang	&	Jönsson,	

2019).	The	functions	of	FcγRIIIa	and	FcγRIIIb	include	neutrophil	activation,	clearance	of	

immune	 complexes,	 phagocytosis	 of	 antibody-coated	 pathogens,	 and	 antibody-

dependent	cellular	cytotoxicity	(ADCC)	(Treffers	et	al.,	2019;	Golay	et	al.,	2019).	

	

FcγRIIIb	 is	unique	compared	to	other	FcγRs	as	 it	 is	 the	only	one	 linked	to	 the	plasma	

membrane	by	a	glycosylphosphatidylinositol	anchor	(GPI)	anchor.	Its	primary	function	

in	 neutrophils	 is	 to	 eliminate	 spontaneously	 forming	 immune	 complexes,	 thereby	

dampening	 Fc-mediated	 immune	 responses.	 FcγRIIIb	 also	 participates	 in	 neutrophil	

activation	 by	 clustering	 into	 high-density	 detergent-resistant	 membranes,	 leading	 to	
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downstream	signalling	and	Ca2+	mobilisation,	degranulation,	and	cell	adhesion,	but	not	

respiratory	burst	(Fernandes	et	al.,	2006;	Wang	&	Jönsson,	2019).	

	

In	 this	 case	 study,	 we	 report	 an	 incidental	 finding	 of	 FCGR3B	 deficiency	 (the	 gene	

encoding	 FcγRIIIb/CD16b)	 in	 two	 infants	 enrolled	 in	 the	 Antibiotics	 and	 Immune	

Response	(AIR)	Study.	This	deficiency	was	first	observed	during	flow	cytometry	analysis	

of	peripheral	blood	mononuclear	cells	(PBMCs)	collected	from	the	infants.	Due	to	the	lack	

of	 FCGR3B	 expression,	 these	 infants	 initially	 appeared	 to	 lack	 neutrophils,	 as	

CD16/FcγRIII	was	one	of	the	key	markers	used	to	define	neutrophils	in	the	AIR	study.	

Subsequent	 analyses	 confirmed	 that	 the	 infants	 did	 have	 neutrophils	 but	 that	 these	

neutrophils	 did	 not	 express	 CD16/FcγRIII.	 RNA	 sequencing	 of	 whole	 blood	 samples	

collected	from	the	AIR	infants	confirmed	that	FCGR3B	was	not	expressed	in	these	two	

infants.		The	implications	of	this	finding	and	its	potential	impact	on	the	immune	function	

of	the	affected	infants	were	further	explored	using	functional	assays	conducted	by	clinical	

immunologists	the	Women	and	Children’s	Hospital	in	Adelaide,	South	Australia.		
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-	Results	-	

As	detailed	in	the	previous	chapter,	extensive	flow	cytometry	analysis	was	carried	out	on	

PBMCs	collected	from	156	infants	enrolled	in	the	AIR	Study.	During	this	analysis,	the	flow	

cytometry	data	for	each	infant	was	manually	assessed	for	gating	issues	and	irregularities.	

During	this	analysis	two	infants,	WCH-028	and	WCH-227,	were	identified,	who	appeared	

to	lack	neutrophils	due	to	the	apparent	lack	of	the	CD16+	population	(Fig.	4.1A).	Other	

immune	cell	populations	were	examined	but	revealed	no	additional	abnormalities	(Fig.	

S3.1-3.5).	

	

To	 assess	 why	 the	 neutrophil	 population	 was	 absent	 in	 these	 infants,	 the	 data	 were	

examined	 to	 ensure	 this	 was	 not	 due	 to	 a	 technical	 issue,	 such	 as	 an	 issue	 with	 the	

antibody	cocktail	used	for	staining	the	cells	for	analysis.	The	blood	from	infant	WCH-228	

was	processed	and	stained	on	the	same	day	as	WCH-227,	so	this	sample	was	used	as	a	

control	(Fig.	4.1).	WCH-228	had	the	expected	population	of	neutrophils	whereas	WCH-

227	did	not	(Fig.	4.1A).	These	two	samples	were	stained	with	the	same	antibody	cocktail	

and	 analysed	 sequentially	 on	 the	 same	 day,	 indicating	 that	 the	 apparent	 lack	 of	

neutrophils	in	these	infants	was	unlikely	due	to	a	technical	error.		

	

Next,	other	gates	were	examined	to	determine	whether	CD16	expression	was	evident	on	

different	 cell	 types	 (Fig.	 4.1B).	 CD16	 expression	 was	 observed	 on	 intermediate	

(CD45+SSCloCD3-CD56-CD14+CD16+)	and	nonclassical	monocytes	(CD45+SSCloCD3-CD56-

CD14-CD16+)	(Fig.	4.1B).		
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Figure 4.1| CD16+ neutrophils were not detected in two infants, WCH-028 and WCH-227.  
A| The population that would have been identifiable as CD16+ neutrophils (CD45+SSChi) were 
absent in two of the AIR infants - WCH-028 and WCH-227. A representative control infant 
(WCH-228) that was analysed at the same time as WCH-227 is also shown. B| CD16 
expression on Intermediate monocytes (CD45+SSCloCD3-CD56-CD14+CD16+). 
	

4.1.1 The	two	infants	have	normal	proportions	of	CD15+Siglec8-		neutrophils	

To	assess	whether	these	infants	lacked	neutrophils	altogether,	CD15+CD16+	neutrophil	

gates	were	compared	between	the	two	abnormal	 infants	and	the	control	 infant,	WCH-

228.	Gating	for	CD15+CD16+	neutrophils	revealed	that	both	WCH-028	and	WCH-227	had	

an	 absence	 of	 CD15+CD16+	 neutrophils.	 In	 contrast,	 WCH-228	 had	 the	 expected	

population	of	CD15+CD16+	neutrophils	 (Fig.	4.2A).	However,	 there	was	a	significantly	
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larger	population	of	CD16-CD15+	cells	in	the	WCH-028	and	WCH-227	infants	compared	

to	WCH-228	(Fig.	4.2A).	These	data	suggested	that	the	expression	of	CD16	on	neutrophils	

was	absent	in	the	two	infants	rather	than	a	lack	of	neutrophils	altogether.		

	

To	 investigate	 this	 further,	 neutrophils	 were	 identified	 in	 an	 alternative	 way	 as	

CD45+SSChiCD15+Siglec8-	 cells.	 This	 revealed	 two	 populations	 –	 a	 CD15+Siglec8+	

eosinophil	 population	 and	 a	 CD15+Siglec8-	 neutrophil	 population,	 confirming	 that	 the	

two	infants	do	not	lack	neutrophils	(Fig.	4.2b).	FcγRIIIa	and	FcγRIIIb	are	96%	identical	

at	 the	 protein	 level	 and	 the	 CD16	 antibody	 used	 in	 our	 flow	 cytometry	 panel	 cannot	

distinguish	between	them.	As	mentioned	previously,	CD16	is	made	up	of	FcγRIIIa	and	

FcγRIIIb.	FcγRIIIb	is	primarily	expressed	on	neutrophils,	with	only	low	levels	of	FcγRIIIa	

recently	identified	on	neutrophils	(Golay	et	al.,	2019),	leading	us	to	conclude	that	we	were	

detecting	the	cell	surface	expression	of	FcγRIIIa	on	other	cell	populations	in	these	infants	

and	that	neutrophils	from	the	two	infants	likely	did	not	express	FcγRIIIb.		
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Figure 4.2| The two infants have a normal proportion of CD15+Siglec8- neutrophils. A| 
The absence of CD16+CD15+ neutrophils (CD45+SSChi) in WCH-028 and WCH-227 compared 
to representative control infant, WCH-228, which was analysed at the same time as WCH-
227. B| CD15+Siglec8+ eosinophils (CD45+SSChi) and CD15+Siglec8- neutrophils 
(CD45+SSChi) in WCH-028, WCH-227 and WCH-228. 
	

	

4.1.2 FCGR3A	but	not	FCGR3B	is	expressed	in	the	two	infants	

To	confirm	that	infants	WCH-028	and	WCH-227	express	FCGR3A	but	not	FCGR3B,	RNA-

sequencing	data	profiling	gene	expression	in	whole	blood	collected	from	the	AIR	infants	

at	 the	same	timepoint	as	 the	 flow	cytometry	was	performed,	was	examined.	The	RNA	

sequencing	 data	 confirmed	 that	 WCH-028	 and	 WCH-227	 expressed	 FCGR3A	 but	 not	

FCGR3B	(Fig.	4.3A).	Previous	reports	of	this	defect	have	found	that	the	gene	encoding	
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FcγRIIc	(FCGR2C)	was	deleted	in	individuals	with	FcγRIIIb	deficiency	(M.	De	Haas,	Kleijer,	

Van	 Zwieten,	 Roos,	 &	 Von	 Dem	 Borne,	 1995).	 Therefore,	 consistent	 with	 these	 prior	

reports,	the	expression	of	FCGR2C	was	absent	in	these	two	infants	(Fig.	4.3B),	while	the	

other	AIR	infants	expressed	both	FCGR3B	and	FCGR2C.		

	

Dr	Feargal	Ryan	carried	out	patient	–	specific	gene	expression	analysis	to	assess	whether	

there	was	 evidence	 for	 global	 differences	 in	 gene	 expression	 in	 these	 infants	 (Table	

S3.1).	 No	 obvious	 differences	 in	 antibody	 responses	 were	 observed	 in	 either	 infant	

(Table	S3.2).	

 

 
 
Figure 4.3| RNA sequencing data confirms that FCGR3A but not FCGR3B is expressed 
in the two case study infants. RNA sequencing was performed at ~6 weeks of life (baseline) 
and ~1-week post-immunisation. Expression of A| FCGR3A and B| FCGR3B in the AIR Study 
infants. B| The expression of FcγRIIc (CD32c) in the AIR infants. The dashed line represents 
point at which genes are reliably detected (< 1). Data represented as log2 Count Per Million 
(CPM). 	
	

4.1.3 Follow-up	 flow	 cytometry	 analysis	 of	 the	 two	 infants	 lacking	 FcγRIIIb	

expression	

To	further	confirm	the	lack	of	expression	of	FcγRIIIb	in	the	infants,	WCH-028	and	WCH-

227,	 follow-up	 blood	 draws	 were	 collected	 one	 year	 after	 the	 AIR	 study	 completed	

recruitment.	 PBMCs	 were	 analysed	 on	 the	 BD	 FACs	 symphony	 with	 the	 same	 flow	
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cytometry	 panels	 used	 previously	 were	 employed	 to	 assess	 whether	 this	 lack	 of	

FcγRIIIb/CD16b	 expression	 was	 sustained.	 The	 lack	 of	 CD16+	 neutrophils	 was	 again	

observed	 in	 both	 infants	 (Fig.	 4.4).	 Other	 functional	 assays	 were	 carried	 out	 by	

collaborators	 at	 the	 Women’s	 and	 Children’s	 Hospital	 to	 assess	 neutrophil	 function.	

These	assays	found	no	apparent	defects	in	neutrophil	function	in	either	infant.		

	

	

Figure 4.4| Follow-up flow cytometry analysis confirming that the CD16+ neutrophil 
population is still absent in both case study infants. A| CD16+CD15+ neutrophils are 

WCH-028 WCH-227

WCH-028 WCH-227

Neutrophil gate

Neutrophils

Eosinophils

C
D
16
-B
V4
21

CD15-V500

Siglec-8– PE-Dazzle

C
D
15
-V
50
0



 

	
 
 

123	

absent in infant WCH-028 and infant WCH-227. B| CD15+Siglec8+ eosinophils (CD45+SSChi) 
and CD15+Siglec8- neutrophils (CD45+SSChi) in WCH-028 and WCH-227. 
	
4.2 Discussion	

This	chapter	reports	a	case	study	of	two	infants	enrolled	in	the	AIR	study	that	were	found	

to	 lack	 the	 expression	 of	 the	 gene	 encoding	 FcγRIIIb,	 FCGR3B.	 There	 is	 no	 known	

relationship	 between	 the	 infants	 based	 on	 the	 information	 that	 we	 have.	 FcγRIIIb	

deficiency	has	previously	been	reported	as	a	rare	deficiency	at	a	population	level,	with	an	

estimated	prevalence	of	0.05%	(Muniz-Diaz,	Madoz,	Martin,	&	Puig,	1995;Minguela	et	al.,	

2021),	so	finding	two	unrelated	infants	in	this	cohort	of	156	infants	with	this	deficiency	

is	quite	surprising.	The	potential	clinical	significance	of	this	lack	of	FcγRIIIb	expression	is	

currently	 poorly	 understood.	 FcγRIIIb	 is	 a	 GPI-anchored	molecule	 and	 does	 not	 have	

intracellular	 signalling	motifs	 but	 can	 cooperate	with	 other	 Fcγ	 receptors	 to	promote	

phagocytosis	 of	 antibody-opsonized	microbes	 by	 human	 neutrophils.	 A	 previous	 case	

study	 of	 an	 individual	with	 FcγRIIIb	 deficiency,	which	was	 subsequently	 found	 to	 be	

shared	with	other	family	members,	did	not	report	any	overt	immune	deficiency	(Wagner	

&	Hänsch,	2004;		Kamat	&	Ezekwesili,	2006).	The	authors	speculated	that	redundancy	in	

the	 immune	 system	 could	 compensate	 for	 the	 lack	 of	 FcγRIIIb.	 Other	 reports	 have	

suggested,	however,	that	FcγRIIIb	deficiency	is	linked	to	transient	neonatal	alloimmune	

neutropenia	 (Fromont	 et	 al.,	 1992).	 FCGR3B	 copy	 number	 variation	 has	 also	 been	

associated	with	an	 increased	risk	of	 rheumatoid	arthritis,	 systemic	autoimmunity	and	

systemic	lupus	erythematosus	(SLE)	(Fanciulli	et	al.,	2007;	Graf	et	al.,	2012;	Minguela	et	

al.,	2021).		
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Another	 study	 found	 that	FcγRIIIb	 is	 a	negative	 regulator	of	neutrophil	ADCC	 toward	

tumour	cells	and	a	potential	target	for	enhancing	tumour	cell	destruction	by	neutrophils	

(M.	De	Haas	et	al.,	1995).		

5 The	gut	microbiota	is	required	for	optimal	T-

dependent	and	T-independent	B	cell	

responses	to	the	PCV13	vaccine.		

 

5.1 Introduction	

Growing	 evidence	 suggests	 an	 association	 between	 the	 composition	 of	 the	 gut	

microbiome	and	immune	responses	to	vaccination.	These	studies	 include	a	number	of	

observational	studies	in	low	and	middle-income	countries	(LMICs)	(Grassly	et	al.,	2016;	

Harris	et	al.,	2016,	Fix	et	al.,	2020).	More	 recently,	vaccine	 responses	 to	 the	 influenza	

vaccine	were	demonstrated	 to	be	 impaired	 in	antibiotic-exposed	adults	with	 low	pre-

existing	immunity	(Hagan	et	al.,	2019).	Previous	research	from	our	laboratory	has	also	

shown	 that	 antibody	 responses	 to	 several	 routinely	 administered	 infant	 vaccines	 are	

impaired	in	mice	orally	exposed	to	antibiotics	in	early	life	(Lynn	et	al.,	2018),	including	

the	13-Valent	Pneumococcal	Conjugate	Vaccine,	PCV13.	The	PCV13	is	a	mixture	of	outer	

membrane	polysaccharides	 from	13	 serotypes	 of	Streptococcus	 pneumoniae	 (Jefferies,	

Macdonald,	 Faust,	&	Clarke,	 2011).	These	polysaccharides	 are	 conjugated	 to	 a	 carrier	

protein	(cross-reacting	material	197	(CRM197)),	to	elicit	a	T-dependent	B	cell	response	in	

infants	 (Davies	 et	 al.,	 2022).	Australian	 infants	 receive	 4	 primary	 doses	 of	 PCV13	 as	

recommended	under	 the	National	 Immunisation	Programme	(“National	 Immunisation	
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Program	Schedule	|	Australian	Government	Department	of	Health	and	Aged	Care,”	2020),	

and	the	PCV13	vaccine	is	administered	to	72	million	infants	around	the	world	every	year.	

The	efficacy	of	PCV13,	however,	remains	suboptimal	and	variable	among	individuals	and	

different	populations	(Davies	et	al.,	2022;	Gerard	et	al.,	2020;	Grant	et	al.,	2016;	Roca	et	

al.,	2015;	Swarthout	et	al.,	2020a,	2022;	Yeh	et	al.,	2010;	L.	Zhang	et	al.,	2015).	In	LMICs	

such	 as	 Malawi,	 pneumococcal	 carriage	 persists	 in	 both	 children	 and	 adults	 despite	

PCV13	vaccine	coverage	of	over	90%	(Swarthout	et	al.,	2020b).	Similar	trends	have	been	

observed	 in	 the	 Gambia	 and	 Kenya	 (Hammitt	 et	 al.,	 2014a;	 Mackenzie	 et	 al.,	 2022).	

Additionally,	a	large	population	study	in	Malawi	children	revealed	waning	antibody	titres	

with	all	but	one	serotype	of	PCV13,	 falling	below	the	correlate	of	protection	(CoP)	 for	

PCV13	up	to	52	months	after	vaccination	(Swarthout	et	al.,	2022).		

	

A	key	source	of	variation	that	may	be	impacting	immune	responses	to	the	PCV13	vaccine	

is	the	microbiota.	Preclinical	work	has	shown	that	the	clonal	expansion	of	B	cells	reactive	

to	 other	 polysaccharide	 antigens	 from	 the	 Lancefield	 group	 A	 carbohydrate	 (GAC)	 is	

microbiota-dependent	 (New,	 Dizon,	 Fucile,	 Rosenberg,	 Kearney,	 &	 King,	 2020).	 The	

microbiota	also	displays	exopolysaccharides	which	have	been	shown	to	have	 immune	

stimulatory	properties	when	used	as	an	adjuvant	for	the	foot-and-mouth	disease	vaccine	

(Xiu	et	al.,	2018).	Our	lab	has	previously	shown	that	antibody	responses	to	PCV13	are	

impaired	 in	mice	 exposed	 to	 antibiotics	 in	 the	 first	 weeks	 of	 life	 (Lynn	 et	 al.,	 2018).	

Studies	in	antibiotic-treated	mice,	however,	cannot	definitively	prove	a	causal	role	for	the	

gut	microbiota	 as	 one	 cannot	 rule	 out	 other	 immunomodulatory	 effects	 of	 antibiotics	

(Shekhar	&	Petersen,	2020).		Germ-free	(GF)	mice	are	bred	and	housed	in	sterile	isolators	

that	 prevent	 exposure	 to	 microorganisms	 if	 procedures	 are	 strictly	 adhered	 to.	 The	

utilisation	 of	 GF	 mouse	 models	 is	 now	 considered	 a	 gold-standard	 approach	 to	
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demonstrate	 a	 causal	 role	 for	 the	 microbiota	 in	 a	 phenotype	 of	 interest.	 Another	

advantage	of	this	model	is	that	it	allows	one	to	recolonise	GF	mice	with	specific	bacterial	

communities	 of	 interest	 or	 even	 bacterial	 monocultures,	 to	 assess	 the	

immunomodulatory	properties	of	individual	bacterial	strains	of	interest.			

	

Despite	growing	evidence	that	the	microbiome	influences	the	immune	response	to	the	

PCV13	vaccine,	the	mechanisms	through	which	this	occurs	remain	unclear.	To	assess	the	

influence	of	the	microbiota	on	PCV13	vaccine	responses,	extensive	immune	profiling	in	

serum	and	secondary	lymphoid	organs	was	performed	in	GF	and	colonised	mice.	These	

assessments	found	significant	differences	in	serum	antibody	responses	between	GF	and	

colonised	mice.	Additionally,	GF	mice	had	a	significantly	 lower	frequency	of	GC	B	cells	

compared	to	colonised	mice.	These	results	illustrate	the	importance	of	the	microbiome	

in	the	immune	response	to	the	PCV13	vaccine.	
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-	Results	-	

5.1.1 Germ-free	(GF)	mice	have	impaired	antibody	responses	to	the	PCV13	

vaccine	

The	immune	response	to	the	PCV13	vaccine	is	impaired	in	mice	treated	with	antibiotics	

in	 early	 life	 (Lynn	 et	 al.,	 2018).	 To	 investigate	whether	 responses	 to	 PCV13	 are	 also	

impaired	in	GF	mice,	GF	mice	and	conventionally	colonised	specified	pathogen-free	(SPF)	

control	mice,	were	vaccinated	intraperitoneally	at	day	(d)21	-	28	of	life	(V)	with	1/10th	a	

human	dose	of	PCV13,	by	human	to	animal	dose	conversion	standards	(A.	B.	Nair	&	Jacob,	

2016)	(Fig.	5.1A).	A	control	group	of	age-matched	mice	were	immunised	with	PBS	and	

maintained	as	mock-immunised	controls.	Vaccine	responses	were	boosted	2	weeks	after	

the	initial	vaccination	(V+2)	by	re-vaccinating	mice	(same	route	and	dose),	which	was	

intended	to	broadly	mirror	the	2-month	window	between	the	first	and	second	dose	of	

PCV13	 received	by	Australian	 infants.	To	 confirm	 that	GF	mice	 remained	GF	over	 the	

course	of	the	experiment,	regular	faecal	sample	collection	was	performed	and	DNA	was	

extracted	 from	 faecal	 samples	 to	determine	bacterial	 load	 via	 a	 16S	 rRNA	gene	qPCR	

assay	 (Fig.	 5.1B).	 Cages	 were	 also	 swabbed	 and	 samples	 were	 sent	 to	 a	 molecular	

diagnostics	 company,	 ComPath	 (https://sahmri.org.au/compath),	 for	 further	

confirmation	of	their	GF	status	on	arrival	at	our	GF	facility	(Fig.	S4.1).		
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Figure 5.1| Experimental plan and GF status validation. A| Overview of the experimental 
design. GF and SPF mice were vaccinated intraperitoneally at day 28 of life (V). Vaccine 
responses were boosted after 2 weeks. Blood and faecal samples were collected fortnightly. 
B| 16S rRNA gene qPCR data assessing bacterial colonization at V, V+1, V+2, V+6 and V+8 
weeks. The dashed line represents the limit of detection. Data are represented as mean ± 
SEM. Note; values from GF mice are below the limit of detection.	

	

To	assess	antibody	responses	to	vaccination	in	each	group,	serum	was	collected	at	two	

weeks	 (V+2)	 post-vaccination,	 and	 fortnightly	 subsequently	 until	 the	 mice	 were	

humanely	 culled	 at	 8	 weeks	 post	 the	 primary	 vaccination	 (V+8	 weeks).	 The	 PCV13	

vaccine	 conjugates	 polysaccharides	 from	 13	 different	 Streptococcus	 pneumoniae	

serotypes	to	a	carrier	protein,	CRM197.	The	CRM197		carrier	protein	is	a	non-toxic	variant	

of	diphtheria	 toxin	 that	 is	widely	used	 in	vaccines	 to	ensure	 the	 induction	of	a	T	cell-

dependent	antibody	response	to	the	conjugated	polysaccharides	(Uchida,	Pappenheimer,	
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&	Harper,	1972,	Siegrist,	2008).	Serum	antibody	responses	against	to	the	whole	vaccine,	

S.	 pneumoniae	polysaccharide	 antigens	 from	 serotypes	 1	 and	 3	 (PPS1	 and	 PPS3)	 and	

CRM197	were	assessed.	These	serotypes	were	chosen	as	PPS1	was	impaired	in	antibiotic-

exposed	 infants	 in	 the	 AIR	 study	 (see	 previous	 chapters),	 and	 PPS3	 was	 the	 most	

prevalent	serotype	carried	by	participants	in	a	clinical	study	of	PCV13	vaccine	efficacy	in	

Malawi	 (Swarthout	 et	 al.,	 2020).	 PPS1	 and	 PPS3	 are	 also	 serotypes	 that	 cause	

considerable	 disease	 burden	 in	 adults	 despite	 the	 herd	 immunity	 provided	 by	 infant	

pneumococcal	 conjugate	 vaccine	 introduction	 (Örtqvist,	 2001;	 Wuorimaa	 &	 Käyhty,	

2002;	Yeh	et	al.,	2010;	Davies	et	al.,	2022).	Relative	to	SPF	mice,	GF	mice	had	significantly	

impaired	 IgGtotal	 responses	 to	 the	whole	vaccine,	PPS1	and	PPS3	pre-boost	at	 the	V+2	

weeks	timepoint	(Fig.	5.2A-C).	Interestingly,	CRM197-specific	IgGtotal	responses	were	not	

significantly	different	between	SPF	and	GF	mice	at	V+2	weeks	(Fig.	5.2D).	IgM	responses	

pre-boost	to	the	whole	vaccine,	PPS1	and	PPS3	were	also	significantly	impaired	pre-boost	

in	GF	mice,	with	no	significant	differences	observed	in	anti-CRM197	IgM	levels	(Fig.	5.2E-

H).			
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Figure 5.2| Antibody responses to the PCV13 vaccine are impaired in the serum of GF 
mice compared to SPF mice at V+2 weeks. IgGtotal responses to A| the whole PCV13 
vaccine, B| the polysaccharides PPS1 and C| PPS3 and D| the carrier protein CRM197 were 
assessed by ELISA in the serum of mock, GF, and SPF mice. IgM responses were also 
measured against E| the whole PCV13 vaccine, F| PPS1, G| PPS3 and H| CRM197 in mock, 
GF and SPF mice. Raw O.D. values are shown. Serum diluted 1/250 – 1/500. Data are 
represented as mean ± SEM. Mann-Whitney tests were used to assess statistical significance. 
*p <0.05, ** p < 0.01, ns = not significant. 
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IgG	 and	 IgM	 antibody	 responses	 to	 PCV13	were	 also	 assessed	 post-boost	 (i.e.	 second	

vaccine	dose)	at	V+4,	6	and	8	weeks.	GF	mice	had	significantly	impaired	IgGtotal	responses	

to	the	whole	vaccine,	PPS1,	and	CRM197	at	all	time	points	post-boost	(Fig.	5.3A-C).		PPS3-

specific	 IgGtotal	 responses	 were	 only	 significantly	 different	 at	 V+4	 weeks	 and	 they	

appeared	to	wane	later	in	the	response	in	SPF	mice	(Fig.	5.3D).	The	differences	observed	

in	responses	to	PPS1	and	PPS3	are	consistent	with	the	known	variation	in	the	response	

to	different	vaccine	serotypes	in	humans	(Swarthout	et	al.,	2022,	Davies	et	al.,	2022).	GF	

mice	also	had	significantly	lower	IgM	responses	to	the	PCV13	vaccine	compared	to	SPF	

mice	 (Fig.	5.3E).	Of	 note,	 there	were	no	 significant	differences	 in	 IgGtotal	 (not	 vaccine	

specific)	between	GF	and	SPF	mice	after	immunisation	(Fig.	S4.2).	This	suggests	that	the	

vaccine-specific	response	and	not	the	overall	humoral	response	is	defective	in	GF	mice.	
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Figure 5.3| PCV13-specific antibody responses are significantly lower in GF mice 
compared to SPF mice after boosting. A| PCV13 B| PPS1 C| CRM197 and D| PPS3 specific 
IgGtotal responses were assessed in serum by ELISA in vaccinated and mock-vaccinated GF 
and SPF mice at the indicated weeks post-vaccination. E| PCV13 specific IgM responses in 
the serum of GF and SPF mice. Data are represented as mean ± SEM. Raw O.D. values are 
shown. Serum diluted 1/2000 – 1/4000. Two-way ANOVA was used to assess statistical 
significance *p < 0.05, ** p < 0.01, ***p < 0.001 ****p < 0.0001. 
	

Next,	IgG	subclasses	were	measured	in	the	serum	of	SPF	and	GF	mice	after	a	booster	dose	

of	PCV13.	Responses	were	measured	at	V+4	weeks	to	capture	the	antibody	response	to	

boosting.	 IgG1	 is	 normally	 the	 most	 abundant	 IgG	 subclass	 and	 uniquely	 drives	

opsonophagocytic	activity	in	PCV13-vaccinated	individuals	(Davies	et	al.,	2022).	GF	mice	

had	significantly	lower	serum	IgG1	against	the	whole	vaccine,	PPS1,	PPS3,	and	CRM197	
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(Fig	 4A-C).	GF	mice	 also	 had	 significantly	 impaired	 IgG3	 antibody	 responses	 against	

PCV13,	 PPS1,	 PPS3,	 and	 CRM197	 (Fig.	 5.4D-H).	 Higher	 baseline	 levels	 of	 IgG2	 have	

predicted	 protection	 conferred	 by	 the	 PCV13	 vaccine	 in	 immunocompromised	

individuals	(Gerard	et	al.,	2020;	Robbins	et	al.,	2021).		GF	mice	also	had	significantly	lower	

PCV13-specific	IgG2b	in	their	serum	(Fig.	5.4I).	This	defect	in	the	antibody	response	to	

PCV13	appears	 to	be	 at	 least	 somewhat	 specific	 to	 this	 vaccine	 as	 responses	 to	other	

vaccines	such	as	the	Pfizer/Biontech	BNT16262	mRNA	vaccine	are	not	impaired	in	GF	or	

antibiotics-treated	mice	(Norton	et	al.,	Gut,	in	revision).			

	

IgA	 is	 an	 important	 antibody	 isotype	 against	 pneumococcal	 infection	 due	 to	 its	

production	at	mucosal	 surfaces.	 Interestingly,	 there	were	no	differences	 in	 serum	 IgA	

titres	observed	between	GF	and	SPF	mice	at	V+4	(Fig.	5.4J),	however,	IgA	is	measured	

here	in	the	serum	and	not	at	a	mucosal	surface	where	it	primarily	performs	its	effector	

functions.	 Overall,	 these	 results	 illustrate	 that	 GF	 mice	 have	 significantly	 impaired	

antibody	 responses	 to	 the	PCV13	vaccine	 compared	with	 SPF	mice	 against	 the	whole	

vaccine,	polysaccharides	within	 the	vaccine,	 and	 the	 carrier	protein,	particularly	 after	

boosting.	
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Figure 5.4| IgG1, IgG2 and IgG3 responses to PCV13 are impaired in GF compared to 
SPF mice. IgG1 responses to A| the whole PCV13 vaccine, B| PPS1, C| PPS3 and D| CRM197 
were assessed by ELISA in the serum of mock, GF and SPF mice at V+4 weeks. Serum IgG3 
was also measured against E| the whole PCV13 vaccine, F| PPS1, G| PPS3 and H| CRM197 
of mock, GF and SPF mice at V+4 weeks. PCV13-specific I| IgG2b and J| IgA were also 
measured in the serum of mock, GF, and SPF mice at V+4 weeks. Raw O.D. values are 
shown. Data are represented as mean ± SEM. Mann-Whitney tests were used to assess 
statistical significance *p <0.05, ** p < 0.01. 
	
	

5.1.2 Does	colonisation	of	the	gut	microbiota	restore	normal	responses	to	

vaccination	in	GF	mice?	

The	next	step	was	to	assess	whether	colonisation	with	an	SPF	microbiota	could	restore	

impaired	 PCV13	 antibody	 responses	 in	 GF	 mice.	 Previously,	 I	 colonised	 mice	 with	

monocultures	of	specific	bacterial	strains,	such	as	Blautia	producta,	Enterobacter	cloacae,	

Bifidobacterium	longum,	that	correlated	with	antibody	responses	to	the	PCV13	vaccine	in	

SPF	mice	and	AIR	study	infants	respectively.		However,	colonisation	with	these	strains	at	

day	21	of	life	did	not	improve	vaccine	specific	antibody	responses	to	the	PCV13	vaccine	

(Fig.	S4.3).	The	timing	of	colonisation	has	been	shown	in	other	contexts	to	play	a	key	role	

in	 shaping	 subsequent	 immune	 responses,	 and	 there	 appears	 to	 be	 a	 window	 of	

opportunity	 where	 colonising	 mice	 has	 the	 greatest	 influence	 on	 their	 immunity	 (Al	

Nabhani	 et	 al.,	 2019).	 Therefore,	 two	 methods	 of	 colonisation	 were	 employed	 to	

investigate	the	role	of	colonisation	timing	on	PCV13	vaccine	responsiveness	in	GF	mice	
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(Fig.	5.5A).	The	first	colonisation	group	consisted	of	mice	born	to	former	GF	dams	that	

were	colonised	with	an	SPF	microbiota	before	pregnancy	(exGF	mice).	The	other	group	

consisted	of	GF	mice	that	directly	received	two	fecal	microbiota	transfers	(FMT)	from	an	

age-matched	SPF	microbiota	by	oral	gavage	at	day	(d)	21	and	24	of	life.		Groups	of	SPF	

and	GF	mice	were	also	assessed	as	controls.	Mice	were	vaccinated	at	d28	(V)	and	boosted	

2	weeks	later	(V+2).	A	subset	of	each	group	was	vaccinated	with	PBS	only	(mock).		

	

To	assess	the	success	of	the	colonisation	in	the	FMT	group,	bacterial	load	was	assessed	in	

each	 group	 at	 the	 time	 of	 vaccination	 (V).	 There	 were	 no	 significant	 differences	 in	

bacterial	 load	 between	 the	 SPF,	 exGF,	 or	 FMT	 groups	 (Fig.	 5.5B).	 This	 qPCR	 also	

confirmed	the	GF	status	of	the	GF	mice	at	the	time	of	vaccination,	while	further	swabs	

were	taken	at	V+2	and	V+4	weeks	to	confirm	that	they	remained	GF	(Fig.	S4.4).	
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Figure 5.5| Experimental design to investigate the differences in immune responses to 
PCV13 between GF and colonised mice. A| Responses to the PCV13 vaccine were 
assessed in germ-free (GF) mice in comparison to normally colonised SPF mice, or mice born 
to GF dams colonised with an SPF microbiota (exGF) and mice colonised at d21 of life (FMT). 
Mice were vaccinated intraperitoneally with 1/10th of a human dose of PCV13 at day 28 (d28) 
of life and boosted 2 weeks later (V+2). Mice were humanely killed either two weeks after 
initial vaccination (V+2) or two weeks post boost (V+4) and spleen, bone marrow and draining 
lymph nodes were harvested. B| 16S rRNA gene qPCR data assessing bacterial load at V. 
Note; values from GF mice are below the limit of detection. Data are represented as mean ± 
SEM. One-way ANOVA was used to assess statistical significance. ns = not significant.  
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5.1.3 The	composition	of	the	gut	microbiota	is	significantly	different	in	SPF,	exGF	

and	FMT	mice	

To	assess	differences	in	the	composition	of	the	gut	(faecal)	microbiota	of	exGF	and	FMT	

mice	in	comparison	to	SPF	mice,	16S	rRNA	gene	sequencing	was	undertaken	by	the	SA	

Genomics	 Centre	 on	 DNA	 extracted	 from	 faecal	 samples	 collected	 on	 the	 day	 of	

vaccination	(V).	The	analysis	of	the	16S	rRNA	gene	sequencing	data	by	Dr	Feargal	Ryan	

revealed	clear	differences	in	beta	diversity	(community	dissimilarity)	between	the	three	

colonised	groups	(Fig.	5.6A-B).	The	most	spread	was	found	in	the	exGF	and	FMT	mice,	

while	SPF	mice	clustered	closely	together	and	near	the	exGF	group	(Fig.	5.6A),	indicating	

that	the	composition	of	the	microbiota	in	exGF	mice	is	more	similar	to	SPF	mice.	Unifrac	

analysis	also	revealed	that	the	exGF	and	SPF	mice	clustered	together	separately	from	the	

FMT	 group	 (Fig.	 5.6B).	 Next,	 alpha	 diversity	 was	 assessed	 (Fig.	 5.6C-D).	 The	 first	

measure	 of	 alpha	 diversity	 that	 was	 assessed	 was	 Shannon	 diversity,	 which	 takes	

evenness	 into	account.	Both	 the	exGF	and	FMT	mice	had	significantly	higher	Shannon	

diversity	than	the	SPF	mice	(Fig.	5.6C).	Chao1	richness	considers	the	diversity	of	rarely	

observed	taxa.	 	SPF	mice	had	significantly	decreased	Chao1	indices	at	the	V	timepoint	

compared	 with	 the	 exGF	 and	 FMT	 mice,	 indicating	 significantly	 decreased	 species	

richness	(Fig.	5.6D).		

	

The	relative	abundance	of	each	genus	was	next	determined	to	assess	differences	across	

the	different	groups	(Fig.	5.6E).	Samples	were	broadly	similar	across	each	group,	with	

Lactobacillus,	 Lachnospiraceae,	 and	 Muribaculaceae	 found	 in	 the	 highest	 relative	

abundance	 across	 samples	 (Fig.	 5.6E).	 However,	 SPF	mice	 had	 a	 significantly	 higher	

relative	abundance	of	Lactobacillus	compared	with	the	exGF	and	FMT	groups	(Fig.	5.6F).	

Akkermansia	is	an	immunomodulatory,	Gram-negative	bacteria	often	added	to	probiotics	
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due	to	its	benefits	in	reducing	inflammation	(Raftar	et	al.,	2022).	Akkermansia	was	found	

at	a	significantly	higher	relative	abundance	in	exGF	mice	compared	to	the	SPF	and	FMT	

groups	(Fig.	5.6G).	SPF	mice	also	had	a	significantly	higher	abundance	of	Akkermansia	

compared	to	FMT	mice.	Bifidobacterium	is	associated	with	a	healthy	infant	gut	and	higher	

antibody	responses	to	the	PCV13	vaccine	in	the	AIR	study	(Ryan	et	al,	Appendix	2).	exGF	

mice	had	a	significantly	higher	relative	abundance	of	Bifidobacterium	than	either	SPF	or	

FMT	 mice	 (Fig.	 5.6H).	 Alistipes	 is	 a	 genus	 of	 the	 Bacteroidetes	phylum	 of	 emerging	

interest	 for	 its	 associations	 with	 various	 diseases	 such	 as	 cancer,	 mental	 illness	 and	

cardiovascular	disease	(B.	J.	Parker,	Wearsch,	Veloo,	&	Rodriguez-Palacios,	2020).	Both	

SPF	and	exGF	mice	had	a	significantly	higher	abundance	of	Alistipes	than	the	FMT	group	

(Fig.	5.6I).	To	further	determine	the	similarities	and	differences	between	SPF	mice	vs.	

those	colonised	intergenerationally	or	with	an	FMT,	the	overlap	in	Amplicon	Sequence	

Variants	(ASVs)	was	examined	(Fig.	5.6J).	Surprisingly,	only	one	ASV	was	 found	to	be	

unique	to	the	SPF	group.	In	contrast,	FMT	mice	had	37	unique	ASVs,	while	exGF	mice	had	

just	9.	The	majority	of	overlap	in	ASVs	found	between	the	groups	was	between	the	SPF	

and	 exGF	mice.	 The	 FMT	mice	 shared	 only	 1	 and	 3	 ASVs	with	 SPF	 and	 exGF	 groups,	

respectively,	with	5	shared	between	both.		

	

In	conclusion,	 there	are	distinct	differences	between	 the	microbiota	of	SPF,	exGF,	and	

FMT	mice.	The	FMT	group	in	particular	showed	clear	differences	compared	to	the	SPF	

and	 exGF	 mice,	 which	 is	 evidence	 to	 suggest	 it	 may	 not	 have	 had	 sufficient	 time	 to	

stabilise.	However,	while	this	is	the	strongest	explanation	there	are	multiple	explanations	

that	are	consistent	this	observation,	such	as	the	age	at	which	the	mice	received	the	FMT	

and	the	differences	in	the	conditions	in	which	the	FMT	mice	are	housed	in,	which	should	

be	assessed	in	future	experiments.	

Saoirse Benson
*Removed due to copyright restriction

Saoirse Benson
*
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Figure 5.6| 16S rRNA gene sequencing analysis revealed differences in the composition 
of the gut microbiota of SPF, exGF and FMT mice. A| Principal component analysis (PCA) 
of Bray-Curtis dissimilarity indices and B| Unifrac distances calculated based on 16S rRNA 
gene sequencing of the fecal microbiota of SPF, exGF and FMT mice. C| Alpha diversity was 
assessed using Shannon and D| Chao1 indices. Data is shown as box and whisker plots. E| 
Composition of the faecal microbiota at the V timepoint.  Each barplot represents the relative 
abundance of major taxa in samples collected from individual mice at d28 of life. F-I| Boxplots 
assessing the relative abundance of selected species at V. J| Piechart of ASVs shared 
between each group. Data are represented as mean ± SEM. Wilcox rank sum test were used 
to assess statistical significance *p < 0.05, ***p < 0.001, ns = not significant.  
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5.1.4 Colonising	GF	mice	intergenerationally,	but	not	at	day	21	of	life,	partially	

restores	primary	antibody	responses	to	PCV13.		

To	assess	differences	in	antibody	responses	between	GF,	SPF,	exGF	and	FMT	mice,	ELISAs	

were	 carried	 out	 to	 determine	 PCV13-specific	 antibody	 responses	 in	 serum	 before	

boosting.	 As	 previously	 observed	 (Fig.	 5.2),	 GF	 mice	 had	 significantly	 lower	 IgGtotal	

responses	against	the	whole	vaccine	and	PPS1	after	a	primary	dose	of	PCV13,	compared	

to	SPF	mice	(Fig.	5.7A-B).	Interestingly,	IgG	responses	appeared	to	be	at	least	partially	

restored	in	exGF	mice,	as	there	were	no	significant	differences	in	PCV13-specific	IgGtotal	

responses	 between	 exGF	 and	 SPF	 mice	 (Fig.	 5.7A-D).	 Furthermore,	 exGF	 mice	 had	

significantly	 higher	 IgGtotal	 responses	 against	 PPS1	 compared	 to	 GF	mice	 (Fig.	 5.7B).	

Responses	 to	 the	 whole	 vaccine	 and	 PPS1	 were	 significantly	 impaired	 in	 FMT	 mice	

compared	to	SPF	mice	(Fig.	5.7A-B).	A	similar	trend	was	observed	for	CRM197-	and	PPS3-

specific	 IgGtotal	 responses,	but	 these	differences	did	not	 achieve	 statistical	 significance	

(Fig.	5.7C-D).	These	data	suggest	that	colonisation	of	the	gut	microbiota	in	early	life	or	

even	in	utero	is	required	for	optimal	primary	antibody	responses	to	PCV13.		
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Figure 5.7| PCV13 and PPS1-specific primary IgGtotal responses are impaired in GF and 
FMT mice compared to SPF mice. IgGtotal responses to A| the whole PCV13 vaccine, B| 
PPS1, C| CRM197 and D| PPS3 in the serum of mock and PCV13-vaccinated GF, SPF, exGF 
and FMT mice were assessed by ELISA. Serum was collected at V+1 weeks post-vaccination. 
Raw O.D. values are shown. Data are represented as mean ± SEM. One-way ANOVA was 
used to assess statistical significance *p <0.05, ** p < 0.01 ****p < 0.0001, ns = not significant. 
	

To	evaluate	the	humoral	immune	response	following	a	booster	dose	of	PCV13,	IgGtotal	and	

IgG	 subclass	 responses	 were	 assessed	 2	 weeks	 post-boost.	 SPF	 mice	 maintained	

significantly	higher	IgGtotal	total	responses	to	PCV13	post-boost	than	GF	mice	(Fig.	5.8A).	

Responses	were	also	higher	in	exGF	and	FMT	mice	compared	to	GF	mice	but	did	not	reach	

statistical	 significance.	 As	 observed	 pre-boost,	 PPS1-specific	 IgGtotal	 responses	 were	

significantly	 lower	 in	 GF	 and	 FMT	mice	 post-boost	 compared	 to	 SPF	 mice,	 while	 no	

significant	 differences	were	 observed	 between	 exGF	mice	 and	 the	 other	 groups	 (Fig.	

5.8B).	While	no	significant	differences	in	PPS3-specific	IgGtotal	were	observed	pre-boost,	

SPF	mice	had	significantly	higher	IgGtotal	responses	compared	to	GF	mice	at	V+4	weeks	
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(Fig.	5.8C).	Both	SPF	and	FMT	mice	had	higher	IgGtotal	responses	against	CRM197	than	GF	

mice	 (Fig.	 5.8D).	 These	 data	 indicate	 that	 the	 IgGtotal	 response	 against	 the	 conjugate	

protein	but	not	the	polysaccharides	may	be	restored	in	FMT	mice	post-boost.	

	

GF	mice	also	had	significantly	lower	IgG1	responses	to	the	whole	vaccine,	PPS3	and	PPS1	

post-boost	compared	to	SPF	mice	(Fig	5.8E-G).	FMT	mice	had	significantly	impaired	IgG1	

responses	to	PPS1	compared	to	SPF	mice	(Fig.	5.8G).	There	was	a	trend	towards	lower	

IgG1	responses	against	CRM197	in	GF	mice	compared	to	SPF,	exGF	and	FMT	mice	but	this	

was	not	statistically	significant	due	to	outliers	in	the	GF	group	(Fig.	5.8H).		
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Figure 5.8|  IgGtotal and IgG1 responses against PCV13, PPS1 and PPS3 are impaired in 
vaccinated GF mice compared to SPF mice at V+4 weeks (2 weeks post boost). IgGtotal 
responses to A| the whole PCV13 vaccine, B| PPS1, C| PPS3 and D| CRM197 in the serum of 
mock and PCV13-vaccinated GF, SPF, exGF and FMT mice at V+4. IgG1 responses to E| the 
whole PCV13 vaccine, F| PPS3, G| PPS1 and H| CRM197 in the serum of mock and PCV13 
vaccinated GF, SPF, exGF and FMT mice at V+4. Raw O.D. values are shown. Data are 
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represented as mean ± SEM. One-way ANOVA was used to assess statistical significance *p 
<0.05, ** p < 0.01 ***p < 0.001, ns = not significant. 
	

	

Next,	IgG3	responses	were	assessed	in	both	mock	and	vaccinated	GF,	SPF,	exGF	and	FMT	

mice	 (Fig.	 5.9).	 GF,	 exGF	 and	FMT	mice	 all	 had	 significantly	 lower	 IgG3	 responses	 to	

whole	vaccine	and	PPS1	compared	to	SPF	mice	(Fig.	5.9A-B).	In	addition	to	this,	GF	and	

FMT	mice	had	significantly	lower	IgG3	responses	to	PPS3	than	SPF	mice,	although	this	

was	not	the	case	for	the	exGF	group	(Fig.	5.9C).	IgG3	responses	to	PPS3	in	the	FMT	group	

were	significantly	lower	than	in	the	exGF	mice	(Fig.	5.9C).	IgG3	responses	to	CRM197	were	

also	impaired	in	GF	mice	compared	to	SPF	mice	(Fig.	5.9D).	Responses	to	IgG2b	were	

also	assessed	against	the	whole	vaccine,	but	not	polysaccharides	or	the	conjugate	protein	

due	to	time	constraints	(Fig.	5.9E).	There	were	no	significant	differences	between	any	of	

the	groups	(Fig.	5.9E).	
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Figure 5.9| IgG3 responses against PCV13 and PPS1 are impaired in vaccinated GF and 
exGF mice compared to SPF mice at V+4. IgG3 responses to A| the whole PCV13 vaccine, 
B| PPS1, C| PPS3 and D| CRM197 in the serum of mock and PCV13 vaccinated GF, SPF, 
exGF and FMT mice at V+4. E| IgG2b responses to the whole PCV13 vaccine in the serum of 
mock and PCV13 vaccinated GF, SPF, exGF and FMT mice at V+4. Raw O.D. values are 
shown. Data are represented as mean ± SEM. One-way ANOVA was used to assess 
statistical significance *p <0.05, ** p < 0.01 ***p < 0.001. 
	

Finally,	 IgM	 responses	 were	 assessed	 in	 all	 groups.	 PCV13-vaccinated	 SPF	 mice	 had	

significantly	higher	serum	IgM	responses	to	PPS1	than	GF,	SPF	and	FMT	(Fig.	5.10A).	In	
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contrast,	only	the	GF	group	had	significantly	lower	IgM	responses	to	PPS3	(Fig.	5.10B).	

SPF	mice	had	significantly	higher	PCV13	specific	IgM	responses	than	GF	and	FMT	mice	

(Fig.	5.10C),	while	 SPF	mice	had	higher	CRM197	 specific	 IgM	 responses	 than	 the	FMT	

group	(Fig.	5.10D).	

Overall,	there	are	numerous	differences	in	antibody	responses	between	SPF,	exGF	and	

FMT	mice,	with	the	FMT	groups	often	presenting	as	an	intermediate	phenotype.	These	

findings	suggest	that	the	timing	of	colonisation	is	important	in	determining	how	well	the	

immune	system	of	GF	mice	can	recover	from	an	absence	of	interactions	with	and	signals	

from	the	microbiota.		

 
Figure 5.10| PPS1, PPS3 and PCV13-specific IgM responses are impaired in GF mice 
compared to SPF mice at V+4.  IgM responses to A| PPS1, B| PPS3, C| PCV13 and D| 
CRM197 in mock and PCV13 vaccinated GF, SPF, exGF and FMT mice at V+4. Raw O.D. 
values are shown. Data are represented as mean ± SEM. One-way ANOVA was used to 
assess statistical significance. ** p < 0.01 ****p < 0.0001. 
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5.1.5 GF	and	FMT	mice	have	reduced	proportions	of	antibody-secreting	cells	in	

their	spleens	compared	to	exGF	mice	

Measuring	 the	 numbers	 of	 antibody-secreting	 cells	 (ASCs)	 in	 primary	 and	 secondary	

lymphoid	organs	provides	insight	into	antibody	production	at	a	cellular	level.	The	bone	

marrow	is	generally	thought	of	as	a	niche	for	the	long-term	maintenance	of	 long-lived	

plasma	cells.	To	assess	differences	in	ASCs	between	the	groups,	GF,	SPF,	exGF	and	FMT	

mice	were	humanely	culled	two	weeks	post-boost	(V+4).	Spleens	and	bone	marrow	were	

harvested	from	immunised	mice	and	mock-immunised	controls.	There	was	a	significant	

induction	of	IgG+	ASCs	in	the	spleens	of	SPF	and	exGF	mice	compared	to	mock	controls	

but	 not	 in	 the	 GF	 or	 FMT	 groups	 when	 measured	 by	 ELISpot	 (Fig.	 5.11A).	 PCV13	

immunised	SPF	mice	had	significantly	higher	numbers	of	IgG+	ASCs	in	the	bone	marrow	

compared	to	mock	SPF	mice,	but	this	was	not	the	case	for	GF,	exGF	or	FMT	mice	(Fig.	

5.11B),	although	exGF	mice	were	not	significantly	different	compared	to	SPF	mice.	These	

data	demonstrate	robust	antibody	responses	in	SPF	and	exGF	mice,	but	not	GF	and	FMT	

mice.	
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Figure 5.11| There is a lower number of IgG+ ASCs in the spleens of GF and FMT mice 
compared to SPF and exGF mice at V+4. PCV13-specific IgG+ ASCs were assessed in the 
A| spleen and B| bone marrow cells using an ELISpot assay. Cells were added to PCV13-
coated ELISpot plates at a concentration of 2x105 cells/well in complete media and cultured at 
37°C for 72h. Cells were not harvested from the bone marrow of GF and FMT mocks due to 
time constraints. Data are represented as mean ± SEM. One-way ANOVA was used to assess 
statistical significance. *p <0.05, ** p < 0.01 ***p < 0.001. 
	

5.1.6 Significant	differences	in	major	B	cell	populations	between	PCV13	

vaccinated	GF	and	colonised	mice	

The	 impairment	 of	 serum	 antibody	 responses	 and	 reduction	 of	 ASCs	 following	 the	

immunisation	of	GF	mice	indicate	that	GF	mice	have	a	deficiency	in	their	B	cell	responses	

to	 the	 PCV13	 vaccine.	 B	 cell	 responses	 to	 vaccination	 include	 several	 different	 stages	

including	differentiation	and	class-switching,	 the	 formation	of	germinal	 centres	 (GCs),	

the	production	of	 short	and	 long	 lived	PCs	and	 the	generation	of	memory	B	cells.	 	To	

assess	the	different	stages	of	the	B	cell	response	in	GF	versus	colonised	mice,	mock	and	

vaccinated	GF,	SPF,	exGF	and	FMT	mice	from	this	experiment	were	humanely	culled	two	

weeks	post-boost	(V+4)	and	their	spleens	and	draining	(mediastinal)	lymph	nodes	were	

collected	and	processed	into	single	cell	suspensions	for	flow	cytometry	analysis	using	the	

gating	strategy	outlined	in	Figure	5.12.	This	time	point	was	chosen	to	capture	changes	

in	adaptive	B	cell	populations	after	 the	height	of	 the	cellular	 response	 (Lederer	et	al.,	

2020).	The	B	cell	flow	cytometry	panel	was	designed	to	define	total	B	cells	(B220+	CD19+),	
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antigen-experienced	 IgD-	 B	 cells	 (B220+	 CD19+IgD-),	 IgM+IgD-	 B	 cells	

(B220+CD19+IgM+IgD-),	IgD+IgM-	B	cells	(CD19+BB20+IgD+IgM-),		GC	B	cells	(B220+	CD19+	

IgD-	GL7+	Fas+),	antigen-specific	CRM197+	GC	B	cells	(B220+	CD19+	IgD-	GL7+	Fas+	CRM+),	

memory	 B	 cells	 (B220+CD19+IgD-CD138-GL7-CD27+CD38+),	 IgM+	 memory	 B	 cells	

(B220+CD19+IgD-CD138-GL7-CD27+CD38+IgM+)	 and	 plasma	 cells	 (PCs)	 (B220+IgD-Sca-

1+CD138+)	(Fig.	5.12).	These	flow	cytometry	panels	were	selected	based	on	the	recent	

publication	by		Lederer	et	al.	analysing	the	GC	response	to	a	novel	SARS-CoV-2	vaccine	

(Lederer	 et	 al.,	 2020).	 Additionally,	 the	 Stem	 cell	 antigen-1	 (Sca-1)	 marker	 was	

incorporated	to	improve	PC	identification	(Wilmore,	Jones,	&	Allman,	2017).		

To	 assess	 differences	 in	 antigen-specific	 GC	 B	 cells,	 the	 CRM197	 carrier	 protein	 was	

conjugated	to	biotin	(Fina	Biosolutions,	USA).			
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Figure 5.12| B cell gating strategy. Cells were pre-gated on FSC x SSC for lymphocytes, 
followed by singlet discrimination and live cell gating. B cells were gated on the CD19+B220+ 

population. B cells were split into various populations based on their expression of IgM and 
IgD, including IgD-, IgD+IgM- and IgM+IgD- B cell populations. The IgD- population was gated 
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on to define GL7+ Fas+ GC B cells. This population was further gated on a biotinylated CRM197 
probe to define antigen-specific CRM197

+ GC B cells. The IgD- population was gated on to 
exclude the plasma cell and GC B cell markers GL7 and CD138. This GL7-CD138- population 
was used to define CD38+CD27+ memory B cells. This was further gated on IgM expression 
to define IgM+ memory B cells. An IgD- population was gated from total live cells. This 
population was used to identify a Sca-1+CD138+ subset, which was further gated on the B220+ 
population to define Sca-1+ plasma cells. 
	
	

When	 plotted	 as	 fold-change,	 there	 were	 no	 differences	 in	 the	 proportion	 of	 splenic	

B220+CD19+	 B	 cells	 between	 any	 of	 the	 groups	 (Fig.	 5.13A).	 In	 contrast,	 there	was	 a	

significant	 increase	 of	 B220+CD19+	 B	 cells	 in	 the	 exGF	 mice	 in	 the	 dLN	 following	

immunisation	(V+4)	compared	to	GF,	SPF	and	FMT	mice	(Fig.	5.13B).	

	

Unlike	other	immunoglobulins,	IgD	is	expressed	almost	exclusively	at	the	cell	surface	and	

is	 not	 secreted	 (White,	 Shen,	 Word,	 Tucker,	 &	 Blattner,	 1985).	 IgD	 expression	 is	

downregulated	after	contact	with	cognate	CD4+	T	cell	help	or	foreign	antigen	exposure,	

which	means	this	IgD-	population	is	the	parent	population	of	many	antigen-experienced	

cell	types	including	GC	B	cells,	memory	B	cells	and	PCs	(Lederer	et	al.,	2020,	Wilmore,	

Jones,	&	Allman,	2017).	As	expected,	there	was	a	significant	increase	in	splenic	IgD-	B	cells	

as	a	proportion	of	total	B	cells	in	vaccinated	SPF	mice	compared	to	mock	SPF	mice	(Fig.	

5.13C).	In	contrast,	there	were	no	significant	differences	in	the	proportion	of	splenic	IgD-	

B	 cells	between	 immunised	GF,	 exGF	or	FMT	mice,	 relative	 to	mock	 immunised	mice.	

These	data	suggest	impaired	class-switching	or	a	reduction	in	proliferation	in	splenic	B	

cells	in	these	groups	of	mice.	In	contrast	to	splenic	IgD-	B	cells,	there	was	a	significantly	

higher	frequency	of	IgD-	B	cells	in	the	dLN	of	SPF,	exGF,	and	FMT	but	not	GF	mice	after	

vaccination	 (Fig.	 5.13D).	 Since	 there	 is	 a	 particularly	 strong	 impairment	 of	 serum	

antibody	responses	in	GF	mice	compared	to	the	other	groups,	these	data	may	explain	why	
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responses	to	vaccination	are	partially	and	often	fully	restored	in	exGF	and	FMT	mice	but	

not	GF	mice.		

 
Figure 5.13| GF mice have a lower frequency of antigen-experienced B cells compared 
to SPF mice. B220+CD19+ B cells plotted as fold-change relative to mock in A| the spleens 
and B| mediastinal lymph nodes of GF, SPF, exGF and FMT mice at V+4 weeks.  
B220+CD19+IgD- B cells as a frequency of total B220+CD19+ B cells in C| the spleens and D| 
mediastinal lymph nodes of GF, SPF, exGF and FMT mice at V+4 weeks. Data are 
represented as mean ± SEM. One-way ANOVA was used to assess statistical significance. 
*p <0.05, ** p < 0.01 ***p < 0.001, ****p < 0.0001. 
 
 

5.1.7 The	proportion	of	Germinal	Centre	B	cells	is	not	significantly	lower	in	GF	

mice	following	primary	immunisation	with	PCV13	

Optimal	 T-dependent	 responses	 to	 vaccination	 are	 driven	 by	 the	 formation	 of	 GCs	 in	

secondary	lymphoid	organs	such	as	the	spleen	and	draining	lymph	nodes.	Activated	B	

cells	 undergo	 affinity	 maturation	 and	 somatic	 hypermutation	 in	 GCs,	 eventually	
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differentiating	into	antibody-secreting	long-lived	PCs	and	memory	B	cells	(N.	S.	De	Silva	

&	Klein,	2015;	M.	Silva	et	al.,	2017;	Stebegg	et	al.,	2018;	Waide	et	al.,	2020).	Earlier	in	this	

chapter,	it	was	demonstrated	that	GF	mice	had	significantly	impaired	antibody	responses	

to	vaccination	compared	to	SPF	mice	before	boosting	at	V+2	(Fig.	5.2).	To	assess	whether	

GC	formation	was	impaired	in	PCV13	immunised	GF	mice,	the	proportion	of	total	(i.e.	not	

vaccine	antigen-specific)	GC	B	cells	(defined	as	CD19+B220+IgD-GL7+Fas+	B	cells	(Lederer	

et	al.,	2020))	was	assessed	 in	the	spleen	and	dLN	of	GF,	SPF,	exGF	and	FMT	mice	at	2	

weeks	after	the	first	dose	of	PCV13.		

	

The	frequency	of	total	GC	B	cells	and	antigen-specific	CRM197	GC	B	cells	were	assessed	via	

flow	cytometry	using	the	CRM197	probe	at	V+2	(Fig.	5.14).		Interestingly,	while	there	was	

a	significant	 increase	 in	 total	and	CRM197+	GC	B	cells	 in	PCV13	vaccinated	GF	and	SPF	

compared	to	the	mock	group,	there	were	no	statistically	significant	differences	observed	

in	the	proportion	of	GC	B	cells	or	CRM197+	GC	B	cells	in	the	spleens	of	vaccinated	GF	and	

SPF	 mice	 at	 V+2	 (Fig.	 5.14A-C).	 Therefore,	 it	 seems	 likely	 that	 there	 may	 be	 other	

differences	early	in	the	B	cell	response	to	vaccination	that	lead	to	the	impaired	antibody	

response	observed	in	GF	mice	pre-boost.	 It	 is	also	possible	that	there	were	significant	

differences	in	GC	responses	at	V+1	weeks	that	were	resolved	by	V+2.		
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Figure 5.14| No significant difference in the proportion of total or CRM197-specific GC B 
cells in PCV13-vaccinated GF vs SPF mice at V+2. GL7+Fas+ GC B cells the spleens of 
GF, SPF and mock mice at V+2 weeks as a frequency of A| their parent IgD- population and 
B| total live cells. Cells were pre-gated on live CD19+B220+IgD- populations. C| CRM197

+ GC 
B cells were also assessed in the spleens of GF, SPF and mock mice as a frequency of total 
live cells. These cells were pre-gated on GC B cells as detailed. Data are represented as 
mean ± SEM. Mann-Whitney tests were used to assess statistical significance.	
	

	

As	 there	were	no	differences	at	V+2,	differences	 in	GC	responses	were	assessed	 in	an	

independent	experiment	between	GF	and	colonised	(exGF,	FMT	and	SPF)	mice	post-boost	

at	V+4	weeks	 (i.e.	2	weeks	after	boosting	with	a	 second	dose	of	PCV13)	 (Fig.	5.15A).	

There	was	a	significant	induction	of	total	GC	B	cells	after	the	second	dose	of	PCV13	in	

both	the	spleen	and	dLN	of	SPF,	exGF	and	FMT	mice	compared	to	mock	immunised	mice	

(Fig.	5.15A-C).	In	contrast,	there	was	no	significant	induction	of	total	GC	B	cells	in	either	

tissue	in	vaccinated	GF	mice	(Fig.	5.15B-C).	Interestingly,	FMT	mice	had	a	significantly	
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reduced	proportion	of	total	GC	B	cells	compared	to	SPF	mice	in	the	spleen	but	not	dLN	

(Fig.	5.15B-C).		

	

	

Figure 5.15| GF mice had a significantly lower frequency of total GC B cells in the spleen 
and dLN compared to SPF, exGF and FMT mice. A| Representative flow cytometry of GC 
B cells (GL7+Fas+) in the spleen of vaccinated GF, SPF, exGF and FMT mice. Cells were pre-
gated on live CD19+B220+IgD- cells. B-C| Frequency of GC B cells in the spleen and 
mediastinal lymph node as a proportion of B cells.  Data are represented as mean ± SEM. 
One-way ANOVA was used to assess statistical significance. *p <0.05, <* = each group 
comparison is at least p<0.05.  
	

Next,	 I	 assessed	 whether	 antigen-specific	 (i.e.	 CRM197+)	 GC	 B	 cells	 induced	 by	

immunisation	with	PCV13	were	also	impaired	in	GF	mice.	CRM-specific	B	cells	were	first	

assessed	as	a	proportion	of	total	B	cells	(Fig.	5.16A-C).	The	CRM197	probe	demonstrated	

specificity	for	CRM197+	GC	B	cells	as	minimal	to	no	binding	of	the	probe	was	observed	in	

the	mock	vaccinated	groups	(Fig.	S4.5).	There	was	a	significant	induction	of	CRM-specific	
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GC	 B	 cells	 in	 the	 spleens	 of	 vaccinated	 GF,	 SPF	 and	 exGF	 mice	 compared	 to	 mock	

immunised	controls	when	assessed	as	a	frequency	of	B	cells	(Fig.	5.16B).	There	were	no	

significant	differences	in	CRM197-specific	GC	B	cells	between	any	of	the	vaccinated	groups	

in	 the	 spleen,	 although	 there	was	a	 trend	 towards	 lower	 responses	 in	 the	FMT	group	

compared	to	the	SPF	group	(Fig.	5.16B).	GF	mice	had	significantly	lower	proportions	of	

antigen-specific	 GC	 B	 cells	 in	 the	 dLN	 compared	 to	 FMT	 mice	 (Fig.	 5.16C),	 though	

interestingly,	not	exGF	or	SPF	mice.		

	

Figure 5.16| Significantly higher frequency of CRM197
+ GC B cells in vaccinated FMT 

mice in the draining lymph node but not spleen. A| Representative flow cytometry analysis 
of CRM197

+ GC B cells (CRM197
+GL7+Fas+) in the spleen of vaccinated GF, SPF, exGF and 

FMT mice. Cells were pre-gated on live CD19+B220+IgD-GL7+Fas+ populations. B-C| 
Frequency of CRM197

+ GC B cells in the B| spleen and C| draining mediastinal lymph node of 
vaccinated GF, SPF, exGF and FMT mice as a proportion of B cells. Data are represented as 
mean ± SEM. One-way ANOVA was used to assess statistical significance *p <0.05, ***p 
<0.001. 
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Interestingly,	 CRM197-specific	 GC	 B	 cells	 were	 not	 significantly	 different	 in	 GF	 mice	

compared	to	SPF	mice.	This	may	be	due	to	some	unexpected	outliers	in	the	GF	mouse	data	

in	this	experiment.	In	a	subsequent	independent	experiment,	GF	mice	had	a	significantly	

reducted	frequency	of	CRM197-specific	GC	B	cells	in	the	spleen	compared	to	both	SPF	and	

exGF	mice,	when	plotted	as	a	frequency	of	both	class-switched	IgD-	B	cells	and	total	B	cells	

(Fig.	5.17A-B).	

	

Figure 5.17| There was a significantly higher frequency of CRM197
+ GC B cells in the 

spleens of SPF and exGF mice compared to GF mice at V+4.  CRM197
+ GC B cells 

(CRM197
+GL7+Fas+) in the spleens of vaccinated GF, SPF and exGF mice at V+4 as a 

frequency of A| IgD- B cells and B| total CD19+B220+ B cells. Cells were pre-gated on live 
CD19+B220+IgD-GL7+Fas+ populations. Data are represented as mean ± SEM. One-way 
ANOVA was used to assess statistical significance. *p <0.05.	
	

5.1.8 GF	mice	have	significantly	lower	proportions	of	Tfh	cells	following	PCV13	

immunisation	

GC	 formation	 is	 largely	 dependent	 on	T	 cell	 help,	 specifically	 from	T-follicular	 helper	

(Tfh)	cells	(Stebegg	et	al.,	2018).	Therefore,	it	is	plausible	that	lower	numbers	of	Tfh	cells	

could	explain	the	observed	reduction	in	GC	B	cells.	To	investigate	this	hypothesis	further,	
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at	V+4	weeks	(Fig.	5.18).	This	T	cell	panel	was	used	to	define	CD3+	T	cells	(CD3+CD19-),	
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central	memory	CD4+	T	cells	(CD3+CD19-CD4+CD44hiCD62l+),	naïve	T	cells	(CD3+CD19-

CD4+CD44-CD62l+)	(Fig.	S4.6)	and	Tfh	cells	(CD3+CD19-CD4+CD44hiCD62l-	CXCR5+Bcl-6+	

or	CXCR5+PD-1+	or	CXCR5+Bcl6+ICOS+)	(Lederer	et	al.,	2020).	

 

Figure 5.18| Tfh cell gating strategy. Cells were pre-gated on FSC x SSC for lymphocytes, 
followed by singlet discrimination and live cell gating. Total CD3+ T cells were gated on the 
CD3+CD19- population. These were further gated by their CD4 expression to define CD4+ T 
cells. CD4+ T cells were gated on based on their CD44 and CD62L expression to identify 
activated CD4+ T cells (CD3+CD19-CD4+CD44hiCD62L-), central memory CD4+ T cells 
(CD3+CD19-CD4+CD44hiCD62L+), and naïve T cells (CD3+CD19-CD4+CD44-CD62L+). Tfh 
cells (CD3+CD19-CD4+CD44hiCD62L- CXCR5+Bcl-6+ or CXCR5+PD-1+ or 
CXCR5+Bcl6+ICOS+) were pre-gated on activated T cells.	
	
	

Tfh	cells	are	integral	for	B	cell	maturation,	including	class	switching,	clonal	expansion	and	

the	production	of	short-lived	PCs	(Shi	et	al.,	2018).	First,	CD3+CD19-CD4+CD44hiB22D62L-

CXCR5+PD-1+	 Tfh	 cells,	 which	 are	 GC	 homing	 T	 cell	 subset,	 were	 assessed	 by	 flow	

cytometry	 in	 the	 spleens	 and	 dLNs	 of	 GF,	 SPF,	 exGF	 and	 FMT	 mice.	 There	 were	 no	
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significant	differences	in	the	Tfh	subsets	assessed	in	the	spleen	(Fig.	S4.7).	In	contrast,	

there	was	a	significant	reduction	in	the	frequency	of	Tfh	cells,	expressed	as	a	proportion	

of	activated	T	cells,	or	as	a	proportion	of	total	CD4+	T	cells,	in	the	draining	mediastinal	

lymph	nodes	of	PCV13-vaccinated	GF	mice	compared	to	SPF	and	exGF	mice	(Fig.	5.19A-

C).	There	were	significantly	fewer	Tfh	cells	in	the	lymph	node	of	PCV13	vaccinated	FMT	

mice	than	exGF	mice	when	assessed	as	both	a	frequency	of	activated	T	cells	and	of	CD4+	

T	cells	(Fig.	5.19B-C).		

	

Bcl6	 is	a	 lineage	marker	used	to	define	Tfh	cells	(Fig.	5.19D)	and	is	necessary	for	Tfh	

function	(Choi	et	al.,	2020).	 Interestingly,	a	significant	 induction	of	Bcl6+	Tfh	cells	was	

only	observed	in	the	vaccinated	exGF	group	when	comparing	vaccinated	mice	to	mocks	

(Fig.	5.19E).	When	comparing	across	vaccinated	groups,	there	was	a	significant	increase	

in	the	frequency	of	SPF	and	exGF	Bcl6+	Tfh	cells	in	SPF	and	exGF	mice	compared	to	the	

GF	and	FMT	mice	(Fig.	5.19E).	

	

Together	with	the	reduction	of	GC	B	cells	seen	in	the	spleen	and	lymph	node,	the	impaired	

Tfh	response	in	GF	mice	indicates	a	defective	GC	response	to	the	PCV13	vaccine	in	GF	

mice,	 likely	 explaining	 why	 serum	 antibody	 responses	 post-boost	 to	 the	 vaccine	 are	

impaired.		
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Figure 5.19| GF and FMT mice have significantly lower frequencies of Tfh cells than 
SPF and exGF mice. A| Representative analysis of PD-1+ Tfh cells (CXCR5+PD-1+) in the 
mediastinal lymph nodes of vaccinated GF, SPF, exGF and FMT mice. Cells were pre-gated 
on live CD3+CD19-CD4+CD44hiCD62L- populations. B-C| Frequency of PD-1+ Tfh cells in the 
mediastinal lymph node as a B| proportion of CD44hi T cells and C| CD4+ T cells. D| 
Representative analysis of Bcl6+ Tfh cells (CXCR5+PD-1+) in the mediastinal lymph nodes of 
vaccinated GF, SPF, exGF and FMT mice. Cells were pre-gated on live 
CD3+CD4+CD44hiB220-CD62L- populations. E| Frequency of Bcl6+ Tfh cells in the mediastinal 
lymph node as a proportion of CD44hi T cells. Data are represented as mean ± SEM. One-
way ANOVA was used to assess statistical significance. *p <0.05, **p <0.0 
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5.1.9 GF	mice	have	a	significantly	lower	frequency	of	plasma	cells	and	memory	B	

cells	compared	to	SPF	and	FMT	mice	in	the	spleen	

Antibody-producing	PCs	proliferate	 in	 the	spleen	and	 lymph	node	before	entering	 the	

circulation	soon	after	vaccination.	This	population	generally	increases	significantly	after	

boosting.	 Most	 PCs	 leave	 the	 spleen	 and	 enter	 circulation,	 meaning	 only	 a	 small	

proportion	are	 expected	 to	be	 resident	 in	 the	 spleen	and	mediastinal	 lymph	nodes	of	

these	mice.	To	assess	this	small	population,	both	Sca-1	and	CD138	were	used	as	markers	

to	 define	 PCs,	 as	 well	 as	 B220	 (Fig.	 5.20A-B)	 (Wilmore	 et	 al.,	 2017).	 There	 was	 a	

significantly	higher	induction	of	PCs	in	the	spleens	of	SPF	and	FMT	groups	(and	a	similar	

trend	 in	 exGF	mice)	 compared	 to	GF	mice	 (Fig.	 5.20A).	 In	 contrast,	 exGF	mice	 had	 a	

significantly	higher	induction	of	PCs	than	GF	and	FMT	groups	in	the	mediastinal	lymph	

node	(Fig.	5.20B).	A	limitation	of	this	analysis	is	that	antigen-specific	PCs	could	not	be	

assessed	in	these	mice.	

		

The	GC	reaction	 in	secondary	 lymphoid	organs	results	 in	 the	production	of	 long-lived	

memory	B	cells	which	are	primed	for	a	swift	response	to	subsequent	antigen	exposure	

(N.	S.	De	Silva	&	Klein,	2015).	Memory	B	cells	expressing	IgM	were	assessed	in	the	spleen	

and	draining	lymph	node	(Fig.	5.20C-D).	The	proportion	of	B220+CD19+IgD-CD138-GL7-

CD27+CD38+IgM+	 memory	 B	 cells	 in	 the	 spleen	 was	 significantly	 higher	 in	 mock	

immunised	SPF	and	exGF	mice	compared	to	mock	GF	mice	(Fig.	5.20C).	A	similar	trend	

was	seen	after	vaccination,	as	PCV13-immunised	SPF,	exGF	and	FMT	had	a	significantly	

higher	proportion	of	IgM+	B	memory	cells	than	GF	mice	(Fig.	5.20C).		
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Figure 5.20| Significantly lower frequencies of plasma cells in the spleens and lymph 
nodes of GF mice. A-B| Frequency of B220+IgD-Sca-1+CD138+ plasma cells (PCs) in the 
spleens and mediastinal lymph nodes of mock and vaccinated GF, SPF, exGF and FMT mice 
as a frequency of IgD- B cells. C| Frequency of B220+CD19+IgD-CD138-GL7-CD27+CD38+IgM+ 
memory B cells in the spleens of mock and vaccinated GF, SPF, exGF and FMT mice as a 
frequency of IgD- B cells. Data are represented as mean ± SEM. One-way ANOVA was used 
to assess statistical significance *p <0.05, ***p <0.001. 
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significantly	 reduced	 proportions	 of	 B220+CD19+IgD-CD138-GL7-CD27+CD38+IgM+	

memory	B	cells	in	their	bone	marrow	compared	to	SPF	mice	as	a	frequency	of	both	total	

B	cells	and	live	cells	(Fig.	5.21B-C).	In	addition,	only	SPF	mice	had	a	significant	induction	

of	IgM+	B	memory	cells	after	PCV13-vaccination	(Fig.	5.21C).	The	lower	proportion	of	

memory	B	cells	observed	in	the	bone	marrow	of	GF	mice	could	explain	why	GF	mice	have	

impaired	antibody	responses	even	post-boost.		

	

The	 frequency	 of	 CD19+B220+IgD-Sca-1+CD138+	 PCs	 was	 also	 assessed	 in	 the	 bone	

marrow	 of	 mock	 and	 PCV13	 immunised	 mice	 at	 2	 weeks	 following	 the	 2nd	 dose.	

Surprisingly,	FMT	mice	had	a	significantly	higher	proportion	of	PCs	in	the	bone	marrow	

compared	to	either	SPF	or	exGF	mice,	both	as	a	proportion	of	IgD-	and	as	a	proportion	of	

live	 cells	 (Fig.	 5.21D-E).	 FMT	mice	 also	 a	 significantly	 higher	 frequency	 of	 PCs	 as	 a	

frequency	of	live	cells	compared	to	GF	mice	after	vaccination	(Fig.	5.21E).	In	addition,	

FMT	mice	were	the	only	group	to	be	significantly	induced	after	PCV13-vaccination	(Fig.	

5.21D-E).	
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Figure 5.21| Significantly lower frequencies of IgM+ memory B cells in the bone marrow 
of GF mice compared to SPF mice and significantly higher frequencies of plasma cells 
in the bone marrow of FMT mice compared to SPF and exGF mice. A| Frequency of 
CD19+B220+ B cells in the bone marrow of mock mice and vaccinated GF, SPF, exGF and 
FMT mice as a frequency of live cells.  B-C| Frequency of B220+CD19+IgD-CD138-GL7-

CD27+CD38+IgM+ memory B cells in the bone marrow of mock mice and vaccinated GF, SPF, 
exGF and FMT mice as a frequency of B cells and live cells.  D-E| Frequency of B220+IgD-

Sca-1+CD138+ plasma cells (PCs) in the bone marrow of mock mice and vaccinated GF, SPF, 
exGF and FMT mice as a frequency of B cells and live cells. Data are represented as mean ± 
SEM. One-way ANOVA was used to assess statistical significance. *p <0.05, ***p <0.001. 
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5.1.11 Innate-like	B-1	cells	in	the	peritoneum	of	GF	mice	and	SPF	mice	post-

vaccination	

As	 discussed	 earlier	 in	 this	 chapter,	 antibody	 responses	 to	 the	 PCV13	 vaccine	 (a	

conjugated	polysaccharide	vaccine)	were	 impaired	2	weeks	 after	 the	primary	dose	of	

PCV13	in	germ-free	(GF)	compared	to	SPF	mice	(Fig.	5.2).	Interestingly,	however,	there	

were	 no	 significant	 differences	 in	 the	 frequency	 of	 germinal	 centre	 B	 cells	 in	 PCV13-

vaccinated	GF	compared	to	SPF	mice	pre-boost	(Fig.	5.14).	These	data	suggest	that,	pre-

boost,	T-dependent	humoral	immune	responses	to	the	PCV13	vaccine	are	not	impaired	

in	GF	mice.	Given	these	data,	I	hypothesised	that	a	defect	in	innate-like	B	cell	responses	

could	explain	the	significantly	lower	PCV13-specific	antibody	titres	observed	in	GF	mice	

pre-boost.	Consistent	with	this	hypothesis,	recent	studies	have	shown	that	innate-like	B-

1	cell	responses	to	other	polysaccharides	are	dependent	on	the	microbiota	via	a	MyD88-

dependent	pathway	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	&	King,	2020).	To	assess	

differences	in	B-1	cells	in	GF	and	SPF	mice,	mice	were	vaccinated	as	d21	of	life	(V)	and	

humanely	killed	before	the	day	they	would	usually	receive	their	second	dose	of	PCV13	at	

V+2	weeks.	To	assess	differences	in	the	frequency	of	B-1	cells,	flow	cytometry	analysis	

was	 carried	 out	 on	 cells	 from	 the	 peritoneal	 cavity,	 where	 B-1	 cell	 populations	 are	

particularly	prevalent	(Ha	et	al.,	2006).	The	frequency	of	B-1	cells	in	the	peritoneal	cavity	

of	SPF	mice	was	significantly	higher	compared	to	GF	mice	after	vaccination	as	a	frequency	

of	 total	B	cells	 (Fig.	5.22A-B).	However,	 immunisation	 is	associated	with	a	significant	

reduction	of	B-1	cells,	leaving	the	relevance	of	a	higher	proportion	of	B-1	cells	in	SPF	mice	

unclear	(Fig.	5.22A-B).		
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	Total	B-1	cells	can	be	further	divided	into	B-1a	and	B-1b	cells	based	on	their	expression	

of	CD5	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	&	King,	2020).	There	was	a	significantly	

higher	frequency	of	both	CD5+	B-1a	cells	and	CD5-	B-1b	cells	in	SPF	mice	compared	to	GF	

mice	 (Fig.	 5.22C-E).	 There	was	 a	 significant	 reduction	 in	B-1	 but	 not	B-1b	 cells	 after	

immunisation	in	SPF	mice	(Fig.	5.22C-E).	
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Figure 5.22| Vaccinated GF mice had a significantly lower proportion of B-1 cells in the 
peritoneum than SPF mice. A| Representative analysis of B-1 cells (B220-CD43+) in the 
peritoneum of vaccinated GF and SPF mice 2 weeks post-immunisation with PCV13. Cells 
were pre-gated on live CD19hi populations. B| CD19hiB220-CD43+ B-1 cells as a frequency of 
B cells (CD19hi). C| Representative analysis of B-1a (CD5+) and B-1b (CD5-) cells in the 
peritoneum of vaccinated GF and SPF mice. Cells were pre-gated on B-1 cells (CD19hiB220-

CD43+). D| CD19hiB220-CD43+CD5+ B-1a cells and E| CD19hiB220-CD43+CD5- B-1b cells as 
a frequency of CD19+ B cells in mock, GF and SPF mice 2-weeks post-immunisation with 
PCV13. Data are represented as mean ± SEM. Mann-Whitney test was used to assess 
statistical significance. **p < 0.01, ***p < 0.001, ns = not significant. 
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5.2 Discussion	

	
The	microbiota	has	a	crucial	role	in	the	development	of	the	immune	system	in	early	life,	

but	little	is	known	about	the	consequences	microbiota	disruption	could	have	on	infant	

immunisation	(D.	J.	Lynn,	Benson,	Lynn,	&	Pulendran,	2021;	Robertson,	Manges,	Finlay,	

&	 Prendergast,	 2019).	 Research	 previously	 undertaken	 by	 our	 lab	 found	 a	 significant	

impairment	 in	 antibody	 responses	 to	 live	 and	 adjuvanted	 infant	 vaccines	 in	 mice	 in	

exposed	to	antibiotics	early	life	(Lynn	et	al.,	2018).	However,	further	work	is	needed	to	

determine	whether	this	effect	was	partially	mediated	by	the	effects	of	antibiotics	on	the	

microbiota.	 To	 investigate	 this	 further,	 I	 expanded	 on	 this	 existing	 knowledge	 by	

extensively	 assessing	 responses	 to	 the	 PCV13	 vaccine	 in	 GF	 mice	 and	 compared	

responses	to	PCV13-vaccinated	conventional	SPF	mice	and	mice	recolonised	at	different	

timepoints.		

	

Humoral	and	cellular	responses	to	PCV13	vaccination	

The	production	of	 several	 IgG	subclasses	 is	 essential	 to	optimal	humoral	 immunity	 in	

mice	(Collins,	2016).	IgGtotal	responses	were	significantly	impaired	in	GF	and	FMT	mice	

against	the	whole	PCV13	vaccine	and	PPS1	compared	to	SPF	mice.	Therefore,	extensive	

characterisation	of	different	IgG	subclasses	was	subsequently	carried	out	to	assess	if	this	

reduction	in	IgGtotal	was	due	to	a	specific	defect	in	class	switching.		In	GF	mice,	IgG	subclass	

responses	 to	 PCV13	 were	 significantly	 impaired	 against	 the	 whole	 vaccine,	 the	

polysaccharides	 PPS1	 and	 PPS3,	 and	 the	 conjugate	 protein	 CRM197,	 compared	 to	 SPF	

mice.	 IgG3	 is	 particularly	 important	 in	 T-independent	 antigen	 responses	 due	 to	 its	

primary	role	in	complement	fixation	and	the	recruitment	of	inflammatory	cells.	IgG3	also	

relies	heavily	on	co-expression	with	other	murine	antibody	isotypes,	such	as	IgG1,	as	it	
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cannot	bind	Fc	gamma	receptors	(FcγR)(Neuberger	&	Rajewsky,	1981).	Interestingly,	GF,	

exGF,	 and	 FMT	 mice	 had	 significantly	 impaired	 IgG3	 responses	 to	 the	 whole	 PCV13	

vaccine,	PPS1	and	PPS3,	compared	to	SPF	mice.	Even	though	other	subclasses	were	not	

impaired	 in	 exGF	 and	 FMT	mice	 compared	 to	 SPF	mice,	 the	 lack	 of	 IgG3	 could	 have	

consequences	for	the	overall	protection	provided	by	other	subclasses,	which	function	in	

harmony	with	each	other	providing	‘layered	protection’	(Collins,	2016).	Therefore,	lower	

IgG3	 could	 result	 in	 a	 loss	 of	 control	 during	 early	 infection,	 increased	 pathogen	

replication,	 and	 rampant	 inflammation	 and	 death.	 This	 hypothesis	 could	 be	 assessed	

using	preclinical	pneumococcal	infection	models	to	assess	early	and	late	infection	in	GF	

and	colonised	mice	after	PCV13	immunisation.		

	

Surprisingly,	 SPF	mice	had	a	persistent	 IgM	 response,	 increasing	up	 to	8	weeks	post-

vaccination.	Although	not	usually	observed	 for	other	vaccines,	 the	 relatively	high	 IgM	

response	in	SPF	mice	is	consistent	with	prior	studies	(Nakao	et	al.,	2022).	Compared	with	

PPSV23	 and	 a	 novel	 highly	 immunogenic	 polysaccharide	 Escherichia	 coli	 vaccine	

platform,	 CPS14+MVs,	 PCV13	 elicited	 a	 Th2	 skewed	 IgG1	 response	 with	 a	 relatively	

strong	IgM	response	a	year	on	from	vaccination	(Nakao	et	al.,	2022).	

	

While	there	was	no	significant	reduction	in	the	frequency	of	GC	B	cells	prior	to	boosting,	

there	was	a	significant	loss	of	the	GC	response	in	GF	mice	after	boosting	relative	to	SPF	

mice.	Concomitant	with	 this	 reduction	 in	GC	B	cells	was	a	 significant	 reduction	 in	 the	

number	of	PCV13-specific	ASCs	in	the	spleen	and	bone	marrow	of	GF	mice.	The	reduction	

in	GC	B	cells	could	explain	why	GF	mice	have	impaired	serum	antibody	responses,	as	one	

of	the	main	outputs	of	the	GC	reaction	is	class-switched,	affinity-matured	ASCs	(N.	S.	De	

Silva	&	Klein,	2015;	Stebegg	et	al.,	2018).	Interestingly,	antigen-specific	responses	to	the	
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conjugate	 protein	 were	 lower	 in	 the	 draining	 lymph	 node	 and	 spleens	 of	 GF	 mice	

compared	 with	 colonised	 mice	 but	 did	 not	 reach	 statistical	 significance.	 The	 lack	 of	

impaired	 antigen-specific	 responses	 in	 GF	 mice	 was	 surprising,	 given	 the	 dramatic	

reduction	in	the	antibody	response	in	GF	mice.	Results	from	an	independent	experiment	

showed	 that	 consistent	 with	 antibody	 response	 data,	 CRM197+	 GC	 B	 cells	 were	

significantly	impaired	in	GF	mice	compared	to	SPF	and	exGF	mice	after	immunisation	at	

the	same	timepoint.	It	is	possible	that	CRM197+	GC	B	cells	do	not	reflect	polysaccharide-

specific	B	cells,	which	were	unable	to	be	assessed	in	our	study	due	to	the	lack	of	a	specific	

polysaccharides-targetted	 probe.	 Further	 future	 investigation	 into	 polysaccharide	

antigen-specific	GC	B	cells	would	provide	useful	further	insight.	

	

Consistent	with	impaired	GC	responses,	GF	and	FMT	mice	also	had	significantly	impaired	

Tfh	cell	responses	in	their	draining	mediastinal	lymph	nodes	compared	to	exGF	and	SPF	

mice.	Colonisation	at	day	28	was	not	sufficient	to	restore	this	response.	A	recent	study	

found	that	the	timing	of	colonisation	had	a	significant	influence	on	several	immune	cell	

populations	(Archer	et	al.,	2023).	While	Tfh	cells	were	not	assessed	in	this	study,	total	

CD4+	T	cells	were	significantly	impaired	in	mice	colonised	at	4	weeks	of	life	compared	to	

mice	colonised	from	birth	(Archer	et	al.,	2023).	The	gut	microbiota	has	been	previously	

shown	 to	 indirectly	 influence	 Tfh	 cell	 function	 in	 distal	 sites.	 In	 a	 mouse	 model	 of	

autoimmune	arthritis,	segmented	filamentous	bacteria	were	shown	to	influence	systemic	

immunity	 through	 the	 induction	 of	 Tfh	 cells.	 	 Segmented	 filamentous	 bacteria	 were	

capable	of	driving	the	differentiation	of	Tfh	cells,	which	led	to	their	eventual	egress	from	

Peyer’s	Patches	to	lymphoid	tissues	to	induce	GC	responses	and	autoantibody	production	

(Teng	et	al.,	2016).	Another	study	found	that	Tfh	cells	primed	by	the	microbiota	in	Peyer’s	

Patches	were	essential	 to	GC	 formation	 in	 the	spleen	after	Plasmodium	yoelii	 infection	
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(Waide	 et	 al.,	 2020).	 Future	 work	 could	 assess	 whether	 Tfh	 cells	 from	 distal	 sites	

influence	GC	formation	in	the	spleen	and	draining	lymph	nodes	after	PCV13	vaccination.	

	

One	seemingly	contradictory	observation	arising	from	this	work	was	the	increase	in	the	

frequency	 of	 PCs	 in	 FMT	mice,	 relative	 to	 SPF	 and	 exGF	mice,	 as	 determined	by	 flow	

cytometry,	despite	the	poorer	PCV13-specific	antibody	responses	observed	in	FMT	mice.	

The	higher	proportion	of	bone	marrow	PCs	in	the	FMT	mice	compared	to	SPF	and	exGF	

mice	could	have	resulted	from	an	earlier	response	to	the	introduction	of	the	microbiota	

to	these	previously	GF	mice.	This	hypothesis	 is	partially	supported	by	the	observation	

that	FMT	mice	had	fewer	PCV13-specific	ASCs	in	the	spleen	and	bone	marrow	relative	to	

exGF	and	SPF,	as	measured	by	ELISpot	assay.	Unlike	our	flow	cytometry	analysis,	ELISpot	

quantified	antigen-specific	cells.	These	data	suggest	that	the	increased	frequency	of	PCs	

in	 FMT	 mice	 may	 be	 in	 response	 to	 non-vaccine	 antigens,	 likely	 derived	 from	 the	

microbiota.		

	

Innate-like	B	cell	responses	to	PCV13	vaccination	

The	frequency	of	GC	B	cells	was	not	significantly	lower	in	GF	mice	before	boosting,	despite	

impaired	 PCV13-specific	 antibody	 responses	 in	 GF	mice	 at	 this	 timepoint.	 The	 initial	

response	to	T-independent	antigens,	such	as	polysaccharides,	is	primarily	mediated	by	

innate-like	B-1	cells	and	marginal	zone	B	cells	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	

&	King,	2020).	In	addition,	the	frequency	of	B-1	cells	in	the	early	response	to	PCV13	in	GF	

versus	 SPF	 was	 of	 particular	 interest	 as	 a	 recent	 study	 showed	 that	 polysaccharide-

specific	clonality	of	B-1	cells	was	pre-programmed	by	the	microbiota	(New,	Dizon,	Fucile,	

Rosenberg,	Kearney,	&	King,	2020).	Indeed,	GF	mice	had	a	significantly	lower	frequency	

of	innate-like	B-1	cells	compared	to	SPF	mice	after	one	dose	of	PCV13.	The	two	subsets	
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of	B-1	cells,	divided	by	their	expression	of	CD5,	each	have	important	roles	in	the	early	

immune	response	to	S.	pneumoniae.	B-1a	cells	are	a	source	of	natural	antibodies,	while	B-

1b	 cells	 have	 been	 previously	 shown	 to	 be	 important	 regulators	 of	 the	 anti-

polysaccharide	response	 to	 S.	pneumoniae	(K.	M.	Haas,	Poe,	Steeber,	&	Tedder,	2005).	

Therefore,	the	finding	that	GF	mice	had	a	significantly	lower	frequency	of	B-1,	B-1a	and	

B-1b	cells	compared	to	SPF	mice	could	contribute	to	lower	protection	provided	by	the	

PCV13	vaccine	in	GF	mice.	

	

The	frequency	of	B-1	cells	decreased	in	SPF	mice	two	weeks	after	PCV13	vaccination.	B-

1	cells	may	migrate	from	the	peritoneum	after	immunisation	to	the	omentum,	a	visceral	

adipose	tissue	that	contributes	to	peritoneal	immunity	(Meza-Perez	&	Randall,	2017).	B-

1a	 cells	 predominately	 migrate	 out	 of	 the	 peritoneal	 cavity	 after	 LPS	 stimulation	

compared	to	B-1b	cells,	accompanied	by	upregulation	of	CXCR4	and	sensitivity	towards	

CXCL12	and	CXCL10	(Moon,	Lee,	Shin,	&	Kim,	2012).	Additionally,	studies	have	found	that	

the	intraperitoneal	administration	of	LPS	drives	the	translocation	of	B-1	cells	mediated	

by	TLR	signalling	to	the	milky	spots	of	the	omentum	(Ha	et	al.,	2006;	Maruya	et	al.,	2011;	

Okabe	 &	 Medzhitov,	 2014),	 where	 they	 undergo	 differentiation	 into	 IgM-	 and	 IgA-

secreting	 cells,	 and	 some	 of	which	may	 potentially	 colonise	 the	 intestine	 (Fagarasan,	

Kawamoto,	Kanagawa,	&	Suzuki,	2010;	Suzuki,	Maruya,	Kawamoto,	&	Fagarasan,	2010).	

Although	we	see	a	reduction	of	B-1	cells	in	SPF	mice	after	PCV13-vaccination,	it	is	unclear	

if	this	is	also	the	case	in	GF	mice	because	of	the	lack	of	a	GF	mock	group	in	this	experiment	

and	further	work	is	needed	to	assess	this.		
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The	impact	of	timing	of	colonisation	on	PCV13-specific	immune	responses:	

There	were	significant	differences	in	alpha	and	beta	gut	microbial	diversity	between	SPF,	

exGF	 and	 FMT	 mice	 when	 assessed	 by	 16S	 rRNA	 gene	 sequencing	 at	 the	 time	 of	

vaccination.	 As	 both	 exGF	 and	 FMT	 mice	 were	 colonised	 with	 an	 SPF	 microbiota,	 I	

expected	 the	 groups	 to	 be	more	 similar.	 The	 FMT	 group,	 in	 particular,	 showed	 clear	

differences	compared	to	the	SPF	and	exGF	mice.	It	is	possible	that	distinct	differences	in	

the	 microbiota	 between	 the	 groups	 altered	 immune	 responses	 to	 vaccination.	 For	

example,	the	presence	or	absence	of	a	single	organism	can	dramatically	alter	the	immune	

state.	 The	 genus	 Dubosiella	 was	 exclusively	 detected	 in	 exGF	 mice,	 while	

immunomodulatory	Alistepes	were	only	present	 in	SPF	mice	(B.	 J.	Parker	et	al.,	2020).		

While	 the	 relative	abundance	of	 taxa	 in	a	 gnotobiotic	 zebrafish	model	did	not	predict	

neutrophil	 responsiveness,	one	 species	alone	 (Shewanella)	was	 capable	of	 the	highest	

immune	suppression	of	any	other	species	in	the	community	(Rolig,	Parthasarathy,	Burns,	

Bohannan,	&	Guillemin,	2015).	 It	 is	also	well-established	that	the	 intestinal	eukaryote,	

Blastocytis,	protects	against	Inflammatory	Bowel	Disease	(IBD)	and	colitis		(Billy	et	al.,	

2021).		

	

The	source	of	the	FMT	material	administered	to	the	FMT	group	and	exGF	dams	was	day	

21	SPF	mouse	caecal	material	processed	sterilely	and	anaerobically.	Therefore,	the	16S	

rRNA	sequencing	results	are	not	intuitive	at	first	glance,	as	it	would	not	be	possible	for	

the	FMT	mice,	in	particular,	to	be	colonised	with	anything	but	taxa	found	in	the	SPF	caeca	

as	they	are	housed	in	isolators	(Fig.	5.6).	Unique	ASVs	were	observed	in	the	FMT	group	

compared	to	SPF	mice,	even	though	their	FMT	was	prepared	from	material	collected	from	

other	SPF	mice,	though	collection	was	several	months	earlier.	These	data	suggest	that	the	

composition	of	the	SPF	microbiome	in	the	SAHMRI	facility	could	have	drifted	over	time	
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(see	evidence	of	this	in	the	next	chapter).	It	is	possible	that	the	unique	ASVs	found	in	FMT	

mice	may	be	present	in	the	SPF	group	but	were	below	the	threshold	of	detection.	There	

are	reported	differences	in	the	composition	of	microbiota	found	in	the	caecum	and	feces,	

which	could	be	a	contributing	factor	(Tanca	et	al.,	2017).	In	addition,	rarer	species	may	

be	in	higher	relative	abundance	in	the	FMT	group	as	the	microbiomes	of	these	mice	have	

yet	to	stabilise,	and	rarer	taxa	may	briefly	have	a	niche	to	fill	before	being	outcompeted	

by	other	taxa	over	time.	Cage	effects	may	also	drive	microbiota	composition	changes,	in	

addition	to	the	 fact	 that	SPF	mice	were	housed	at	a	different	 facility	to	exGF	and	FMT	

mice.		

	

Surprisingly,	colonisation	of	GF	mice	with	an	FMT	of	material	collected	from	age-matched	

FMT	mice	 at	 day	21	of	 life	did	not	wholly	 restore	 impaired	PCV13-specific	 responses	

observed	in	GF	mice.	However,	intergenerational	colonisation	of	exGF	mice	with	an	SPF	

microbiota	 restored	 the	majority	of	 subclass	 responses	 to	PCV13	 in	exGF	mice.	These	

data	suggest	that	the	timing	of	colonisation	is	essential	 for	the	optimal	 function	of	the	

immune	system	in	response	to	vaccination.		

	

Utilising	 two	 different	 colonisation	 times	 in	 these	 experiments	 highlighted	 the	

importance	 of	 the	 microbiome	 for	 immune	 system	 development.	 Surprisingly,	

colonisation	of	GF	mice	with	an	FMT	of	material	collected	from	age-matched	FMT	mice	at	

day	21	of	life	did	not	wholly	restore	impaired	PCV13-specific	responses	observed	in	GF	

mice.	 However,	 intergenerational	 colonisation	 of	 exGF	 mice	 with	 an	 SPF	 microbiota	

restored	 the	 majority	 of	 subclass	 responses	 to	 PCV13	 in	 exGF	mice.	 In	 addition,	 the	

immune	responses	of	exGF	mice	were	more	similar	to	those	of	SPF	mice	compared	to	

FMT	mice.	These	data	suggest	that	 the	timing	of	colonisation	 is	essential	 for	restoring	
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responses	 to	 the	 PCV13	 vaccine.	 This	 ‘window	 of	 opportunity’	 for	 the	 immunogenic	

effects	 of	 microbial	 colonisation	 in	 early	 life	 has	 been	 reported	 by	 other	 groups	 (Al	

Nabhani	&	Eberl,	 2020,	 Lynn	 et	 al.,	 2018).	 In	 addition,	 this	window	of	 opportunity	 is	

restricted	to	early	life,	with	previous	work	by	Lynn	et	al	demonstrating	that	mice	exposed	

to	 antibiotics	 as	 adults	 do	 not	 have	 impaired	 PCV13-specific	 antibody	 responses,	 in	

contrast	to	mice	exposed	in	early	life	(Lynn	et	al.,	2018).	Intergenerational	colonisation	

of	exGF	mice	generated	an	enhanced	response	 to	PCV13	vaccination	compared	 to	 the	

FMT	group,	though	responses	were	not	fully	restored	by	2	weeks	post-boost.	However,	

restoration	of	responses	to	PCV13	vaccination	in	the	exGF	group	may	have	been	more	

apparent	if	there	were	more	than	n	=	4	in	this	colonisation	group.	Interestingly,	IgGtotal	

responses	 to	 PCV13	 appeared	 to	 be	 ‘rescued’	 in	 FMT	 mice	 after	 boost,	 with	 FMT	

apparently	 rescuing	 the	 T-dependent	 response	 in	 these	mice	 post-boosting,	 however,	

FMT	mice	had	impaired	IgM	responses	against	the	whole	vaccine,	PPS1,	and	CRM197.		

	

There	were	limitations	to	these	experiments	that	need	to	be	considered	for	future	work.	

First,	 while	 PCs	 were	 assessed,	 antigen-specific	 PCs	 were	 not	 assessed	 in	 these	

experiments.		Therefore,	while	the	frequency	in	PCs	were	not	different	between	SPF	and	

GF	mice,	it	is	possible	there	were	functional	differences	that	were	not	detected.	Similarly,	

antigen-specific	memory	B	cells	were	not	measured	to	assess	vaccine-specific	memory.	

Assessing	clonal	expansion	of	the	B	cell	repertoire	using	B-cell	receptor	(BCR)	sequencing	

to	 lineage-trace	 B	 cell	 clones	 in	 GF	 vs	 SPF	 mice	 should	 be	 considered	 in	 future	

experiments.	Another	limitation	of	this	study	was	the	small	size	of	the	exGF	group	(n=3-

4).	 The	 small	 group	 size	 and	 spread	 in	 the	 exGF	 group	may	 result	 in	 some	 statistical	

comparisons	being	underpowered.	 Finally,	while	 16S	 rRNA	gene	 sequencing	data	 can	

assess	the	relative	abundance	of	different	genera	and	differences	in	diversity,	it	is	difficult	
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to	 establish	 what	 specific	 taxa	 did	 not	 transfer	 via	 FMT	 and	 whether	 a	 nonbacterial	

component	did	not	transfer	(e.g.	fungi	etc.).	

	

In	 conclusion,	 this	 study	 highlights	 the	 essential	 role	 microbiota	 colonisation	 has	 in	

driving	optimal	PCV13	vaccine	 responses	 in	 early	 life.	Microbiota-deficient	mice	have	

impaired	humoral	responses	to	PCV13	stemming	from	poor	GC	formation	or	persistence	

and	 a	 reduction	 in	 ASC	 formation.	 These	 defects	 in	 the	 humoral	 response	 may	 be	

underpinned	by	a	failure	of	GF	mice	to	efficiently	generate	a	Tfh	response	to	vaccination,	

ultimately	 compromising	 the	 quality	 and	 longevity	 of	 vaccine-specific	 immune	

responses.	 Finding	ways	 to	manipulate	 this	microbial	 environment	 to	 enhance	 infant	

vaccine	 responses	 could	 be	 a	 cheap	 and	 effective	 solution	 to	 enhance	 the	 efficacy	 of	

existing	vaccines.			
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6 Determining	 the	 role	 of	 pattern	 recognition	

receptors	 in	 mediating	 the	 influence	 of	 the	

microbiota	on	responses	to	the	PCV13	vaccine	in	

early	life	

 

6.1 Introduction	

Adjuvants	are	immune-stimulatory	agents	added	to	many	different	vaccines	to	enhance,	

accelerate	or	prolong	antigen-specific	immune	responses.	These	include	aluminium	salt	

(alum),	 emulsions	 and	 liposome-based	 stimulants,	 several	 of	 which	 stimulate	 innate	

immunity	via	pattern	recognition	receptors	(PRRs)	(Ong,	Lian,	Kawasaki,	&	Kawai,	2021).	

Members	 of	 the	 microbiota	 display	 molecular	 structures	 called	 microbial-associated	

molecular	patterns	(MAMPs),	which	are	also	recognised	by	PRRs.	They	include	a	range	of	

molecules,	 such	 as	 lipopolysaccharide	 (LPS),	 flagellin	 and	 peptidoglycan	 (Sommer	 &	

Bäckhed,	2013).	These	MAMPs	are	recognised	by	PRRs	such	as	Toll-like	receptors	(TLRs)	

and	 nucleotide-binding	 oligomerisation	 domain-like	 receptors,	 or	 NOD-like	 receptors	

(NLRs).		Therefore,	it	is	plausible	that	MAMPs	encoded	by	the	gut	microbiota	could	act	as	

natural	adjuvants	by	signalling	through	these	PRRs.		

	

There	is	evidence	to	suggest	that	the	microbiota	can	act	as	a	natural	vaccine	adjuvant.	Oh	

et	al.	found	that	antibiotic-treated,	germ-free	(GF)	or	Tlr5-/-	mice	(a	PRR	which	recognises	

flagellin)	have	 impaired	antibody	 responses	 to	 the	non-adjuvanted	 seasonal	 influenza	

vaccine	 (Oh	et	 al.,	 2014).	 	However,	 subsequent	 experiments	by	Lynn	et	 al.	 could	not	
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replicate	 these	 findings	 when	 responses	 to	 a	 similar	 influenza	 vaccine	 or	 the	 PCV13	

vaccine	were	compared	in	Tlr5-/-	and	littermate	wildtype	(WT)	mice	(Lynn	et	al.,	2018).		

More	 recently,	 microbiota	 dependent	 innate-like	 B-1	 cell	 responses	 to	 group	 A	

streptococcus	(GAS)	were	shown	to	be	mediated	through	a	MyD88-dependent	pathway,	

a	 key	 adaptor	 protein	 downstream	 of	 most	 TLRs	 (New,	 Dizon,	 Fucile,	 Rosenberg,	

Kearney,	&	King,	2020).	B-1	cells	produce	antibodies	in	a	T-independent	manner	and	play	

a	particularly	important	role	in	responses	to	polysaccharides	(K.	M.	Haas	et	al.,	2005).	

Bacterial	LPS	detected	through	TLR4	has	been	previously	shown	to	enhance	the	immune	

response	to	vaccination	(Georg	&	Sander,	2019;	Kasturi	et	al.,	2011),	however,	it	has	not	

yet	been	demonstrated	whether	TLR4-mediated	detection	of	LPS	produced	by	the	gut	

microbiota	 can	 influence	 immune	 response	 to	vaccination.	Taken	 together,	 these	data	

suggest	 that,	as	yet,	undefined	PRRs	could	mediate	 the	 influence	of	 the	microbiota	on	

vaccine	 responses	 in	 early	 life.	 To	 investigate	 the	potential	 role	 of	 PRRs	 in	mediating	

responses	 to	 vaccination,	 humoral	 immune	 responses	 to	 the	 PCV13	 vaccine	 were	

assessed	in	mice	deficient	in	MyD88,	TLR4	and	TLR2.		
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-	Results	-	

6.1.1 Assessing	responses	to	the	PCV13	vaccine	in	Myd88-/-	mice	following	early	

life	antibiotics	exposure		

MyD88	acts	as	a	critical	adaptor	protein	that	relays	signals	downstream	of	multiple	TLRs	

(Deguine	&	Barton,	2014).	To	investigate	whether	the	microbiota	mediates	its	influence	

on	PCV13	vaccine	responses	via	a	MyD88-dependent	pathway,	antibody	responses	to	the	

PCV13	 vaccine	 were	 assessed	 in	 wildtype	 (wt)	 and	 Myd88-/-	 mice	 with	 or	 without	

antibiotic	treatment	to	weaning	(ABX)	(Fig.	6.1).	Antibiotics	administered	in	early	 life	

significantly	 reduces	 bacterial	 load	 in	 the	 gut	 of	 infant	 mice	 and	 induces	 a	 state	 of	

dysbiosis	at	weaning,	once	antibiotic	exposure	has	ceased.	Microbial	products	produced	

by	 the	 microbiota,	 such	 as	 LPS,	 peptidoglycan	 and	 lipoteichoic	 acid,	 can	 translocate	

across	 the	 gut	 to	 influence	 the	 host’s	 immune	 response	 (Ignacio,	Morales,	 Câmara,	 &	

Almeida,	2016).	These	molecules	are	sensed	by	innate	immune	receptors	such	as	TLRs,	

and	MyD88	acts	as	an	adaptor	downstream	of	many	of	these	pathways,	relaying	signals	

regulating	the	immune	response.		Therefore,	this	experiment	investigated	whether	mice	

deficient	in	MyD88	have	impaired	responses	following	maternal	antibiotics	exposure.	

	

This	 experiment	 utilised	 the	 same	 early-life	 antibiotic	 treatment	 schedule	 published	

previously	 (Lynn	 et	 al.,	 2018).	 Briefly,	 mice	 heterozygous	 for	 Myd88	 were	 mated.	

Pregnant	 dams	were	 either	 left	 untreated	 or	 treated	 with	 antibiotics	 (ampicillin	 and	

neomycin)	in	their	drinking	water	until	pups	were	21	days	old.	Upon	weaning,	Myd88-/-	

and	 wt	 mice	 were	 cohoused	 within	 their	 respective	 treatment	 groups.	 Mice	 were	

vaccinated	with	PCV13	one	week	after	the	cessation	of	antibiotics	and	boosted	two	weeks	

later.	A	control	group	of	5	wt	mice	were	mock	vaccinated	with	PBS.	 	Faecal	and	blood	
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samples	were	 collected	 throughout	 the	experiment	 to	assess	 the	 impact	of	 antibiotics	

exposure	 on	 the	 composition	 of	 the	 fecal	 microbiota	 and	 to	 assess	 PCV13-specific	

antibody	responses	in	the	serum	(Fig.	6.1).		

	

	

Figure 6.1| Experimental design. To assess the role of MyD88 in the response to the 
pneumococcal conjugate vaccine, PCV13, mice heterozygous for Myd88 were bred. One 
group of pregnant dams were treated with antibiotics in their drinking water from embryonic 
day 14 (E14). Pups were genotyped and, upon weaning at day 21 of life (D21), were split into 
cages cohousing wt and Myd88-/- mice within their treatment groups (mock n = 5; wt, Myd88-

/-, ABX wt, ABX Myd88-/- n = 10/group). Mice were vaccinated intraperitoneally with either PBS 
(mock) or with 1/10th of a human dose of PCV13 in PBS at day 28 of life (V) and boosted 2 
weeks later (V+2). Mice were humanely culled at V+10 weeks. 
	

6.1.2 No	significant	differences	in	PCV13-specific	antibody	responses	in	Myd88-/-	

mice	after	one	vaccine	dose.	

To	assess	differences	in	the	antibody	response	after	one	dose	of	the	vaccine,	serum	IgG	

and	 IgM	 responses	 against	 the	whole	 vaccine	 and	 two	 polysaccharides	 in	 the	 PCV13	

vaccine	(PPS1	and	PPS3)	were	assessed	by	ELISA	two	weeks	after	the	first	dose	of	PCV13	

was	administered	(V+2)	(Fig.	6.2).	There	was	a	trend	towards	lower	PCV13,	PPS1,	and	

PPS3-specific	IgGtotal	and	IgM	responses	in	Myd88-/-	mice	compared	to	wt	mice,	but	the	

differences	 did	 not	 reach	 statistical	 significance	 (Fig.	 6.2A-E).	 Furthermore,	 ABX	
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treatment	of	wt	and	Myd88-/-	mice	had	no	significant	impact	on	PCV13-specific	IgG	and	

IgM	responses	(Fig.	6.2A-E).		

	

Figure 6.2| Antibody responses were not significantly different in Myd88-/- mice after 
one dose of PCV13. IgGtotal responses to A| the whole PCV13 vaccine, B| the 
polysaccharides PPS1 and C| PPS3 were assessed by ELISA in the serum of mock, wt (+/+) 
and Myd88-/- (-/-) mice with (ABX) and without (No ABX) antibiotic treatment. IgM responses 
against D| PPS1 and E| PPS3. Raw O.D. values are shown. Data are represented as mean ± 
SEM. A One-way ANOVA was used to assess statistical significance. ns = not significant. 
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6.1.3 PCV13-specific	antibody	responses	were	significantly	impaired	in	Myd88-/-	

mice	after	two	vaccine	doses	

To	 induce	 a	 robust	 and	 durable	 antibody	 response,	 booster	 doses	 of	 PCV13	 are	

administered	to	human	infants	at	2-month	intervals	in	Australia	and	elsewhere.	To	model	

this	preclinically,	PCV13-specific	IgG	and	IgM	responses	were	assessed	at	2,	4,	6	and	8	

weeks	following	the	second	vaccine	dose	(V+4	to	V+10	weeks).	PCV13-specific	IgGtotal,	

IgG1,	 IgG2b,	 IgG3	 and	 IgM	 responses	 were	 significantly	 impaired	 in	 Myd88-/-	 mice	

compared	to	wt	mice	(Fig.	6.3A-F).		

	

IgGtotal	responses	to	PPS1	and	PPS3	were	also	assessed	in	all	groups	after	boosting	(Fig.	

6.4).	There	were	no	significant	differences	 in	anti-PPS1	or	PPS3	IgGtotal	 titres	between	

any	 of	 the	 groups	 at	 V+4	 weeks.	 However,	 there	 was	 a	 modest,	 but	 not	 statistically	

significant,	impairment	in	Myd88-/-	mice	compared	to	wt	mice	(Fig.	6.4A-B).	Anti-PPS1	

IgGtotal	was	significantly	 lower	 in	Myd88-/-	mice	at	V+6	weeks	and	V+10	weeks,	with	a	

similar	 trend	 for	anti-PPS3	responses	 (Fig.	6.4C-F).	 Interestingly,	antibiotic	 treatment	

had	no	impact	on	anti-PPS1	or	PPS3	IgGtotal	responses	(Fig.	6.4A-F).	

	

Surprisingly,	 antibiotic	 treatment	 of	Myd88-/-	mice	 led	 to	 significantly	 higher	 PCV13-

specific	IgGtotal,	IgG1	and	IgM	(but	not	IgG2b	and	IgG3)	responses	compared	to	untreated	

Myd88-/-	 mice	 (Fig.	 6.3A-B,	 F).	 These	 data	 suggest	 an	 interaction	 between	 Myd88	

deficiency	and	the	gut	microbiota,	which	plays	an	important	role	in	influencing	PCV13-

specific	IgG	response	post-vaccination,	perhaps	driving	a	bias	towards	Th1	subclasses.		

These	interactions	are	investigated	further	below	using	16S	rRNA	gene	sequencing.		

	



 

	
 
 

184	

	

Figure 6.3| PCV13-specific antibody responses were significantly lower in Myd88-/- 
mice. PCV13-specific A| IgGTotal, B| IgG1, C| IgG2b, and D| IgG3 were assessed in the serum 
of mock, wt (+/+) and Myd88-/- (-/-) mice with (ABX) and without antibiotic treatment at the 
indicated weeks post-vaccination. E| PCV13-specific IgM responses in serum. Raw O.D. 
values are shown. Data are represented as mean ± SEM. Two-way ANOVA was used to 
assess statistical significance. Representative statistics at V+10 weeks are shown. *p < 0.05, 
** p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 6.4| Anti-PPS1 IgGtotal responses were significantly impaired in Myd88-/- mice. 
IgGtotal responses to A| PPS1 and B| PPS3 in the serum of mock, wt and Myd88-/- ABX treated 
and untreated mice at V+4 weeks. IgGtotal responses to C| PPS1 and D| PPS3 in the serum of 
mock, wt and Myd88-/- ABX treated and untreated mice at V+6 weeks. IgGtotal responses to E| 
PPS1 and F| PPS3 in the serum of mock, wt and Myd88-/- ABX treated and untreated mice at 
V+10 weeks. Raw O.D. values are shown. A one-way ANOVA was used to assess statistical 
significance. Data are represented as mean ± SEM. *p < 0.05, ** p < 0.01, ns = not significant. 
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6.1.4 There	were	no	significant	differences	in	innate-like	B-1	cells	in	the	

peritoneum	of	Myd88-/-	mice	

As	 mentioned	 previously,	 New	 et	 al.	 found	 that	 the	 influence	 of	 the	 microbiota	 on	

polysaccharide-specific	 B-1	 cell	 responses	 is	 mediated	 through	 a	 MyD88-dependent		

pathway	(New,	Dizon,	Fucile,	Rosenberg,	Kearney,	&	King,	2020).	To	investigate	whether	

Myd88-/-	 mice	 have	 impaired	 B1	 cell	 responses	 to	 the	 PCV13	 vaccine,	 I	 assessed	 the	

frequency	of	B-1	cells	in	mock	and	PCV13-vaccinated	wt	and	Myd88-/-	mice	two	weeks	

post-vaccination	with	PCV13.	There	were	no	significant	differences	in	the	proportion	of	

B-1	cells	in	the	peritoneum	of	Myd88-/-	mice	compared	to	wt	mice	(Fig.	6.5).	However,	

there	 was	 a	 significant	 reduction	 the	 frequency	 of	 B-1	 cells	 in	 Myd88-/-	 mice	 after	

vaccination.	 In	addition,	 there	was	a	significant	reduction	of	B-1a	cells	 in	both	wt	and	

Myd88-/-	mice	two	weeks	post-vaccination.	These	data	suggest	that	vaccination	induces	

B-1	cell	egress	from	the	peritoneum.	However,	MyD88	signalling	is	not	required	for	B-1	

cell	retention	and/or	migration	from	the	peritoneum	during	vaccination.		
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Figure 6.5| Myd88-/- mice do not have a lower frequency of B-1 cells compared to 
wildtype (wt) mice. The frequency of A| B-1 cells, B| B-1a cells and C| B-1b cells in mock 
and PCV13-vaccinated wt (+/+) and Myd88-/- (-/-) SPF mice two weeks post-immunisation with 
PCV13. Data are represented as mean ± SEM. A one-way ANOVA was used to assess 
statistical significance. *p < 0.05, ns = not significant.	

	
6.1.5 Myd88-/-	mice	have	impaired	germinal	centre	formation	

The	germinal	centre	(GC)	reaction	leads	to	the	formation	of	short-	and	long-lived	plasma	

cells	 that	 produce	 the	 antibodies	 needed	 for	 vaccine-induced	 protection	 against	

infectious	disease.	To	assess	whether	a	defect	 in	 the	GC	response	was	responsible	 for	

poorer	antibody	responses	observed	in	Myd88-/-	mice,	mock,	wt	and	Myd88-/-	mice	were	

vaccinated/mock	vaccinated	as	described	previously	and	humanely	culled	2	weeks	after	

the	first	dose	of	PCV13	(V+2).		The	frequency	of	GC	B	cells	and	CRM197-specific	GC	B	cells	

in	the	spleens	of	PCV13	vaccinated	Myd88-/-	mice	was	significantly	lower	in	comparison	

to	wt	mice	at	V+2	weeks	(Fig.	6.6A-B).	In	addition,	there	was	no	significant	induction	of	

GC	B	cells	in	PCV13-vaccinated	Myd88-/-	mice	compared	to	mock	vaccinated	mice	(Fig.	
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6.6A-B),	 indicating	 a	 failure	 of	 GC	 formation	 at	 this	 timepoint	 in	Myd88-/-	mice.	 	 This	

defect	in	GC	responses	is	interesting	as	there	were	no	significant	differences	in	antibody	

responses	between	Myd88-/-	and	wt	mice	at	this	timepoint,	although	there	was	a	trend	

towards	 lower	 responses	 in	 Myd88-/-	 mice	 (Fig.	 6.2).	 Additionally,	 there	 was	 a	

moderately	lower	frequency	of	plasma	cells	in	the	spleens	of	PCV13-vaccinated	Myd88-/-	

mice	 compared	 to	 vaccinated	 wt	 mice	 at	 V+2	 weeks	 (Fig.	 6.6C).	 Surprisingly,	 the	

frequency	of	plasma	cells	in	PCV13-vaccinated	Myd88-/-	mice	was	significantly	lower	than	

in	 mock-vaccinated	 Myd88-/-	 mice.	 A	 defect	 in	 GC	 formation	 leading	 to	 an	 overall	

reduction	in	PCs	in	Myd88-/-	mice	provides	a	plausible	explanation	for	the	lower	antibody	

titres	observed	in	Myd88-/-	mice.		
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Figure 6.6| The proportion of GC B cells in the spleens of Myd88-/- (-/-) mice is 
significantly lower than wildtype (+/+) mice 2 weeks after PCV13 vaccination. A| 
CD19+IgD-Fas+GL7+ GC B cells as a frequency of CD19+ B cells, B| CD19+IgD-

Fas+GL7+CRM197
+ GC B cells as a frequency of IgD- B cells and C| CD138+IgD- plasma cells 

(PCs) as a frequency of live cells in wt and Myd88-/- mice 2 weeks post-immunisation with 
PCV13. Data are represented as mean ± SEM. A one-way ANOVA was used to assess 
statistical significance. *p < 0.05, ** p < 0.01. 
	

6.1.6 PCV13-specific	CD8+	T	cell	cytokine	recall	responses	are	impaired	in	

Myd88-/-	and	antibiotic-treated	mice	

CD8+	T	cells	contribute	to	the	immunity	provided	by	many	licenced	vaccines	by	producing	

cytokines,	such	as	IFNγ	(C.-A.	Siegrist,	2008).	To	assess	differences	in	CD8+	T	cell	cytokine	

recall	 responses	 in	Myd88-/-	 mice	 compared	 to	 wt	 mice	 (with	 and	 without	 antibiotic	

treatment),	splenocytes	collected	from	mice	at	V+10	weeks	were	stimulated	in	vitro	for	

72	 hours	 with	 whole	 PCV13	 vaccine.	 The	 frequency	 of	 IFNγ+	 CD8+	 T	 cells	 was	 then	
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assessed	by	flow	cytometry.	There	was	a	significant	reduction	in	the	frequency	of	IFNγ	

producing	cytotoxic	CD8+	T	cells	 in	both	Myd88-/-	mice	and	antibiotic-treated	wt	mice	

compared	to	control	SPF	mice	(Fig.	6.7).	These	data	indicate	that	both	the	gut	microbiota	

and	MyD88	signalling	play	a	critical	role	in	PCV13-specific	T	cell	responses	in	mice.		

	

Figure 6.7| Myd88-/- (-/-) and antibiotic-treated (ABX) mice have significantly impaired 
CD8+ T cell cytokine recall responses compared to untreated (no ABX) wt (+/+) mice. 
Splenocytes (2.5x106 cells) were collected at V+10 weeks and stimulated in vitro for 72h with 
1ug/ml of whole PCV13 vaccine diluted in RPMI media. Flow cytometry analysis was used to 
assess total IFNγ+CD8+ T cells as a frequency of CD8+ T cells. Data are represented as mean 
± SEM. One-way ANOVA was used to assess statistical significance. *p < 0.05, ** p < 0.01. 

	

6.1.7 16S	rRNA	gene	sequencing	to	assess	the	composition	of	the	microbiota	in	

Myd88-/-	mice	with	and	without	antibiotic	treatment	

As	 discussed	 above,	 antibiotic	 treatment	 of	 Myd88-/-	 mice	 appeared	 to	 rescue	 the	

impaired	 PCV13-specific	 IgG	 responses	 (particularly	 IgG1	 responses)	 observed	 in	

untreated	Myd88-/-	mice.	These	data	suggested	an	interaction	between	genotype	and	the	

microbiota.	One	possibility	we	considered	was	 that	 the	composition	of	 the	microbiota	

was	 significantly	 different	 in	 Myd88-/-	 compared	 to	 wt	 mice	 and	 that	 it	 was	 these	

differences	that	were	responsible	for	the	impaired	IgG	responses	to	the	PCV13	vaccine	

observed	in	Myd88-/-	mice.	To	assess	this,	16S	rRNA	gene	sequencing	was	carried	out	on	
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faecal	sample	collected	from	wt	and	Myd88-/-	mice,	with	and	without	antibiotic	treatment.	

Samples	were	collected	from	mice	at	the	time	of	first	vaccination	(V,	at	~28	days	of	life).		

	

The	composition	of	 the	 faecal	microbiota	 in	untreated	wt	and	Myd88-/-	mice	was	very	

similar	(Fig.	6.8A,	D)	and	the	Shannan	diversity	and	Chao1	richness	 indices	were	not	

significantly	different	(Fig.	6B-C).	These	data	suggest	that	differences	in	the	composition	

of	 the	 microbiota	 do	 not	 explain	 the	 impaired	 PCV13-specific	 antibody	 responses	

observed	in	Myd88-/-	mice,	however,	it	is	important	to	note	that	the	faecal	samples	were	

collected	at	day	28	of	life	(1	week	after	weaning)	and	that	wt	and	Myd88-/-	mice	were	co-

housed,	so	that	we	cannot	rule	out	differences	in	the	composition	of	the	microbiota	in	

early	life	between	the	genotypes.		

	

As	expected,	there	were	clear	differences	in	the	composition	of	the	microbiota	between	

untreated	and	antibiotic-treated	mice,	regardless	of	genotype	(Fig.	6.8A,	D).	For	example,	

untreated	mice	had	an	increased	relative	abundance	of	Muribaculaceae	and	Lactobacilli	

while	ABX	mice	had	an	increased	relative	abundance	of	Turicibacter	and	Romboutsia,	and	

in	some	ABX	mice	blooms	of	Blautia	were	evident.	As	expected,	Shannan	diversity	and	

Chao1	richness	indices	were	significantly	lower	in	ABX	compared	to	untreated	mice	(Fig.	

6.8B-C).	There	were	no	statistically	significant	correlations	(P	>	0.1)	identified	between	

the	relative	abundance	of	any	taxon	in	the	microbiota	and	the	antibody	response	data	

(data	not	shown).	In	conclusion,	while	there	were	clear	differences	in	the	composition	

and	diversity	of	ABX	and	untreated	mice,	there	were	no	obvious	differences	that	could	

explain	 the	 observed	 differences	 in	 antibody	 responses	 between	 Myd88-/-	 and	 ABX	

Myd88-/-	mice.		
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Figure 6.8| 16S rRNA gene sequencing analysis reveals differences in the gut 
microbiota composition of untreated and ABX groups.  A| Composition of the faecal 
microbiota at the V timepoint calculated based on 16S rRNA gene sequencing of the fecal 
microbiota of untreated (NO_ABX) wt and Myd88-/- mice and ABX wt and Myd88-/- mice.  Each 
barplot represents the relative abundance of major taxa in samples collected from individual 
mice at d28 of life. B| Beta diversity was assessed using Shannon and C| Chao1 indices. D| 
Principal component analysis (PCA) of Unifrac distances. The 16S rRNA gene sequencing 
was carried out by the SA Genomics Centre on DNA extracted from faecal samples and 
analysis of the 16S rRNA gene sequencing data and figure generation by Dr Feargal Ryan.  
	

	

6.1.8 No	impairment	in	primary	antibody	responses	to	the	PCV13	vaccine	in	

Tlr4-/-	mice		

MyD88	 deficiency	 significantly	 impacted	 PCV13-specific	 antibody	 responses.	 As	

mentioned	previously,	the	recognition	of	LPS	produced	by	the	microbiota	by	TLR4	has	

the	 potential	 to	 act	 as	 a	 natural	 adjuvant	 for	 vaccine	 responses	 via	 both	 MyD88-

dependent	and	independent	pathways.	Therefore,	using	the	same	experimental	design	as	
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in	 the	Myd88-/-	 experiment	 (Fig.	 6.1),	 antibody	 responses	 to	 the	 PCV13	 vaccine	were	

assessed	in	wt	and	Tlr4-/-	mice	with	or	without	ABX	exposure	in	early	life.		

	

To	assess	antibody	responses	to	the	PCV13	vaccine	after	one	dose	of	PCV13,	IgGtotal	was	

measured	 against	 the	 whole	 PCV13	 vaccine,	 PPS1	 and	 PPS3	 was	 assessed	 in	 serum	

collected	at	V+2	weeks	(Fig.	6.9).	There	was	a	significant	 impairment	 in	 the	antibody	

responses	 to	 the	PCV13	vaccine	 in	wt	ABX	mice	compared	 to	untreated	wt	mice	 (Fig.	

6.9A).	 The	 wt	 ABX	 group	 also	 had	 significantly	 impaired	 IgGtotal	 responses	 to	 PPS1	

compared	 to	 untreated	 Tlr4-/-	 mice	 and	 a	 modest	 but	 not	 statistically	 significant	

impairment	compared	to	the	untreated	wt	mice	(Fig.	6.9A).	There	were	no	significant	

differences	in	PPS3-specific	IgG	responses	in	any	groups	(Fig.	6.9C).		
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Figure 6.9| Antibody responses were not significantly different between wildtype (+/+) 
and Tlr4-/- (-/-) mice after one dose of PCV13. IgGtotal responses to A| the whole PCV13 
vaccine, B| the polysaccharides PPS1 and C| PPS3 were assessed by ELISA in the serum of 
mock, wt and Tlr4-/- untreated (no ABX) and antibiotic-treated (ABX) mice. Raw O.D. values 
are shown. Data are represented as mean ± SEM. One-way ANOVA was used to assess 
statistical significance. *p < 0.05. ns = not significant. 	
 

6.1.9 No	significant	defect	in	the	antibody	responses	to	the	PCV13	vaccine	in	

Tlr4-/-	mice	after	boosting.	

To	 assess	 the	 antibody	 response	 to	 vaccination	 in	 Tlr4-/-	mice	 after	 boosting,	 PCV13	

whole-vaccine	and	polysaccharide-specific	antibody	responses	were	assessed	in	serum	

collected	from	all	5	groups	post-boost	throughout	the	experiment.	There	was	a	significant	

impairment	in	the	PCV13-specific	IgGtotal	response	in	ABX	wt	mice	compared	to	untreated	

wt	mice	(Fig.	6.10A),	as	previously	reported	(Lynn	et	al.,	2018).	There	was	no	significant	

reduction	in	anti-PPS1	IgGtotal	responses	in	ABX	mice	(Fig.	6.10B).	However,	there	was	a	

significant	impairment	in	anti-PPS3	IgGtotal	responses	at	V+4	(Fig.	6.10C).	In	contrast	to	

Myd88-/-	mice,	PCV13-,	PPS1-	and	PPS3-specific	IgGtotal	responses	were	not	impaired	in	
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Tlr4-/-	mice	 (Fig.	6.10A-C).	There	were	also	no	 significant	differences	 in	anti-PCV13,	 -

PPS1	or	-PPS3	IgM	responses	(Fig.	S5.1).	These	data	indicate	that	while	ABX	in	early	life	

significantly	 impairs	 IgGtotal	 responses	 to	 the	 PCV13	 vaccine,	 TLR4	 signalling	 is	 not	

required.	

	

	

Figure 6.10| Antibody responses to the PCV13 vaccine were not significantly different 
between wildtype (+/+) and Tlr4-/- (-/-) mice after boosting. IgGtotal responses to A| the whole 
PCV13 vaccine, B| the polysaccharides PPS1 and C| PPS3 were assessed by ELISA in the 
serum of mock, wt and Tlr4-/- untreated (no ABX) and antibiotic-treated (ABX) mice. Raw O.D. 
values are shown. Data are represented as mean ± SEM. One-way ANOVA was used to 
assess statistical significance. *p < 0.05. ns = not significant.  
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6.1.10 Tlr2-/-	mice	have	impaired	antibody	responses	to	the	PCV13	vaccine	before	

boosting	

While	TLR4	deficiency	did	not	significantly	impact	IgG	responses	to	the	PCV13	vaccine,	

there	are	however,	many	other	TLRs	that	signal	via	MyD88	and	recognise	mediate	the	

natural	adjuvant	capabilities	of	the	microbiota.	Toll-like	receptor	2	(TLR2),	for	example,	

recognises	bacterial	cell-wall	components	such	as	peptidoglycan,	 lipoteichoic	acid	and	

lipoprotein	 from	 Gram-positive	 bacteria;	 lipoarabinomannan	 from	mycobacteria;	 and	

zymosan	 from	 yeast	 and	 signals	 via	 a	 MyD88-dependent	 pathway	 (Rakoff-Nahoum,	

Paglino,	Eslami-Varzaneh,	Edberg,	&	Medzhitov,	2004;	McDermott	et	al.,	2014).	To	assess	

if	signalling	via	a	TLR2-dependent	pathway	was	required	for	optimal	antibody	responses	

to	PCV13,	the	same	experimental	design	as	outlined	above	for	Myd88-/-	and	Tlr4-/-	mice	

was	 employed	 (Fig.	 6.1).	 Interestingly,	 PCV13-specific	 IgGtotal	 responses	 were	

significantly	lower	in	Tlr2-/-	mice,	compared	to	wt	mice,	two	weeks	after	the	first	dose	of	

PCV13	was	administered	 (Fig.	6.11A).	Reduced	 IgGtotal	 responses	 in	Tlr2-/-	mice	were,	

however,	 no	 longer	 observed	 following	 the	 booster	 dose	 (Fig.	 6.11B-D).	 These	 data	

suggest	 that	 TLR2	 signalling	 is	 partially	 required	 for	 primary	 antibody	 responses	 to	

PCV13	 but	 not	 for	 the	 memory	 response.	 Interestingly,	 there	 were	 no	 significant	

differences	in	PCV13-specific	IgGtotal	responses	between	antibiotic-treated	and	untreated	

mice	in	this	experiment	(Fig.	6.11A-D).		
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Figure 6.11| Antibody responses to the PCV13 vaccine were significantly lower in Tlr2-
/- mice two weeks after the first dose of PCV13 but not after boosting. IgGtotal responses 
to the whole PCV13 vaccine were assessed by ELISA in the serum collected from mock, wt 
and Tlr2-/- mice, with and without antibiotic treatment at A| V+2 B| V+4, C| V+6 and D| V+8 
weeks. Raw O.D. values are shown. Data are represented as mean ± SEM. One-way ANOVA 
was used to assess statistical significance. *p < 0.05. 
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6.1.11 The	composition	of	the	microbiota	varies	across	different	experiments	but	

not	by	genotype	

Microbiome	 drift	 over	 time	 has	 the	 potential	 to	 influence	 established	 experimental	

phenotypes.	This	may	have	occurred	in	the	SAHMRI	mouse	facility	between	these	gene	

knockout	experiments,	potentially	accounting	for	differences	in	the	lack	of	impairment	in	

ABX	mice	in	the	Myd88-/-	and	Tlr2-/-	experiments.	To	assess	differences	in	the	microbiome	

composition	across	 these	experiments,	16S	rRNA	gene	sequencing	was	carried	out	on	

DNA	 extracted	 from	 faecal	 samples	 from	 individual	 mice	 from	 the	 untreated	 groups	

across	the	three	experiments	(Fig.	6.12).	As	these	experiments	were	conducted	within	a	

few	months	 of	 each	 other,	 the	 sequencing	 results	were	 anticipated	 to	 reveal	 that	 the	

composition	of	the	microbiota	was	broadly	similar	in	wt	mice	in	different	experiments.	

Instead,	we	observed	significant	differences	in	the	composition	of	the	microbiota	of	wt	

mice	in	each	of	the	three	experiments	(Fig.	6.12A).		Within	each	experiment,	however,	

the	 composition	 of	 the	microbiota	 in	wt	 and	Myd88-/-,	Tlr2-/-	 or	Tlr4-/-	mice	was	 very	

similar.	There	were	no	 significant	differences	 in	 Shannon	diversity	or	Choa1	 richness	

between	wt	and	knockout	mice	in	any	of	the	3	experiments	(Fig.	6.12B-C).		Cohousing	of	

knockout	mice	in	each	of	these	experiments	appears	to	have	been	sufficient	to	prevent	

any	changes	to	the	composition	as	the	microbiota	driven	by	deficiency	in	any	of	the	genes	

investigated	(S.	J.	Robertson,	Lemire,	Croitoru,	Girardin,	&	Correspondence,	2019).		

Consistent	 with	 these	 data,	 samples	 from	 each	 experiment	 clustered	 separately	

regardless	of	genotype,	illustrating	similarities	between	groups	within	experiments,	but	

differences	 across	 experiments	 (Fig.	 6.12D).	 	 Differences	 in	 the	 composition	 of	 the	

microbiota	 in	 control	 SPF	 mice	 in	 different	 experiments	 may	 explain	 why	 antibiotic	

treatment	sometimes	leads	to	 impaired	responses	to	vaccination	but	other	times	does	

not.		
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Figure 6.12| 16S rRNA gene sequencing analysis reveals differences in the composition 
of the fecal microbiota across different experiments. A| Composition of the faecal 
microbiota across 3 experiments in wildtype (WT) and genetically deficient mice (HOM). Each 
barplot represents the relative abundance of major taxa in faecal samples collected from 
individual mice on day 28 of life. B| Beta diversity was assessed using Shannon and C| Chao1 
indices. D| Alpha diversity was assessed using principal component analysis (PCA) of Unifrac 
distances. 
	
	
6.1.12 Significant	differences	in	gene	expression	in	the	spleen	hours	post-PCV13	

immunisation	

Our	data	indicate	that	the	gut	microbiota	plays	a	critical	role	in	both	T-dependent	and	T-

independent	responses	to	the	PCV13	vaccine.	These	data	suggest	that	the	gut	microbiota	

could	also	regulate	the	initial	innate	immune	response	following	immunisation	with	the	

PCV13	 vaccine.	 To	 assess	 this,	 mice	were	 humanely	 culled	 at	 0,	 6,	 12	 and	 24h	 post-

vaccination	with	PCV13	and	the	spleens	and	draining	lymph	nodes	were	collected	in	a	

manner	 that	 preserved	 RNA	 integrity	 (Fig.	 6.13A).	 Next,	 RT-qPCR	 was	 employed	 to	

assess	the	expression	of	selected	genes	that	encode	key	cytokines	and	chemokines	that	
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have	been	previously	shown	to	be	induced	following	intraperitoneal	challenge	with	heat-

killed	Streptococcus	pneumoniae	(S.	pneumoniae)	capsular	type	14	were	assessed	(Khan,	

Chen,	Wu,	 Paton,	 &	 Snapper,	 2005)	 (Fig	 6.13B-E).	 SPF	mice	 had	 significantly	 higher	

expression	 of	 Ifng	 compared	 to	 GF	mice	 at	 6	 and	 24h	 post-vaccination	 (Fig.	 6.13B).	

Surprisingly,	GF	mice	had	significantly	higher	expression	of	 Il6	and	 Il12a	compared	to	

SPF	mice	at	baseline	(0h)	and	6h	and	12h	post-vaccination	(Fig.	6.13C-D).	Expression	of	

the	 chemokine	 CCL3	 was	 also	 assessed,	 and	 SPF	 mice	 had	 higher	 expression	 of	 this	

chemokine	at	both	6h	and	24h	post-vaccination	(Fig.	6.13E).	

	

In	summary,	GF	mice	have	significantly	different	baseline	and	PCV13-induced	cytokine	

production	 compared	 to	 SPF	mice.	 These	 differences	 in	 the	 cytokine	 and	 chemokine	

response	 to	PCV13	have	 the	potential	 to	 influence	 systemic	 immunity	 and	potentially	

humoral	 responses	 to	 vaccination.	 Future	 work	 using	 cells	 preserved	 from	 this	

experiment	 will	 assess	 these	 differences	 more	 thoroughly	 using	 single	 cell	 RNA	

sequencing.	
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Figure 6.13| Significant differences in the expression of Ifng, Il6, Il12a and Ccl3 hours 
after PCV13 vaccination in germ-free (GF) compared to conventional SPF mice. A| 
Experimental timeline. Age-matched GF and SPF mice were vaccinated with PCV13 at day 
21 of life and humanely killed at 0, 6, 12 and 24 hours post-immunisation. Single-cell 
suspensions of splenocytes and mediastinal lymph nodes were frozen in preservation media 
for subsequent analysis. The expression of B| Ifng, C| Il6, D| Il12a and E| Ccl3 was assessed 
relative to the housekeeping gene GAPDH by RT-qPCR. Data are represented as the mean 
± SEM. *p < 0.05, ****p < 0.0001. 
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6.2 Discussion	

The	 influence	 of	 the	microbiota	 on	 the	 immune	 response	 to	 vaccination	 has	 become	

increasingly	apparent	over	the	last	decade.	However,	the	mechanisms	through	which	the	

microbiome	modulates	these	immune	responses	remain	incompletely	understood	(D.	J.	

Lynn	et	al.,	2021).	Here,	the	potential	for	the	microbiota	to	act	as	a	natural	adjuvant	by	

signalling	via	TLRs	was	assessed.	

	

Post	boosting,	MyD88,	but	not	TLR4	and	TLR2,	was	necessary	for	antibody	responses	to	

the	PCV13	vaccine.	The	impaired	IgG	response	in	Myd88-/-	mice	was	likely	due	to	a	lower	

frequency	of	GC	B	cells	in	the	spleens	of	Myd88-/-	mice	compared	to	wt	mice.	Surprisingly,	

antibiotics	treatment	in	early	life	resulted	in	an	apparent	‘recovery’	of	impaired	IgGtotal,	

IgG1,	 IgG3	and	IgM	responses	 in	observed	in	Myd88-/-	mice.	Finally,	 the	kinetics	of	the	

Ifng,	 Il6,	 Il12a	 and	 Ccl3	 response	 in	 the	 spleen	 after	 PCV13	 vaccination	 revealed	

significant	 differences	 in	 the	 expression	 of	 these	 cytokines	 and	 the	 chemokine,	 CCL3,	

between	GF	and	SPF	mice.		

	

Myd88-/-	 mice	 had	 impaired	 antibody	 responses	 to	 PCV13	 post-boost,	 illustrating	 a	

critical	role	for	MyD88-dependent	signalling	in	mediating	the	immune	response	to	the	

PCV13	 vaccine.	 Previous	 studies	 have	 shown	 that	 MyD88	 is	 required	 for	 optimal	

cytokine,	chemokine	and	antibody	responses	to	heat-killed	S.	pneumoniae	type	14,	and	

Myd88-/-	mice	are	more	likely	to	succumb	to	live	S.	pneumoniae	type	14	challenge	than	

wildtype	mice		(Khan	et	al.,	2005).	Interestingly,	antibody	responses	to	the	PCV13	vaccine	

were	 not	 significantly	 different	 in	 antibiotic-treated	 Myd88-/-	mice	 compared	 to	 the	

untreated	wt	and	ABX	groups,	suggesting	that	recolonisation	of	the	microbiota	following	
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antibiotic	 exposure	 might	 be	 able	 to	 restore	 impaired	 vaccine	 responses	 through	 a	

MyD88-independent	pathway.	If	this	hypothesis	is	true,	it	likely	depends	on	which	taxa	

recolonise	following	antibiotic	exposure.	Intraepithelial	lymphocytes	protect	gut	barrier	

integrity	via	 the	production	of	 the	 inflammatory	cytokine	 IL-6	 in	a	MyD88-dependent	

manner	(Kuhn	et	al.,	2018).	The	combination	of	antibiotics-induced	dysbiosis	and	MyD88	

deficiency	 may	 lead	 to	 increased	 gut	 leakiness	 and	 adjuvanting	 signals	 from	 the	

microbiota	through	a	MyD88-independent	pathway.	

	

The	finding	that	antibiotics	treated	Myd88-/-	mice	had	a	significantly	higher	IgG1	response	

in	 comparison	 to	 Myd88-/-	 in	 the	 absence	 of	 antibiotic	 exposure	 after	 boost	 was	

surprising.	The	IgG1	antibody	compartment	has	the	highest	number	of	mutations	and	is	

therefore	 likely	 to	 have	 the	 highest	 antigen-binding	 affinity	 of	 any	 antibody	 subclass	

(Collins,	2016).	However,	IgG1	has	the	potential	to	block	complement	activation	by	other	

subclasses,	 and	 this	has	 a	 role	 in	preventing	uncontrolled	 IgG-mediated	 inflammation	

(Lilienthal	et	al.,	2018).	It	is	unclear	whether	this	potential	imbalance	of	IgG1	could	leave	

the	 host	more	 susceptible	 to	 pneumococcal	 infection	 after	 PCV13	 vaccination.	 Future	

work	 should	 assess	 the	 functional	 implications	 of	 antibody	 subclass	 imbalance	 using	

infectious	challenge	models.		

		

IgG2b	 is	 considered	 to	 be	 produced	 as	 part	 of	 the	 T-independent	 response	 (Deenick,	

Hasbold,	 &	 Hodgkin,	 1999;	 Collins,	 2016).	 Antibiotic	 treated	 and	Myd88-/-	 mice	 had	

impaired	IgG2b	responses	against	the	whole	PCV13	vaccine	compared	to	wt	mice.	The	

dependence	 of	 IgG2b	 responses	 to	 PCV13	 on	 a	 MyD88-dependent	 pathway	 further	

illustrates	the	potential	importance	of	MyD88	and	the	microbiota	in	the	T	-independent	

response.		
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The	frequency	of	GC	B	cells,	but	not	innate-like	B-1	cells,	was	impaired	in	Myd88-/-	mice	

after	vaccination.	As	seen	in	the	previous	chapter,	there	was	an	egress	of	B-1	cells	out	of	

the	peritoneum	after	vaccination	in	both	wt	and	Myd88-/-	mice.		B-1	cells	translocate	to	

the	 milky	 spots	 of	 the	 omentum	 via	 TLR	 signalling	 after	 the	 intraperitoneal	

administration	of	LPS		(Ha	et	al.,	2006;	Maruya	et	al.,	2011;	Okabe	&	Medzhitov,	2014).	I	

cannot	not	rule	out	that	there	may	be	differences	in	B-1	cell	frequencies	in	other	organs.		

	

Myd88-/-	mice	had	a	modest	but	not	significant	impairment	of	splenic	PCs.	However,	the	

impaired	IgG	response	in	Myd88-/-	mice	was	likely	due	to	a	lower	frequency	of	GC	B	cells	

in	the	spleens	of	Myd88-/-	mice	compared	to	wt	mice.	Prior	studies	identified	a	role	for	the	

MyD88	 pathway	 in	 PC	 accumulation	 in	 the	 bone	 marrow	 (Guay,	 Andreyeva,	 Garcea,	

Welsh,	&	Szomolanyi-Tsuda,	2007;	Kang	et	al.,	2011;	Neves	et	al.,	2010).	A	study	assessing	

responses	 to	 Salmonella	 typhimurium	 infection	 found	 that	 Myd88-/-	 mice	 had	 a	

significantly	 lower	 proportion	 of	 CD138+	 PCs	 and	 a	 delay	 in	 the	 generation	 of	 PCs	

compared	to	wt	mice	after	infection	(Neves	et	al.,	2010).	However,	Myd88-/-	mice	had	no	

differences	 in	 the	 frequency	of	 splenic	GC	B	cells	after	 infection	compared	 to	wt	mice		

(Neves	et	al.,	2010).	Two	other	 studies	 showed	 that	 	Myd88-/-	mice	had	defective	ASC	

responses	in	the	bone	marrow	of	influenza-immunised	and	polyomavirus-infected	mice,	

but	GC	B	 cells	 frequencies	were	not	 impaired	 in	Myd88-/-	mice	 in	 either	 experimental	

model	(Kang	et	al.,	2011;	Guay,	Andreyeva,	Garcea,	Welsh,	&	Szomolanyi-Tsuda,	2007).	

Therefore,	the	defect	in	GC	B	cell	responses	in	PCV13	vaccinated	Myd88-/-	mice	contrasts	

with	 these	previous	 studies,	 illustrating	 that	 the	MyD88	pathway	may	be	particularly	

important	for	immune	responses	to	PCV13	vaccine	antigens	compared	to	live	viral	and	

bacterial	infections.	The	literature	presented	also	contrasts	with	the	finding	that	Myd88-
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/-	mice	had	a	modest	but	not	statistically	significant	reduction	 in	 the	 frequency	of	PCs	

compared	to	wt	mice.		

	

There	was	a	significant	reduction	in	the	frequency	of	IFNγ	producing	cytotoxic	CD8+	T	

cells	in	both	Myd88-/-	mice	and	antibiotic-treated	wt	mice	compared	to	untreated	wt	mice	

(Fig.	 6.6).	 This	 is	 in	 contrast	 to	 previously	 published	 data,	 which	 demonstrated	

exacerbated	IFNγ	responses	after	antibiotic	treatment	in	early-life	to	PCV13	(Lynn	et	al.,	

2018).	 However,	 Lynn	 et	 al.	 measured	 total	 IFNγ,	 not	 T	 cell-specific	 IFNγ;	 therefore,	

differences	in	other	cell	types’	production	of	IFNγ	may	account	for	these	differences.	

	

The	 antibody	 response	 to	 the	 PCV13	 vaccine	 is	 independent	 of	 TLR4.	 TLR4	 signals	

through	both	MyD88-dependent	and	independent	(TRIF)	pathways.	Therefore,	a	defect	

in	 MyD88,	 but	 not	 TLR4,	 suggests	 that	 a	 different	 receptor	 upstream	 or	 MyD88	 is	

required	for	optimal	antibody	responses	to	the	PCV13	vaccine.	In	an	infection	model	of	S.	

pneumoniae,	 Tlr4-/-	 mice	 were	 more	 susceptible	 to	 infection	 than	 wt	 mice	 (Sánchez-

Tarjuelo	et	al.,	2020).	The	severity	of	S.	pneumoniae	was	even	greater	in	Tlr4-/-	mice	than	

in	Myd88-/-	mice,	as	there	were	higher	bacterial	colony-forming	units	(CFU)	in	the	lungs	

of	Tlr4-/-	mice.	This	was	attributed	to	changes	in	the	pro-inflammatory	cytokine	profile,	

weaker	myeloid	cell	lung	infiltration	and	lack	of	Th1	induction	(Sánchez-Tarjuelo	et	al.,	

2020).	The	importance	of	TLR4	in	responding	to	S.	pneumoniae	infection	means	assessing	

functional	differences	after	PCV13	vaccination	may	also	be	of	interest.	

	

The	importance	of	the	TLR2	pathway	for	immunity	to	pneumococcus	has	been	previously	

reported	 by	 Khan	 et	 al.,	 who	 showed	 that	 Tlr2-/-	 mice	 exhibited	 impaired	 antibody	

responses	 to	 several	 proteins	 and	 polysaccharides	 in	 response	 to	 S.	 pneumoniae	
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administered	 intraperitoneally	 (Khan	et	 al.,	 2005;	Sen,	Khan,	Chen,	&	Snapper,	2005).	

However,	 the	 data	 from	 this	 chapter	 showed	 that	while	 IgGtotal	 responses	 to	 primary	

vaccination	were	impaired	in	Tlr2-/-	mice,	there	were	no	significant	differences	in	IgGtotal	

antibody	 responses	 to	 the	 whole	 vaccine	 after	 boosting.	 This	 experiment	 provides	

evidence	 further	 that	 the	TLR2	pathway	 is	 important	 for	 the	 initial	 humoral	 immune	

response	to	PCV13	vaccination.		

	

The	 final	 experiment	 in	 this	 chapter	 sought	 to	 define	 differences	 in	 the	 early	 innate	

immune	response	to	PCV13	vaccination,	as	it	appears	that	the	microbiota	influences	both	

T-dependent	and	independent	responses	to	PCV13	vaccination.	Splenic	cytokines	were	

assessed	by	RT	qPCR	at	baseline	(0h)	and	6h,	and	12h	post-vaccination.	Interestingly,	GF	

mice	had	a	dysregulated	cytokine	response	 to	vaccination	and	were	defective	 in	 their	

induction	of	Ifng	and	Ccl3	but	had	heightened	Il6	and	Il12a	expression.	IL-12,	IFN-γ,	and	

CCL3	 have	 each	 been	 separately	 associated	 with	 the	 promotion	 of	 type	 1	 adaptive	

immunity,	while	IL-6	has	been	found	to	facilitate	type	2	immunity	(Luther	&	Cyster,	2001;	

Murphy	 &	 Reiner,	 2002;	 Velazquez-Salinas,	 Verdugo-Rodriguez,	 Rodriguez,	 &	 Borca,	

2019).	In	addition,	IL-6	and	IL-12	are	strictly	myeloid-derived,	whereas	IFN-γ	is	produced	

by	T	cells	but	also	by	NK	cells,	invariant	T	cells	and	ILC1s	post-immunisation	(Ignacio	et	

al.,	2016),	potentially	illustrating	a	dysregulated	innate	response	and	dampened	adaptive	

response	 in	GF	mice	 to	 PCV13	 vaccination.	 Surprisingly,	 GF	mice	 had	 higher	 baseline	

levels	 of	 Il6	 compared	 to	 SPF	 mice.	 Previous	 studies	 have	 reported	 that	 IL-6	 levels	

measured	by	ELISA	in	the	spleens	of	GF	mice	and	those	colonised	by	pathobionts	were	

not	significantly	different	after	culturing	with	PMA	and	ionomycin,	however,	this	would	

stimulate	T	cell	and	not	innate	responses	(Sato,	Yokoji,	Yamada,	Nakajima,	&	Yamazaki,	

2018).	
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GF	mice	may	exhibit	exacerbated	and	uncontrolled	systemic	innate	responses	to	PCV13	

antigens	due	to	a	lack	of	exposure	to	microbiota-derived	antigens.	These	cytokine	and	

chemokine	 were	 also	 measured	 during	 the	 early-life	 window	 where	 mice	 have	

exacerbated	responses	to	the	microbiota	(Al	Nabhani	et	al.,	2019).	SPF	mice	undergo	a	

‘weaning	reaction’	marked	by	exacerbated	baseline	cytokine	responses	induced	by	the	

microbiota,	which	 does	 not	 occur	 in	 GF	mice	 and	 leads	 to	 dysregulated	 RORyt+	 Treg	

responses	later	in	life	(Al	Nabhani	et	al.,	2019).	Splenocytes	and	draining	lymph	node	cells	

have	 been	 cryopreserved	 from	 my	 experiment	 in	 order	 to	 carry	 out	 single-cell	

sequencing	 for	 a	 more	 extensive	 transcriptional	 analysis	 of	 the	 defects	 in	 the	 early	

response	to	PCV13	vaccination.	

	

Some	 important	 limitations	 of	 this	 work	 need	 to	 be	 addressed	 in	 future	 studies.	 For	

example,	 MyD88	 was	 knocked	 out	 systemically,	 so	 which	 immune	 cell	 populations	

mediate	 these	 effects	 remains	 to	 be	 determined.	 I	 presented	 evidence	 from	 previous	

studies	suggesting	that	MyD88	in	B	cells	or	intestinal	intraepithelial	lymphocytes	could	

drive	this	impairment	in	humoral	responses	to	the	PCV13	vaccine.	Future	work	should	

assess	cell-type	specific	knockouts	of	MyD88	using	Myd88fl/fl,	CD23-Cre	or	IL-6-Cre	mice	

to	restrict	myd88	deficiency	to	populations	of	interest.	Another	limitation	of	this	study	is	

that	polysaccharides	are	already	known	to	stimulate	the	TLR2	pathway.	Therefore,	these	

experiments	cannot	specifically	assess	whether	these	signals	come	from	the	microbiota,	

vaccine,	or	adjuvant.	Future	experiments	are	needed	in	genetically	deficient	GF	mice,	e.g.	

Myd88-/-	GF	mice,	 to	 further	elucidate	 the	role	of	 these	receptors	 in	mediating	natural	

adjuvanting	 signals	 from	 the	 microbiota.	 Assessing	 specific	 bacterial	 species	 in	 a	

gnotobiotic	mouse	model	could	also	help	to	identify	specific	bacteria	that	support	optimal	
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antibody	responses.	Finally,	due	to	time	constraints,	gene	expression	analysis	was	limited	

to	 a	 select	 number	 of	 proinflammatory	 cytokines	 and	 chemokines,	 leaving	 it	 unclear	

whether	a	defect	in	GF	mice	is	critical	for	promoting	type	1	or	2	immunity.	Future	work	

will	involve	single-cell	RNA	sequencing	analysis	to	more	comprehensively	characterise	

differences	in	gene	expression	and	cellular	composition	of	the	draining	lymph	node	in	GF	

compared	to	SPF	mice	in	the	hours	post-immunisation.	
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7 Discussion		

The	 COVID-19	 pandemic	 has	 brought	 global	 attention	 to	 the	 importance	 of	 effective	

vaccines.	 However,	 vaccine	 responses	 remain	 suboptimal	 in	 vulnerable	 populations,	

including	infants	and	older	adults.	Vaccine	immunogenicity	is	also	higher	in	high-income	

countries	(HICs)	and	low-	and	middle-income	countries	(LMICs)	where	vaccines	are	most	

needed	(Patel	et	al.,	2013;	Clark	et	al.,	2019;	Hallander	et	al.,	2002;	Lalor	et	al.,	2009).	In	

parallel,	there	is	growing	evidence	of	a	relationship	between	the	microbiome	and	vaccine	

responsiveness.	A	recent	study	assessing	human	adults	with	low	pre-existing	immunity	

to	 influenza	 found	 impaired	 antibody	 responses	 to	 the	 flu	 vaccine	 after	 antibiotics	

exposure,	suggesting	that	the	microbiota	may	substantially	influence	primary	rather	than	

memory	responses	to	vaccination	(Hagan	et	al.,	2019).	Preclinical	experiments	in	mice	by	

Lynn	et	al.	also	demonstrated	that	antibiotic-induced	microbial	dysbiosis	in	early	life	led	

to	significantly	impaired	antibody	responses	to	both	live	and	adjuvanted	vaccines	(Lynn	

et	al.,	2018).	However,	prior	to	this	thesis	whether	antibiotic	exposure	could	influence	

vaccine	 responses	 in	 human	 infants	 had	 not	 yet	 been	 investigated.	 The	 mechanisms	

through	 which	 the	 microbiome	 influenced	 vaccine	 responses	 also	 remain	 unclear.	

Several	mechanisms	have	been	proposed.	 Immunomodulatory	molecules	produced	by	

the	microbiota,	such	as	liposaccharide	and	flagellin,	may	modulate	immune	responses	to	

vaccination	 by	 acting	 as	 natural	 adjuvants,	 via	 recognition	 by	 pattern	 recognition	

receptors	 (PRRs)	 such	 as	 Toll-like	 receptors	 (TLRs)	 expressed	 by	 antigen-presenting	

cells.	 Previous	 studies	 have	 shown	 that	 sensing	 of	 the	microbiota	 through	 TLR5	was	

necessary	for	optimal	antibody	responses	to	the	trivalent	influenza	vaccine	in	mice	(Oh	

et	 al.,	 2014),	 but	whether	 this	 is	 the	 case	 for	 other	 vaccines	 and	 TLRs	 had	 yet	 to	 be	

explored.	Furthermore,	the	influence	of	the	microbiota	on	innate-like	B-1	cell	responses	
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to	 the	 immunodominant	cell-wall	polysaccharide	of	Group	A	streptococcus	 (GAS)	was	

shown	previously	to	be	dependent	on	signalling	through	a	MyD88	dependent	pathway,	a	

key	 adaptor	 protein	 for	 several	 TLRs.	 However,	 whether	 this	 had	 implications	 for	

polysaccharide	vaccines	such	as	PCV13	remained	to	be	explored.		

	

In	this	dissertation,	I	present	several	preclinical	and	clinical	studies	that	have	furthered	

our	understanding	of	the	impact	of	the	microbiome	on	immune	responses	to	vaccination	

in	early	life.	The	dependency	of	optimal	humoral	and	cellular	responses	to	PCV13	on	the	

microbiota	was	elucidated.	In	addition,	I	found	a	contextual	dependency	on	MyD88	for	

effective	antibody	responses	to	the	PCV13	vaccine.	Elucidating	the	complex	relationship	

between	the	microbiome	and	vaccine	responsiveness	has	opened	new	possibilities	 for	

the	exploration	of	microbiota-targeted	interventions	to	improve	vaccine	responsiveness	

in	infants.	In	addition,	this	work	examined	flow	cytometry	data	as	part	of	a	large	clinical	

study,	 the	Antibiotics	 and	 Immune	Response	Study,	 an	extensive	 systems	vaccinology	

study	 that	 found	 impaired	 responses	 to	 infant	 vaccines	 in	 infants	 directly	 exposed	 to	

antibiotics	in	the	neonatal	period.		

	

Preclinical	studies	

Though	 a	 number	 of	 observational	 clinical	 cohort	 studies	 have	 found	 an	 association	

between	vaccine	responses	and	the	microbiome	(Huda	et	al.,	2019,	2014;V.	Harris	et	al.,	

2018;	V.	C.	Harris	et	al.,	2016;Parker	et	al.,	2018;	Fix	et	al.,	2020;Zhao	et	al.,	2020;Praharaj	

et	al.,	2019),	very	little	mechanistic	work	has	been	carried	out	to	prove	a	causative	role.	

Preclinical	studies	in	mouse	models	are	an	effective	and	relatively	cheap	system	to	probe	

whether	associations	found	in	observational	clinical	studies	are	 likely	causally	related.	

To	control	for	the	complexity	and	interdependency	of	multiple	variables	associated	with	
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the	 immune	 response,	 it	 was	 necessary	 to	 use	 a	 GF	 mouse	 model.	 GF	 mice	 have	

advantages	over	antibiotics	treatment	models.	GF	mice	are	a	completely	sterile	system,	

free	 of	 all	 microorganisms,	 viruses	 and	 fungi,	 allowing	 exclusive	 colonisation	 with	 a	

particular	 monoculture	 or	 specific	 microbiota	 (Kennedy,	 King,	 &	 Baldridge,	 2018).	

However,	 there	are	also	some	drawbacks.	GF	mice	are	expensive,	 requiring	expensive	

isolators	in	a	separate	facility	to	conventionally	colonised	SPF	mice,	new	genotypes	must	

be	derived	GF,	and	not	all	experiments	are	feasible	 in	a	GF	environment.	GF	mice	also	

have	specific	immune	developmental	defects,	such	as	dysregulated	natural	killer	T	cell	

tolerance,	 lack	 of	 mucosal	 invariant	 T	 cell	 imprinting	 to	 promote	 tissue	 repair	 and	

elevated	IgE	resulting	in	exaggerated	allergic	reactions	(Cahenzli,	Köller,	Wyss,	Geuking,	

&	McCoy,	2013;	Constantinides	et	al.,	2019;	Hansen	et	al.,	2012;	Olszak	et	al.,	2012;	Archer	

et	al.,	2023).	Despite	these	drawbacks,	GF	mice	are	considered	a	gold-standard	approach	

to	demonstrate	a	casual	relationship	between	the	microbiota	and	a	phenotype	of	interest.	

	

Prior	to	this	dissertation,	it	was	known	that	mice	treated	with	antibiotics	in	early	life	had	

impaired	responses	to	 infant	vaccines	such	as	PCV13	(Lynn	et	al.,	2018).	This	body	of	

work	 has	 recapitulated	 these	 findings	 in	 a	 GF	 mouse	 model,	 demonstrating	 that	 the	

effects	of	antibiotics	were	likely	due	to	their	impact	on	the	microbiota	and	not	off-target	

effects	 of	 the	 antibiotics	 (Shekhar	 &	 Petersen,	 2020).	 Furthermore,	 extensive	 flow	

cytometry	analysis	of	the	spleen,	draining	lymph	nodes,	peritoneum	and	bone	marrow	of	

GF	 and	 colonised	 mice	 demonstrated	 that	 impaired	 antibody	 responses	 in	 GF	 mice	

coincide	 with	 defects	 in	 germinal	 centre	 (GC)	 formation,	 potentially	 stemming	 from	

differences	 in	 the	 early	 cytokine	 and	 innate-like	 B-1	 cell	 responses.	 Bacterial	

polysaccharides,	such	as	those	found	in	the	PCV13	vaccine,	are	generally	expected	to	elicit	

T-independent	responses.	However,	GF	mice	appear	to	have	impaired	T-dependent	and	
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independent	responses	to	the	PCV13	vaccine.	Polysaccharides	in	the	PCV13	vaccine	are	

conjugated	to	the	carrier	protein	CRM197,	which	could	be	why	it	appears	to	induce	both	

T-dependent	and	independent	antibody	responses	in	immunised	mice.	

	

Most	 studies	 to	 date	 assessing	 the	 impact	 of	 the	 microbiota	 on	 GC	 responses	 have	

assessed	GC	formation	in	Peyer’s	Patches	in	the	gastrointestinal	tract.	For	example,	aged	

mice	 have	 been	 shown	 to	 have	 defective	 GC	 reactions	 in	 their	 gut	 Peyer’s	 Patches	

(Stebegg	 et	 al.,	 2019).	 However,	 cohousing	 aged	 mice	 with	 younger	 adult	 mice	 and	

administering	an	FMT	from	adult	mice	can	restore	defective	GC	response	in	aged	mice	

(Stebegg	et	al.,	2019).	More	recent	work	found	that	the	composition	of	the	gut	microbiota	

could	influence	splenic	GC	formation	in	response	to	Plasmodium	yoelii.	In	this	study,	Tfh	

cells	were	 shown	 to	 be	 primed	 by	 the	microbiota	 in	 the	 Peyer’s	 Patches	 before	 they	

migrated	to	the	spleen.	GF	mice	colonised	with	the	microbiota	from	Plasmodium	yoelii-

resistant	mice	were	resistant	to	infection	with	Plasmodium	yoelii,	demonstrating	that	GC	

formation	was	microbiota	dependent	(Waide	et	al.,	2020).	In	addition,	resistant	mice	had	

a	wider	range	of	parasite-specific	antibodies	and	higher	BCR	repertoire	diversity.	

	

GCs	are	usually	formed	via	T-dependent	responses	that	result	in	robust	and	long	lasting	

immunity	 against	 infection	 and	disease	 (N.	 S.	De	 Silva	&	Klein,	 2015).	 	Recently,	 fate-

mapping	of	B	cells	found	that	T-independent	GCs	can	also	lead	to	the	generation	of	long-

lived	plasma	cells	and	memory	B	cells	(Liu	et	al.,	2022).	In	addition,	infant	B	cells	have	an	

intrinsic	 inability	 to	 form	 GCs.	 However,	 T-dependent	 derived	memory	 cells	 and	 PCs	

persist	 longer	(Akkaya,	Kwak,	&	Pierce,	2019;	Liu	et	al.,	2022).	The	persistence	of	PCs	

appears	to	be	pre-programmed,	and	extending	the	duration	of	the	GC	reaction	favourably	

selects	 for	 long-lived	 plasma	 cells	 (M.	 J.	 Robinson	 et	 al.,	 2022).	 Therefore,	 utilising	
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gnotobiotic	 mice	 to	 discover	 microbiota-targeted	 interventions	 with	 the	 ability	 to	

prolong	 the	 GC	 response	 would	 be	 particularly	 helpful	 in	 boosting	 infant	 vaccine	

responses.		

	

The	timing	of	gut	microbial	colonisation	is	a	key	factor	influencing	immune	responses	in	

later	life	(Al	Nabhani	et	al.,	2019).	FMT	mice	in	my	experiments	which	received	the	FMT	

at	day	21	of	life,	did	not	have	restored	antibody	responses	to	vaccination	compared	to	

SPF	 mice,	 but	 intergenerationally	 colonised	 exGF	 mice	 largely	 did.	 Further	 work	 is	

needed	to	determine	when	colonisation	needs	to	occur	post	birth	for	optimal	antibody	

responses	after	PCV13	vaccination.	Another	group	recently	 showed	 that	 the	 timing	of	

colonising	 GF	mice	with	 a	 conventional	microbiota	 had	 a	 significant	 effect	 on	 splenic	

immune	 cell	populations	 in	 adulthood	 (Archer	et	 al.,	 2023).	GF	mice	 colonised	with	a	

normal	microbiota	at	birth	had	normal	 cell	 frequencies	 in	 the	 spleen	 in	adulthood.	 In	

contrast,	those	not	colonised	until	4	weeks	of	life	had	significantly	higher	dendritic	cells	

(DCs),	macrophages,	B	cells	and	Tregs	compared	to	conventional	mice	but	lower	CD8+	T	

cells	 (Archer	 et	 al.,	 2023).	 Therefore,	 it	 is	 perhaps	 not	 surprisingly	 that	 antibody	

responses	were	not	restored	in	the	FMT	group	in	my	experiments	(which	were	colonised	

at	day	21	of	life),	as	defects	in	key	immune	cell	populations	in	GF	mice	were	likely	not	

reversible	with	an	FMT	alone	at	 this	 timepoint.	However,	mice	colonised	with	an	SPF	

microbiota	 before	 birth	 (exGF)	 was	 sufficient	 to	 largely	 restore	 IgG	 tites	 to	 levels	

comparable	to	conventional	mice.	

	

I	also	showed	that	mice	deficient	in	MyD88	had	severely	impaired	immune	responses	to	

PCV13	vaccination.	Therefore,	MyD88-dependent	TLR	signalling	may	be	involved	in	the	

immune	response	to	the	PCV13	vaccine.	Interestingly,	though	IgG	and	IgM	responses	to	
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vaccination	were	severely	 impaired	 in	Myd88-/-	mice,	MyD88/IRAK4	deficient	humans	

have	impaired	IgM	but	not	IgG	responses	against	T-independent	pneumococcal	antigens	

(Maglione	et	al.,	2014).	It	 is	possible	that	this	is	the	case	as,	unlike	mice,	humans	have	

fully	formed	secondary	lymphoid	tissues.	TLR2	was	necessary	for	the	initial	response	to	

PCV13	in	mice,	but	not	after	boosting,	which	contrasts	with	previous	work	illustrating	

the	role	of	TLR2	signalling	in	pneumococcal	polysaccharide	immune	responses	(Sen	et	

al.,	 2005).	 However,	 MyD88	 but	 not	 TLR2	 was	 necessary	 for	 protection	 against	

Streptococcus	 pneumoniae	 (S.	 pneumoniae)	 (Khan	 et	 al.,	 2005).	 	 TLR	 knockout	

experiments	could	also	be	impacted	by	redundancy	in	different	TLR	pathways	(Chauhan,	

Shukla,	Chattopadhyay,	&	Saha,	2017).	I	also	observed	that	the	significant	impairment	of	

antibody	responses	 in	GF	and	Myd88-/-	mice	were	accompanied	by	significantly	 lower	

frequencies	of	GC	B	cells.	My	data	suggests	that	the	mechanism	by	which	Myd88-/-	mice	

and	GF	mice	have	 impaired	 immune	responses	to	the	PCV13	vaccine	could	be	similar.	

Surprisingly,	antibiotics	induced	dysbiosis	from	early	life	antibiotics	exposure	restored	

impaired	antibody	responses	in	Myd88-/-	mice.	Further	work	is	needed	in	a	genetically	

deficient	 GF	 model	 to	 assess	 whether	 GF	Myd88-/-	mice	 have	 impaired	 responses	 to	

PCV13,	in	contrast	to	the	‘rescued’	response	in	antibiotics	exposed	mice.		

	

	

The	 infiltration	 of	 IFNγ-dependent	 Sca-1	 monocytes	 into	 lymphoid	 organs	 during	

secondary	infection	was	previously	reported	to	cause	GC	collapse	(Biram	et	al.,	2022).	A	

similar	mechanism	may	mediate	impaired	antibody	and	GC	B	cell	frequencies	in	Myd88-/-	

mice	 and	 could	 explain	 why	 antibiotics	 treatment	 ‘rescued’	 the	 impaired	 antibody	

observed	 in	 Myd88-/-	 mice.	 One	 possibility	 is	 that	 Myd88-/-	 mice	 have	 increased	

inflammation	due	to	dysbiosis	and	decreased	gut	barrier	integrity.	Antibiotics	exposure	
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may	have	reduced	this	colonisation	and	may	have	restored	gut	barrier	integrity,	reducing	

inflammation	 and	 the	 induction	 of	Sca-1+	 monocytes,	 restoring	 GC	 B	 cell	 responses.	

However,	 16S	 rRNA	 gene	 sequencing	 data	 showed	 no	 evidence	 of	 pathogenic	 gut	

microbiota	colonisation	after	early	life	antibiotics	exposure	in	Myd88-/-	mice.	Still,	future	

work	 should	 assess	 Sca-1+	 monocyte	 infiltration	 in	 the	 spleen	 and	 lymph	 nodes	 of	

antibiotic	treated	and	FMT	mice.	 

	

Microbiota	drift	in	animal	facilities	can	change	experimental	phenotypes	over	time.	16S	

rRNA	 gene	 sequencing	 revealed	 differences	 in	 the	 composition	 over	 time	 between	

different	 experiments.	Differences	 in	 the	microbiota	 between	 the	 control	 SPF	mice	 in	

Tlr2,	Tlr4	and	MyD88	experiments	may	partly	 explain	why	 responses	 to	PCV13	were	

impaired	 in	 antibiotics	 treated	 mice	 in	 some	 experiments	 but	 were	 not	 impaired	 in	

others.	 The	 species	 that	 recolonised	 these	 mice	 is	 also	 vastly	 different	 from	 taxa	

recolonised	antibiotics	exposed	mice	in	previous	work	by	Lynn	et	al.	(Lynn	et	al.,	2021).	

A	confounding	factor	in	this	analysis	could	be	differences	in	the	amount	of	time	that	the	

samples	 from	 each	 experiment	were	 stored.	 	 Although	 all	 V	 timepoint	 samples	were	

extracted	around	the	same	time,	each	of	the	experiments	took	place	2-5	months	apart,	

which	does	not	rule	out	the	possibility	that	this	may	have	had	an	effect	on	the	composition	

of	the	microbiome	in	the	faecal	samples	when	assessed	by	16S	sequencing.	

	

B-1	cells	are	frontline	players	in	the	early	humoral	responses,	alongside	marginal	zone	

(MZ)	B	cells,	to	T-independent	antigens	(K.	M.	Haas	et	al.,	2005;	Martin,	Oliver,	&	Kearney,	

2001).	T-independent	antigens	are	identified	by	their	high	molecular	weight,	repetitive	

epitopes,	 and	 slow	 degradation	 within	 the	 body.	 T-independent	 antigens,	 such	 as	

bacterial	capsular	polysaccharides,	can	induce	quick	antibody	responses	by	cross-linking	
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multivalent	 BCR	 without	 the	 need	 for	 assistance	 from	 T	 cells	 restricted	 by	 major	

histocompatibility	complex	class	II	(Mond,	Lees,	&	Snapper,	1995).	The	polysaccharide	

specific	clonality	of	B-1	cells	have	been	previously	shown	to	be	pre-programmed	by	the	

microbiota,	directing	their	response	in	a	MyD88	dependent	manner	(New,	Dizon,	Fucile,	

Rosenberg,	Kearney,	&	King,	2020).		However,	while	there	were	significantly	higher	B-1,	

B-1a	 and	 B-1b	 cells	 in	 SPF	mice	 compared	 to	 GF	mice	 after	 vaccination,	 there	was	 a	

reduction	 in	 these	populations	 in	 the	peritoneum	 is	 cell	 subset	after	vaccination.	This	

reduction	of	the	frequency	of	B-1	cells	after	immunisation	was	also	observed	in	wt	and	

Myd88-/-	mice.	One	study	found	a	higher	accumulation	of	B-1	cells	in	the	peritoneum	of	

GF	mice	compared	to	conventionally	colonised	SPF	mice	under	homeostasis	(Ha	et	al.,	

2006).	The	authors	suspected	steady-state	signals	from	the	microbiota	led	to	the	constant	

migration	of	B-1	cells	out	of	the	peritoneum	mediated	by	TLR	sensing	of	the	microbiota,	

but	 that	 an	 absence	 of	 these	 signals	 in	 GF	 mice	 led	 to	 their	 accumulation	 in	 the	

peritoneum	(Ha	et	al.,	2006).	Further	work	needs	to	examine	the	importance	of	B-1	cells	

programmed	by	the	microbiota	in	the	response	to	infant	polysaccharide	vaccines.	
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Figure 7.1| PCV13 elicits both T-dependent and independent antibody responses. 
The PCV13 vaccine consists of the carrier protein CRM197 conjugated to polysaccharides 
against 13 serotypes of Streptococcus pneumoniae. This vaccine generated a T-
dependent response in which antigen-presenting cells presented vaccine antigens to T 
cells (such as Tfh cells) in the lymph nodes and spleen, contributing to the formation of 
GCs where B cells undergo affinity maturation, somatic hypermutation, class switching, 
and differentiation into plasma cells that produce high-affinity antibodies. PCV13 also 
generated a T-independent response, activating innate-like B cells (such as B-1 cells) that 
produce antibodies without T cell help. Both T-dependent and independent responses to 
the PCV13 vaccine were impaired in GF mice. 
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Other	models	used	to	assess	the	impact	of	the	microbiota		

As	 discussed,	 while	 GF	mice	 are	 useful	 preclinical	model	 to	 assess	 the	 impact	 of	 the	

microbiota	on	immune	responses,	they	have	drawbacks,	including	impaired	T	regulatory	

function	(Östman,	Rask,	Wold,	Hultkrantz,	&	Telemo,	2006).	In	addition,	GF	mice	can	only	

partially	 replicate	 the	 intricate	 interactions	 within	 the	 microbiota-competent	

environment	of	conventional	mice.	Consequently,	future	studies	should	consider	other,	

more	 physiologically	 relevant	 models.	 One	 way	 to	 more	 accurately	 assess	 vaccine	

responses	is	by	utilising	mice	with	a	‘wild’	microbiome.	The	seminal	paper	in	this	field	

found	that	laboratory	SPF	mice	cohoused	with	pet	shop	mice	exhibited	a	more	‘mature’	

immune	system	than	standard	SPF	mice	(Beura	et	al.,	2016).	Rosshart	et	al.	subsequently	

created	a	‘chimeric	meta-organism’	model,	where	they	colonised	laboratory	mice	with	a	

‘natural	microbiota’		made	up	of	the	microbiota	of	closely	related	wild	mice	(Rosshart	et	

al.,	 2017).	 This	 model	 had	 the	 benefit	 of	 maintaining	 the	 genetic	 background	 of	 the	

laboratory	mouse	but	adding	the	natural	diversity	of	a	wild	microbiota.	These	chimeric	

mice	were	protected	against	a	lethal	influenza	viral	infection.	This	group	also	created	a	

‘wildling’	 model	 that	 better	 phenocopied	 human	 immune	 responses	 (Rosshart	 et	 al.,	

2019).	Interestingly,	a	more	recent	paper	found	that	SPF	mice	cohoused	with	pet-store	

mice	had	poorer	vaccine	immunogenicity	to	the	influenza	vaccine	than	SPF	mice	(Fiege	

et	al.,	2021).		Therefore,	a	wild	mouse	model	for	vaccine	responses	could	be	used	in	the	

future	as	a	more	accurate	way	to	recapitulate	human	responses	to	vaccination.		

	

Despite	 their	 drawbacks,	 GF	 mice	 can	 also	 be	 used	 as	 a	 blank	 canvas	 to	 ensure	

reproducibility	 in	 the	 assessment	 of	 the	 effects	 of	 specific	 microbial	 strains	 and	

communities	 on	 the	 immune	 response	 to	 vaccination.	 For	 example,	 using	 defined	

bacterial	communities	in	mouse	models	can	ensure	reproducibility	across	experiments	
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and	 control	 for	phenotype	 changes	due	 to	microbiome	drift	 over	 time	 (Bolsega	 et	 al.,	

2019;	 Brugiroux	 et	 al.,	 2016;	 Eberl	 et	 al.,	 2020;	 Rolhion	 et	 al.,	 2019).	 Alternatively,	

humanised	GF	mice	can	be	colonised	with	a	human	microbiota	for	improved	translation	

to	 human	 studies.	 Finally,	 one	 group	 used	 gnotobiotic	 mice	 to	 ‘screen’	 for	 probiotic	

strains	 that	 could	 improve	 vaccine	 responsiveness	 (Geva-Zatorsky	 et	 al.,	 2017).	 This	

same	model	 could	 be	 used	 to	 screen	 probiotic	 strains	 that	 could	 be	 administered	 to	

antibiotic-exposed	 human	 infants	 in	 order	 to	 improve	 subsequent	 responses	 to	

immunisation.	

	

The	AIR	Study	

This	dissertation	involved	extensive	flow	cytometry	and	subsequent	analysis	undertaken	

as	 part	 of	 the	 AIR	 Study,	 a	 keystone	 systems	 vaccinology	 study,	 in	 preparation	 for	

publication.	 The	 AIR	 Study	 enrolled	 more	 than	 255	 full-term,	 healthy,	 and	 vaginally	

delivered	infants.	Infants	required	5	visits	for	whole	blood	and	faecal	sample	collection	

to	 assess	 the	 composition	 of	 the	 microbiota	 using	 shotgun	 metagenomics,	 vaccine	

antibody	 responses,	 whole	 blood	 transcriptomics	 (RNAseq)	 and	 multi-parameter	

immunophenotyping	 by	 flow	 cytometry	 analysis.	 Neonates	 directly	 exposed	 to	

antibiotics	 had	 impaired	 antibody	 responses	 to	 their	 routine	 immunisations,	 most	

notably	 to	 the	PCV13	vaccine	at	7	months.	Previous	systems	vaccinology	studies	have	

primarily	been	limited	to	adults.	Remarkably	little	work	has	been	carried	out	profiling	

circulating	immune	cell	populations	in	human	infants	after	vaccination.	Investigating	the	

effects	 of	 antibiotics	 exposure	 on	 circulating	 immune	 cell	 populations	 could	 explain	

impaired	responses	to	vaccination	observed	in	this	study.	The	vast	majority	of	the	infant’s	

immune	cell	populations	were	unchanged	between	antibiotic	exposure	groups,	though	a	

modest	 decrease	 in	 circulating	 CD45RA-	 iTregs	 was	 observed	 in	 infants	 exposed	 to	
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intrapartum	 antibiotics.	 Flow	 cytometry	 analysis	 also	 highlighted	 sex	 differences	 in	

immune	cell	populations	during	this	critical	developmental	window.	

	

Previous	studies	have	attempted	to	elucidate	the	effects	of	antibiotics	induced	dysbiosis	

on	immune	responses	to	vaccination	in	early	life,	but	in	far	less	depth.	A	study	in	Indian	

infants	assessing	the	effect	of	azithromycin	exposure	did	not	find	a	significant	impact	of	

these	 antibiotics	 on	 responses	 to	 OPV	 (Grassly	 et	 al.,	 2016a).	 Antibiotics	 were	

administered	11	days	before	vaccination	to	improve	impaired	responses	resulting	from	

environmental	enteropathy	and	pathogenic	intestinal	bacteria,	and	a	reduction	in	both	

was	observed.	This	did	not	 impact	OPV	 responses	 (Grassly	 et	 al.,	 2016a).	This	 cohort	

drastically	 differs	 from	 the	 AIR	 Study	 infants	 as	 there	 is	 little	 pathogen	 burden	 in	

Australia	and	consequently	do	not	suffer	 from	environmental	enteropathy.	 In	another	

study,	antibiotic	exposure	in	children	under	2	was	negatively	associated	with	antibody	

responses	to	DTaP	and	PCV,	though	no	analysis	of	the	microbiota	or	other	samples	was	

carried	out	in	this	study,	and	children	were	not	age-matched	(Chapman	et	al.,	2022).		An	

impressive	study	assessing	thousands	of	records	on	Taiwan’s	National	Health	Insurance	

Research	 Database	 found	 an	 association	 between	 early-life	 antibiotic	 exposure	 and	

varicella	occurrence	pre-	and	post-varicella	vaccine	introduction	(T.	L.	Lin	et	al.,	2022).	

This	study	took	advantage	of	existing	healthcare	data,	which	did	not	include	data	on	the	

microbiota	composition.	A	conflicting	study	found	that	antibiotics	exposure	from	day	7	

of	 life	was	associated	with	an	 increase	 in	seropositivity	 to	ORV	at	7	months	 in	 infants	

from	Peru,	Brazil	and	South	Africa	(St	Jean	et	al.,	2022).	However,	the	authors	concluded	

that	a	theoretical	removal	of	inappropriate	antibiotics	courses	would	have	little	effect	on	

population	seropositivity	in	these	populations.	Finally,	a	retrospective	study	of	over	1000	

infants	from	the	United	States	assessed	the	impact	of	antibiotic	exposure	in	the	14	days	
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before	receiving	ORV	(E.	J.	Anderson	et	al.,	2020).	Infants	exposed	to	antibiotics	had	no	

significant	 differences	 in	 RV-specific	 IgA	 compared	 to	 infants	 who	 did	 not	 receive	

antibiotics.	 However,	 this	 study	 vastly	 differed	 from	 the	 antibiotics	 exposure	 period	

assessed	in	the	AIR	Study,	and	data	recording	potential	antibiotic	exposure	outside	the	

period	of	14	days	before	the	vaccination	was	not	assessed.	These	studies	highlight	the	

importance	of	our	comprehensive	systems	vaccinology	approach.	

	

Human	infants	have	much	poorer	responses	to	vaccination	than	adults,	particularly	 in	

response	 to	 T-independent	 antigens	 (C.	 A.	 Siegrist	 &	 Aspinall,	 2009).	 Therefore,	

circumventing	 the	 immature	 infant	 immune	 response	 and	 manufacturing	 effective	

vaccines	 is	 particularly	 important	 to	 protect	 vulnerable	 populations.	 However,	

manipulating	the	microbiota	to	give	infants	the	best	chance	at	effectively	responding	to	

existing	vaccines	is	also	necessary	until	this	is	achieved.		Antibiotic	exposure	in	AIR	Study	

infants	was	associated	with	reduced	bifidobacterial	colonisation,	which	correlated	with	

vaccine	 responses.	 An	 increased	 relative	 abundance	 of	 Bifidobacterium	 spp.	 has	

previously	been	found	to	be	associated	with	increased	SCFA	production	(Fukuda	et	al.,	

2011).	SCFAs,	such	as	acetate	and	butyrate,	have	immunomodulatory	properties	that	can	

support	B	cell	metabolism,	plasma	cell	differentiation	and	class	switching,	resulting	 in	

higher	overall	antibody	production	(M.	Kim	et	al.,	2016).	In	addition,	Bifidobacterium	spp.	

can	metabolise	Human	Milk	Oligosaccharides	(HMOs)	found	in	breast	milk	into	SCFAs,	

supporting	B	cell	differentiation	and	antibody	responses	(M.	Kim	et	al.,	2016).	Therefore,	

administering	 a	 bifidobacterial-based	 probiotic	 after	 antibiotic	 exposure	 could	 be	

considered	for	future	RCTs	to	improve	vaccine	responses	in	antibiotic	exposed	infants.	
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Limitations		

These	studies	have	potential	limitations	that	must	be	considered.	For	example,	while	the	

frequency	and	number	of	circulating	populations	were	assessed	via	multiparameter	flow	

cytometry	 analysis	 in	 the	AIR	 study,	 functional	differences	were	not.	This	means	 that	

although	 infants	 have	 similar	 numbers	 of	 the	 vast	 majority	 of	 the	 immune	 cell	

populations	assessed,	I	cannot	rule	out	functional	changes	to	these	populations.	

	

Although	 PCV13	 is	 usually	 administered	 to	 humans	 intramuscularly,	 previous	

experiments	by	our	 lab	demonstrated	that	 intramuscular	vaccination	with	PCV13	was	

very	 poorly	 immunogenic	 in	 mice.	 Therefore,	 the	 route	 of	 vaccination	 needs	 to	 be	

considered	in	the	experiments	presented	in	this	dissertation	as	all	mouse	experiments	

used	the	intraperitoneal	route	of	immunisation.		One	possibility	for	the	improved	for	the	

improved	 immunogenicity	 to	 the	 PCV13	 vaccine	when	 vaccinated	 intraperitoneally	 is	

that	mice	may	have	a	particular	dependence	on	peritoneal	innate-like	B-1	cell	responses	

to	 the	 PCV13	 vaccine.	 My	 work	 has	 predominantly	 focused	 on	 the	 gut	 microbiota,	

however,	 site-specific	 microbial	 communities	 also	 influence	 immunity	 at	 the	

immunisation	site.	Intradermal	vaccines	can	be	influenced	by	the	skin	microbiota	(Erin	

Chen,	Fischbach,	&	Belkaid,	2018).	NOD2	sensing	of	 the	microbiota	was	necessary	 for	

responses	to	intranasal	immunisation	with	a	model	antigen	(D.	J.	Kim	et	al.,	2016).	The	

intranasal	microbiota	is	also	associated	with	IgA	response	to	 live	attenuated	influenza	

vaccine	(Salk	et	al.,	2016).	The	predictive	power	of	experiments	in	SPF	mice	to	predict	

human	responses	must	also	be	considered.	The	results	observed	in	mouse	models	are	

often	not	recapitulated	in	humans.	Challenges	have	been	felt	in	many	research	areas,	such	

as	the	assessment	of	cancer	immunotherapies	and	disease	modelling	(Beura	et	al.,	2016;	

Jameson	&	Masopust,	 2018).	However,	 fundamental	 differences	 in	mouse	 and	 human	
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immunology,	such	as	its	activation	status,	create	challenges	for	vaccine	studies	(Jameson	

&	Masopust,	2018).		

	

Future	directions	

Moving	forward,	several	questions	now	need	to	be	addressed.	First,	future	work	needs	to	

uncover	the	specific	strains	of	bacteria	in	the	microbiota	necessary	for	optimal	early-life	

antibody	responses	to	vaccination	(Di	Luccia	et	al.,	2020).	Previous	cohort	studies	have	

been	limited	in	this	regard	as	they	have	used	16S	rRNA	sequencing,	which	lacks	species-

specific	and	strain-specific	resolution,	rather	than	shotgun	metagenomics.	

	

Direct	antibiotic	exposure	impaired	antibody	responses	to	infant	vaccines,	leaving	infants	

potentially	vulnerable	to	infectious	disease.	Multivariate	logistic	regression	at	7	months	

detected	 a	 significant	 decrease	 in	 the	 proportion	 of	 the	 AIR	 Study	 infants	 achieving	

seroprotection	for	PCV13	in	both	the	neonates	directly	exposed	to	antibiotics	(PPS14	&	

PPS19A)	 and	 infants	 exposed	 to	 post	 natal	 antibiotics	 (PPS9V	&	 PPS19A).	 This	 left	 a	

significant	 proportion	 of	 infants	 below	 the	 desired	 protective	 threshold,	 though	

correlates	of	protection	 for	PCV13	are	highly	serotype	specific	 (Andrews	et	al.,	2014).	

How	big	a	problem	waning	protection	could	be	on	a	population	scale	 in	a	HIC	such	as	

Australia	with	a	low	infectious	disease	burden	needs	to	be	clarified.	The	next	step	for	this	

work	is	to	investigate	potential	ways	to	prevent	dysbiosis	in	antibiotics	exposed	infants	

or	manufacture	vaccines	that	can	overcome	antibiotic-induced	impairment	of	antibody	

responses.	A	more	straightforward	intervention	could	involve	the	recommendation	of	an	

additional	 booster	 vaccine	 dose	 for	 antibiotic	 exposed	 infants.	 However,	 a	 health	

economic	assessment	of	the	value	of	such	intervention	in	populations	with	low	risk	of	

infection	would	be	necessary.	 In	addition,	 in	some	cases	boosting	with	polysaccharide	
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vaccines	 actually	 leads	 to	 a	 reduction	 in	 antibody	 titres	 (Brynjolfsson	 et	 al.,	 2012;	

González-Fernández,	Faro,	&	Fernández,	2008).	

	

	Assessing	whether	lower	antibody	titres	correlate	with	a	higher	risk	of	infectious	disease	

and	allergy	is	also	necessary.	Previous	studies	have	shown	that	GF	mice	have	heightened	

OVA-induced	allergic	airway	inflammation,	illustrating	the	importance	of	the	microbiota	

in	the	maintenance	of	immune	tolerance	(Herbst	et	al.,	2011).	Furthermore,	mice	exposed	

to	azithromycin	as	pups	had	increased	susceptibility	to	house	dust	mite	allergen	later	in	

life,	driven	by	IgE	and	IL-13	produced	by	CD4+	T	cells	(Borbet	et	al.,	2022).	Vaccines	can	

also	 have	 a	 ‘reciprocal’	 impact	 on	 the	 microbiome.	 For	 example,	 while	 lowering	 the	

proportion	 of	 serotype-specific	 pneumococci	 in	 the	 nasopharynx,	 pneumococcal	

immunisation	is	also	associated	with	increased	anaerobes	and	streptococci	(Biesbroek	et	

al.,	 2014).	 In	 addition,	 increased	 Streptococcus	 has	 also	 been	 reported	 on	 the	

nasopharyngeal	microbiome	of	infants	after	PCV10	immunisation	(Salgado	et	al.,	2020).	

This	reciprocal	impact	on	the	microbiome	combined	with	the	consequences	of	antibiotics	

induced	dysbiosis	could	have	profound	consequences	for	risk	of	disease.	

	

The	overuse	and	overreliance	on	antibiotics	must	also	be	considered,	as	up	to	50%	of	

Australian	infants	are	exposed	to	antibiotics	(H.	Anderson	et	al.,	2017).	This	is	higher	than	

in	other	developed	countries,	such	as	the	US,	where	intravenous	antibiotic	administration	

is	around	14%	for	term	and	late-preterm	neonates	and	over	90%	for	extremely	preterm	

neonates	 (Flannery	 et	 al.,	 2018).	 This	 is	 largely	 due	 to	 precautions	 against	 neonatal	

sepsis,	though	most	are	antibiotics	administered	are	precautionary	as	there	are	still	few	

tools	 for	 effective	 diagnosis	 of	 neonatal	 sepsis	 (Stocker	 et	 al.,	 2023).	 Antimicrobial	

resistance	is	also	a	growing	threat	to	global	public	health	(Shekhar	&	Petersen,	2020).	We	
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hope	that	the	AIR	Study	can	influence	policy	around	the	overuse	of	antibiotics	in	both	

mother	 and	 infant,	 particularly	 as	 antibiotics	 have	 a	 disproportional	 effect	 on	 infants	

compared	 to	 adults	 while	 their	 microbiota	 is	 unstable	 and	 their	 immune	 system	 is	

developing.	 Interestingly,	 there	was	no	 evidence	 that	 intrapartum	antibiotic	 exposure	

with	no	direct	 infant	exposure	 impacted	vaccine	responses	of	 infants	 in	the	AIR	Study	

(Ryan	et	al.,	in	preparation).	Therefore,	prescribing	antibiotics	for	group	B	streptococcus	

carriage	could	continue	as	it	is	only	direct	antibiotic	exposure	in	the	neonatal	period	that	

was	of	concern	for	infant	antibody	responses.	However,	the	impact	of	antibiotics	is	not	

restricted	to	effects	on	the	infant	but	could	have	consequences	later	in	life.	A	previous	

study	 by	 our	 lab	 showed	 that	 early-life	 antibiotics	 exposure	 resulted	 in	 divergent	

microbiota	 composed	 of	 two	 distinct	 community	 types	 in	 each	 cage,	 one	 of	 which	

impacted	 longevity,	 immunity	 and	 insulin	 resistance	 (Lynn	 et	 al.,	 2021).	 Due	 to	 the	

unintended	risks	of	early	life	antibiotic	exposure,	better	antibiotic	stewardship	practices	

are	required,	including	a	combination	of	regulatory	changes	to	packet	sizes	and	repeat	

prescriptions,	pubic	campaigns,	education	and	academic	input,	as	well	as	strategies	in	the	

clinic	 for	 delaying	 prescriptions	 and	 support	 tools	 for	 clinical	 decisions	 and	 patient	

information	sheets	(Glasziou,	Dartnell,	Biezen,	Morgan,	&	Manski-Nankervis,	2022).		

	

Engineered	 bifidobacterial	 probiotics	 could	 be	 a	 promising	 option	 for	 negating	 the	

negative	effects	of	antibiotics	in	early	life	due	to	associations	between	bifidobacterial	and	

B	 cell	 antibody	 responses	 (M.	 Kim	 et	 al.,	 2016).	 The	 Bifidobacterium	 bifidum	 and	

Lactobacillus	 acidophilus	 containing	 licensed	 probiotic,	 Infloran,	 showed	 promising	

results	in	preclinical	models	and	improved	humoral	responses	to	infant	vaccines	in	GF	

mice	(Ryan	et	al.,	 in	preparation).	Engineered	live	bacteria	therapeutics	are	also	in	the	

pipeline	and	being	tested	for	use	after	antibiotic-induced	dysbiosis	(Cubillos-Ruiz	et	al.,	
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2022).	This	engineered	Lactococcus	 lactis	can	degrade	residual	antibiotics	 commensal	

disruptors,	 β-lactams,	 without	 disrupting	 commensal	 species	 needed	 for	 resistance	

against	 invasive	 pathogens	 such	 as	 Clostridioides	 difficile	 (Cubillos-Ruiz	 et	 al.,	 2022).	

However,	RCTs	to	date	that	have	assessed	the	effect	of	probiotic	interventions	on	vaccine	

responses	have	been	carried	out	in	small	and	healthy	populations,	and	have	had	mixed	

results	(Zimmermann	&	Curtis,	2018;		D.	J.	Lynn,	Benson,	Lynn,	&	Pulendran,	2021).	An	

RCT	in	vaccinated,	antibiotic	exposed	infants,	is	needed	to	determine	the	specific	effects	

of	 probiotics	 on	 the	dysbiotic	microbiota	 and,	 consequently,	 the	 immune	 system.	The	

type	of	dysbiosis	induced	by	antibiotics	may	also	be	important.	For	example,	whether	the	

antibiotics	are	narrow	or	broad	spectrum	may	also	need	to	be	considered,	in	addition	to	

geographical	location,	as	the	microbiota	varies	significantly	between	regions,	particularly	

between	HICs	and	LMICs.	

	

There	are	numerous	possibilities	for	future	preclinical	work	utilising	mouse	models	to	

assess	 other	 mechanisms	 through	 which	 the	 microbiome	 influences	 the	 immune	

response	to	infant	vaccines.	Antibody	avidity	and	neutralisation	capacity	in	GF,	myd88-/-,	

and	antibiotics	exposed	mice	requires	further	examination.	BCR	repertoire	sequencing	

after	 early	 life	 in	 these	 vaccine-impaired	 groups	would	 allow	 an	 even	more	 in-depth	

analysis	 of	differences	 in	 the	 antigen-specific	 antibody	 repertoire	 (Waide	et	 al.,	 2020;	

New	et	al.,	2020).	The	impact	of	antibiotic	exposure	on	vaccine-mediated	protection	in	a	

pneumococcal	 infection	 challenge	 model	 should	 also	 be	 assessed.	 Finally,	 another	

question	 is	whether	epigenetic	 imprinting	or	 innate	 training	by	 the	microbiota	on	 the	

immune	 system	 in	 early	 life	 is	 necessary	 for	 vaccine	 responses	 (Negi,	 Das,	 Pahari,	

Nadeem,	&	Agrewala,	 2019;	Woo	&	Alenghat,	 2022).	 This	 could	 be	 assessed	using	 an	
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assay	for	transposase-accessible	chromatin	with	sequencing	(ATAC-Seq)	(Grandi,	Modi,	

Kampman,	&	Corces,	2022).	

	

There	are	polysaccharides	for	13	pneumococcal	serotypes	contained	within	the	PCV13	

vaccine.	 However,	 only	 responses	 to	 the	 conjugate	 protein,	 CRM197,	 were	 assessed	 to	

measured	 antigen-specific	 GC	 B	 cells	 as	 no	 antibodies	 specific	 to	 the	 polysaccharides	

within	the	PCV13	vaccine	are	available.	Future	work	should	include	the	assessment	of	

polysaccharide-specific	GC	B	cells.	In	addition,	while	these	experiments	have	focused	on	

the	 PCV13	 vaccine,	 experiments	 assessing	 a	model	 antigen	 such	 as	 ovalbumin	 (OVA)	

could	give	further	mechanistic	insight	into	the	specific	bacteria	influencing	T-dependent	

immune	responses.	This	would	allow	extensive	analysis	opportunities	to	assess	T	cells	

specific	for	OVA.	Immunomodulatory	species	could	then	be	evaluated	against	other	infant	

and	adult	vaccines.		

	

While	this	dissertation	has	focused	on	the	impact	of	the	microbiota	in	early	life,	there	are	

implications	 for	 other	 cohorts	with	 poor	 vaccine	 immunogenicity,	 such	 as	 obese	 and	

older	 individuals	 (Siegrist	 &	 Aspinall,	 2009;	 Painter,	 Ovsyannikova,	 &	 Poland,	 2015;		

Zimmermann	&	Curtis,	 2019).	 	 Unique	 issues	 surround	 these	 individuals,	 such	 as	 the	

progressive	 increase	 of	 a	 proinflammatory	 immune	 environment	 in	 old	 age	

(inflammaging)	and	immunosenescence	(Ademokun	et	al.,	2011;		Ciabattini	et	al.,	2018;	

Sen,	Chen,	&	Snapper,	2006;		Nakaya	et	al.,	2015).	For	example,	individuals	with	higher	

BMIs	 had	 a	more	 significant	 decline	 in	 influenza-specific	 antibody	 titres	 a	 year	 after	

influenza	 vaccination	 than	 healthy-weight	 individuals	 and	 decreased	 CD8+	 T	 cell	 and	

IFNγ	production	(Sheridan	et	al.,	2012).	Therefore,	the	efficacy	of	probiotics	and	other	

microbiota-targeted	therapies	should	also	be	assessed	in	these	vulnerable	groups.	
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Figure S2.1| Unbiased clustering of markers identify unique cell populations. Multiplot 
UMAP using the Spectre discovery workflow on PBMCs assessed using the pan-leukocyte 
flow cytometry panel. UMAP generated from compensated CD45+ populations exported from 
a No ABX infant analysed using Flowjo. FSC-A, SSC-A, CD14, HLA-DR, CD16, CD15, CD19, 
CD123, CD20, CD3, CD11c, Siglec8, CD56 and IgE FCR (FcεRI) populations are shown.  
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Figure S2.2| No significant differences in the circulating immune cell populations 
defined using the pan-leukocyte when grouped by sex. The absolute number of A| T cells 
(SSCloCD3+), B| B cells (CD3-CD56-CD19+), C| Basophils (SSCloCD3-CD56-CD14-CD16-

CD19-HLA-DR-CD123+), D| Eosinophils (SSChiCD16-Siglec8+), E| FcεRI+ eosinophils 
(SSChiCD16-Siglec8+FcεRI+), F| Neutrophils (SSChiCD16+), G| Plasmacytoid DC (SSCloCD3-

CD56-CD14-CD16-CD19-HLA-DR+CD11c-CD123+), H| Conventional DCs (SSCloCD3-CD56-

CD14-CD16-CD19-HLA-DR+CD11c+), I| FcεRI+ cDCs (SSCloCD3-CD56-CD14-CD16-CD19-

HLA-DR+CD11c+FcεRI+), J| Classical Monocytes (SSCloCD3-CD56-CD14++CD16-), K| 
Intermediate Monocytes (SSCloCD3-CD56-CD14+CD16+), L| Nonclassical Monocytes 
(SSCloCD3-CD56-CD14-CD16+), M| CD16+ NK cells (SSCloCD3-CD19-CD56+CD56+CD16+), 
N| CD16- NK cells (SSCloCD3-CD19-CD56+CD56++CD16-) and O| NKT-like cells 
(CD3+CD56+). Data are represented as the mean ± SEM. Statistical significance was 
assessed using a Mann-Whitney test as data were not normally distributed. F = Female, M= 
Male. 
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Figure S2.3| No significant differences in the majority of circulating B and T cell 
populations when grouped by sex. A| Central Memory CD4+ T cell (TCM) (CD3+CD56-

CD4+CD45RA-CCR7+), B| Effector Memory CD4+ T (TEM) cell (CD3+CD56-CD4+CD45RA-

CCR7-), C| TemRA CD4+ T cells (CD3+CD56CD4+CD45RA+CCR7-), D| HLADR+ iTreg cells 
(CD3+CD4+CD127-CD25+CD45RA-HLADR+), E| CD8+ T cells (CD3+CD56-CD8+), F| Naïve 
CD8+ T cells (CD3+CD56-CD8+CD45RA+CD27+) G| Central memory CD8+ T cells (CD3+CD56-
CD8+CD45RA-CD27+), H| TemRA CD8+ T cells (CD3+CD56-CD8+CD45RA+CCR7-), I| Naïve 
B cells (CD3-CD56-CD19+CD27-), J| CD38++CD27++ plasma cells (CD3-CD56-CD19+/-CD20-

CD27++CD38++), K| Memory B cells (CD3-CD56-CD19+IgD-CD27+) and L| IgD+CD27+  non-
switched memory B cells/marginal zone B cells (CD3-CD56-CD19+IgD+CD27+). Data are 
represented as the mean ± SEM. Statistical significance was assessed using a Mann-Whitney 
test as data were not normally distributed. F = Female, M= Male. ns = not significant. 
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Figure S2.4| No significant differences in the circulating immune cell populations 
defined using the extended T cell panel when grouped by sex.  The absolute number of 
A| Th2 cells (CD3+CD4+CCR4+CCR6-), B| Th17 cells (CD3+CD4+CCR4+CCR6+CCR10-

CXCR3-), C| Th22 cells (CD3+CD4+CCR4+CCR6+CCR10+), D| Th1 memory cells 
(CD3+CD4+CD45RA-CCR4-CXCR3+), E| Th2 memory cells (CD3+CD4+CCR4+CCR6-), F| 
Th17 memory cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), G| Th22 memory cells 
(CD3+CD4+CCR4+CCR6+CCR10+), H| CD45RA- CD4+ T cells(CD3+CD8+CD45RA-), I| 
CD45RA- CD8+ T cells (CD3+CD8+CD45RA-) and J| CD8+ Tc1 memory cells 
(CD3+CD8+CD45RA-CCR4-CCR10+). Data are represented as the mean ± SEM. Statistical 
significance was assessed using a Mann-Whitney test as data were not normally distributed. 
F = Female, M= Male. 
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Figure S2.5| No significant differences in the pan-leukocyte panel as a frequency of 
total CD45+ cells when grouped by ABX exposure group. The absolute number of A| 
Neutrophils (SSChiCD16+), B| Eosinophils (SSChiCD16-Siglec8+), C| T cells (SSCloCD3+), D| 
B cells (CD3-CD56-CD19+), E| CD16+ NK cells (SSCloCD3-CD19-CD56+CD56+CD16+), F| 
CD16- NK cells (SSCloCD3-CD19-CD56+CD56++CD16-), G| Intermediate Monocytes 
(SSCloCD3-CD56-CD14+CD16+), H| Classical Monocytes (SSCloCD3-CD56-CD14++CD16-), I| 
Nonclassical Monocytes (SSCloCD3-CD56-CD14-CD16+), J| Basophils (SSCloCD3-CD56-

CD14-CD16-CD19-HLA-DR-CD123+), K| Conventional DCs (SSCloCD3-CD56-CD14-CD16-

CD19-HLA-DR+CD11c+), L| Plasmacytoid DC (SSCloCD3-CD56-CD14-CD16-CD19-HLA-
DR+CD11c-CD123+) and M| NKT-like cells (CD3+CD56+). Kruskal-Wallis tests were used to 
assess statistical significance. Dunn’s multiple comparison tests was used to correct for 
multiple comparisons within each graph. Data are represented as a Violin plot, with the thick 
dashed representing the median and thinner dashed lines representing the quartiles. ns = not 
significant. 
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Figure S2.6| No significant differences in B and T cell panel % of CD4+ T cell, CD8+ T 
cell and CD19+ B cell subsets when grouped by ABX exposure group. The frequency of 
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of A| Naïve CD4+ T cells (CD3+CD56-CD4+CD45RA+CCR7+), B| Central Memory CD4+ T cell 
(TCM) (CD3+CD56-CD4+CD45RA-CCR7+), C| Effector Memory CD4+ T (TEM) cell (CD3+CD56-

CD4+CD45RA-CCR7-), D| TemRA CD4+ T cells (CD3+CD56-CD4+CD45RA+CCR7-) F| 
CD3+CD4+CD127-CD25+CD45RA- G| HLADR+CD45RA- CD4+ T cells (CD3+CD4+CD45RA-

HLADR+) H| Naïve CD8+ T cells (CD3+CD56-CD8+CD45RA+CD27+), I| Central memory CD8+ 
T cells (CD3+CD56-CD8+CD45RA-CD27+), J| Effector Memory CD8+ T cells (CD3+CD56-

CD8+CD45RA-CD27-), K| TemRA CD8+ T cells (CD3+CD56-CD8+CD45RA+CCR7-) L| Naïve 
B cells (CD3-CD56-CD19+CD27-), M| IgD+CD27+  non-switched memory B cells/marginal zone 
B cells (CD3-CD56-CD19+IgD+CD27+), N| Memory B cells (CD3-CD56-CD19+IgD-CD27+)  and 
O| CD38++CD27++ plasma cells (CD3-CD56-CD19+/-CD20-CD27++CD38++). Kruskal-Wallis 
tests were used to assess statistical significance. Dunn’s multiple comparison test was used 
to correct for multiple comparisons within each graph. Data are represented as a Violin plot, 
with the thick dashed representing the median and thinner dashed lines representing the 
quartiles. ns = not significant. 
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Figure S2.7| No significant differences in the extended B and T cell panel as a % of CD4+ 
and CD8+ T cell subsets when grouped by ABX exposure group. The frequency of A| 
Th17 cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), B| Th22 cells 
(CD3+CD4+CCR4+CCR6+CCR10+), C| Th2 cells (CD3+CD4+CCR4+CCR6-), D| Th17 memory 
cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), E| Th22 memory cells 
(CD3+CD4+CCR4+CCR6+CCR10+), F| Th2 cells (CD3+CD4+CCR4+CCR6-), G| Th1 memory 
cells (CD3+CD4+CD45RA-CCR4-CXCR3+), H| Th1 cells (CD3+CD4+CCR4+CCR3+), I| 
CD45RA- CD8+ T cells (CD3+CD8+CD45RA-), J| CD8+ Tc1 memory cells (CD3+CD8+CD45RA-

CCR4-CCR10+), K| CD45RA- CD4+ T cells (CD3+CD8+CD45RA-), and L| NKT cells 
(CD3+CD1d-tet+). Kruskal-Wallis test was used to assess statistical significance. Dunn’s 
multiple comparison test was used to correct for multiple comparisons within each graph. Data 
are represented as a Violin plot, with the thick dashed representing the median and thinner 
dashed lines representing the quartiles. ns = not significant. 
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Figure S2.8| Pan-leukocyte panel cell numbers grouped by DMM cluster. The absolute 
number of A| Neutrophils (SSChiCD16+), B| Eosinophils (SSChiCD16-Siglec8+), C| T cells 
(SSCloCD3+), D| B cells (CD3-CD56-CD19+), E| CD16+ NK cells (SSCloCD3-CD19-

CD56+CD56+CD16+), F| CD16- NK cells (SSCloCD3-CD19-CD56+CD56++CD16-), G| 
Intermediate Monocytes (SSCloCD3-CD56-CD14+CD16+), H| Nonclassical Monocytes 
(SSCloCD3-CD56-CD14-CD16+), I| Basophils (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-

CD123+), J| Conventional DCs (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c+), K| 
Plasmacytoid DC (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR+CD11c-CD123+), L| NKT-like 
cells (CD3+CD56+), M| FcεRI+ basophils (SSCloCD3-CD56-CD14-CD16-CD19-HLA-DR-

CD123+FcεRI+) N| FcεRI+ cDCs (SSCloCD3-CD56-CD14-CD16-CD19-HLA-
DR+CD11c+FcεRI+). All cell populations are CD45+. Kruskal-Wallis tests were used to assess 
statistical significance. Dunn’s multiple comparison tests was used to correct for multiple 
comparisons within each graph. Data are represented as a Violin plot, with the thick dashed 
representing the median and thinner dashed lines representing the quartiles. ns = not 
significant.  
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Figure S2.9| B and T cell panel cell numbers grouped by DMM cluster. The absolute 
number of A| CD4+ T cells (CD3+CD56-CD4+), B| Naïve CD4+ T cells (CD3+CD56-

CD4+CD45RA+CCR7+), C| Central Memory CD4+ T cell (TCM) (CD3+CD56-CD4+CD45RA-

CCR7+), D| Effector Memory CD4+ T (TEM) cell (CD3+CD56-CD4+CD45RA-CCR7-), E| iTregs 
(CD3+CD4+CD127-CD25+) F| HLADR+ iTreg cells (CD3+CD4+CD127-CD25+CD45RA-

HLADR+) G| CD45RA- iTregs (CD3+CD4+CD127-CD25+CD45RA-), H| TemRA CD4+ T cells 
(CD3+CD56-CD4+CD45RA+CCR7-) I| CD8+ T cells (CD3+CD56-CD8+), J| TemRA CD8+ T cells 
(CD3+CD56-CD8+CD45RA+CCR7-), K| Naïve B cells (CD3-CD56-CD19+CD27-), L| IgD+CD27+  

non-switched memory B cells/marginal zone B cells (CD3-CD56-CD19+IgD+CD27+) and M| 
CD38++CD27++ plasma cells (CD3-CD56-CD19+/-CD20-CD27++CD38++). Kruskal-Wallis tests 
were used to assess statistical significance. Dunn’s multiple comparison test was used to 
correct for multiple comparisons within each graph. Data are represented as a Violin plot, with 
the thick dashed representing the median and thinner dashed lines representing the quartiles. 
ns = not significant.	
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Figure S2.10| Extended T cell panel cell numbers grouped by DMM cluster. The absolute 
number of A| Th1 cells (CD3+CD4+CCR4+CCR3+), B| Th2 cells (CD3+CD4+CCR4+CCR6-), C| 
Th17 cells (CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), D| Th22 cells 
(CD3+CD4+CCR4+CCR6+CCR10+), E| Th1 memory cells (CD3+CD4+CD45RA-CCR4-

CXCR3+), F| Th2 memory cells (CD3+CD4+CCR4+CCR6-), G| Th17 memory cells 
(CD3+CD4+CCR4+CCR6+CCR10-CXCR3-), H| Th22 memory cells 
(CD3+CD4+CCR4+CCR6+CCR10+) and I| CD45RA- CD4+ T cells (CD3+CD8+CD45RA-). ns = 
not significant. 
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Appendix	3:	Supplementary	Material	from	Chapter	4	

 

Figure S3.1| PAN panel illustrates CD16 absence in infant WCH-028 but no other 
obvious defects. A| Beads from each Trucount tube were recorded from the FSCxSSC gate 
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and then the PEhi population. B| For all pan-leukocyte panel analyses, cells were gated by 
singlet discrimination, followed by live (DAPI-), CD45+ and CD45+ leukocytes. C| Leukocytes 
were split into SSC high and low populations. Eosinophils and neutrophils were gated on SSC 
low and high populations, respectively. T cells were gated on SSC low CD3hi, and CD3- cells 
were further defined as CD19+CD20+ B cells. D| The CD19- population was gated on to define 
CD16-CD56+ NK cells. CD56- cells were further gated on CD16 and CD14 expression 
identifying monocyte populations. E| Remaining CD14-CD16- cells were further gated on HLA-
DR and CD123 expression to identify CD123+HLA-DR- basophils. Basophils were further 
gated based positive expression of FcεRI. HLA-DR+ cells were gated on CD11c and CD123 
in order to identify various DC populations. Conventional CD11c+ DCs were further gated 
based on their expression of FcεRI. F| CD3+ T cells were gated further on their CD56 
expression to identify CD56+CD3+ NKT-like cells. An additional FcεRI+ population was also 
gated from the eosinophil gate. 
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Figure S3.2| PAN panel illustrates CD16 absence in infant WCH-227 but no other 
obvious defects. A| Beads from each Trucount tube were recorded from the FSCxSSC gate 
and then the PEhi population. B| For all pan-leukocyte panel analyses, cells were gated by 
singlet discrimination, followed by live (DAPI-), CD45+ and CD45+ leukocytes. C| Leukocytes 
were split into SSC high and low populations. Eosinophils and neutrophils were gated on SSC 
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low and high populations, respectively. T cells were gated on SSC low CD3hi, and CD3- cells 
were further defined as CD19+CD20+ B cells. D| The CD19- population was gated on to define 
CD16-CD56+ NK cells. CD56- cells were further gated on CD16 and CD14 expression 
identifying monocyte populations. E| Remaining CD14-CD16- cells were further gated on HLA-
DR and CD123 expression to identify CD123+HLA-DR- basophils. Basophils were further 
gated based positive expression of FcεRI. HLA-DR+ cells were gated on CD11c and CD123 
in order to identify various DC populations. Conventional CD11c+ DCs were further gated 
based on their expression of FcεRI. F| CD3+ T cells were gated further on their CD56 
expression to identify CD56+CD3+ NKT-like cells. An additional FcεRI+ population was also 
gated from the eosinophil gate. 
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Figure S3.3| WCH-028 B and T cell populations show no obvious defects. A| For all B 
and T cell panel analyses, cells were gated by singlet discrimination, live (DAPI-) and for 
leukocytes (SSC-Alo) B| CD3+ T cells were gated on CD4+ and CD8+ expression. CD4+ T cells 
were then defined as CD45RA+HLADR- TemRA CD4+ T cells, CCR7+CD45RA+ Naïve CD4+ T 
cells (naïve T), CCR7+CD45RA- CD4 central memory T cells (CM T), CCR7-CD45RA- CD4+ 
effector memory T cells. C| CD4+ T cells were also gated on CD127 and CD25 expression to 
identify CD127-CD25+ iTregs, further gated for CD45RA and HLADR expression to identify 
CD45RA-HLADR+ iTregs. D| CD8+ T cells were then defined as CD45RA+HLADR- CD8+ 
TemRA T cells, CCR7+CD45RA+ Naïve CD8 T cells (naïve T), CCR7+CD45RA- CD8+ central 
memory T cells (CM T), CCR7-CD45RA- CD8+ effector memory T cells (EM T). A population 
of CD8+CD25+CD127+ Tregs was also identified from the CD8+ T cell gate. E| The CD3- 
population from B| was gated further on CD20 and CD19 so that CD20-CD19- cells could be 
gated out and CD19+ B cells could then be identified. These were further divided into a CD38 
and CD20 gate to identify CD38+CD20- plasma cells and an IgD and CD27 gate was applied 
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to identify IgD-CD27+ Memory B cells, IgD+CD27+ non-switched memory B cells/marginal 
zone-like B cells and IgD- naïve B cells. 
 

 
Figure S3.4| WCH-227 B and T cell populations show no obvious defects. A| For all B 
and T cell panel analyses, cells were gated by singlet discrimination, live (DAPI-) and for 
leukocytes (SSC-Alo) B| CD3+ T cells were gated on CD4+ and CD8+ expression. CD4+ T cells 
were then defined as CD45RA+HLADR- TemRA CD4+ T cells, CCR7+CD45RA+ Naïve CD4+ T 
cells (naïve T), CCR7+CD45RA- CD4 central memory T cells (CM T), CCR7-CD45RA- CD4+ 
effector memory T cells. C| CD4+ T cells were also gated on CD127 and CD25 expression to 
identify CD127-CD25+ iTregs, further gated for CD45RA and HLADR expression to identify 
CD45RA-HLADR+ iTregs. D| CD8+ T cells were then defined as CD45RA+HLADR- CD8+ 
TemRA T cells, CCR7+CD45RA+ Naïve CD8 T cells (naïve T), CCR7+CD45RA- CD8+ central 
memory T cells (CM T), CCR7-CD45RA- CD8+ effector memory T cells (EM T). A population 
of CD8+CD25+CD127+ Tregs was also identified from the CD8+ T cell gate. E| The CD3- 
population from B| was gated further on CD20 and CD19 so that CD20-CD19- cells could be 
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gated out and CD19+ B cells could then be identified. These were further divided into a CD38 
and CD20 gate to identify CD38+CD20- plasma cells and an IgD and CD27 gate was applied 
to identify IgD-CD27+ Memory B cells, IgD+CD27+ non-switched memory B cells/marginal 
zone-like B cells and IgD- naïve B cells. 
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Figure S3.5| WCH-227 extended T cell panel gating strategy shows no obvious defects. 
A| For all extended T cell panel analyses, cells were gated by singlet discrimination, live (DAPI-
) and for leukocytes (SSC-Alo). B| NKT cells were identified using a tetramer specific for CD1d. 
C| CD3+ T cells were gated on CD4+ and CD8+ expression. D| CD4+ T cells were then defined 
as CCR4+ CCR3+ Th1 cells and CCR4+ CD4+ T cells. This CCR4+ gate was used to define 
CCR4+CCR6- Th2 cells and CCR4+CCR6+ cells. The CCR4+CCR6+ cells were further gated to 
identify CCR10+CCR6+ Th22 cells and CCR10-CCR6+ Th17 cells. Th17 cells could be further 
distinguished by identifying the CXCR3- population of Th17 cells. E| CD45- T cells were 
identified using the CD4+ T cell gate. This CD45- T cell gate was used to identify CCR4-

CXCR3+ Th1 memory cells (mTh1) and a CCR4+ memory population that was further gated 
to identify CCR4+CCR6- Th2 memory cells (mTh2). F| Finally the CD8+ T cell gate was further 
gated on the CD45- population to identify CD45RA- CD8+ cells. This population was further 
gated to identify CCR4+CCR10- CD8+ mTh2 cells and CCR10+CCR4- CD8+ mTh1 cells. 
Finally, the CD45RA- CD8+ population was also gated on to identify a CCR6+CCR10- 
population. 
 
 
Table S3.1 Differences in gene expression between infants WCH-028 and WCH-227. 
 
Immune Blood Transcriptional Module Activity 
Score Week 6 Week 7 
Scaled to between -1 and 1. Calculated on each 
timepoint separately.  WCH028 WCH227 WCH028 WCH227 

type.I.interferon.response M127. -0.77 -0.34 0.92 -0.15 
innate.antiviral.response M150. -0.62 -0.12 0.85 0.21 
RIG.1.like.receptor.signaling M68. -0.73 0.08 0.84 -0.12 
enriched.in.B.cells VI M69. 0.60 0.09 0.80 0.34 
viral.sensing immunity IRF2.targets.network II M111.1. -0.66 0.12 0.80 -0.19 
antigen.processing.and.presentation M200. 0.58 0.66 0.79 0.68 
enriched.in.B.cells I M47.0. 0.54 0.18 0.77 0.47 
enriched.in.B.cells IV M47.3. 0.63 0.20 0.73 0.41 
antiviral.IFN.signature M75. -0.43 0.13 0.73 0.23 
enriched.in.B.cells II M47.1. 0.40 0.09 0.72 0.47 
activated.dendritic.cells M67. -0.47 -0.26 0.71 0.17 
enriched.in.naive.and.memory.B.cells M83. 0.46 0.35 0.70 0.39 
B.cell.development.activation M58. -0.23 0.18 0.69 0.14 
enriched.in.B.cells III M47.2. 0.47 0.12 0.67 0.37 
enriched.in.antigen.presentation III M95.1. 0.23 0.60 0.66 0.46 
viral.sensing immunity IRF2.targets.network I M111.0. -0.51 0.40 0.64 0.15 
B.cell.surface.signature S2. 0.46 0.11 0.61 0.26 
enriched.in.B.cells V M47.4. 0.46 -0.34 0.61 -0.24 
antigen.presentation lipids.and.proteins M28. 0.14 0.56 0.60 0.43 
Naive.B.cell.surface.signature S8. 0.44 0.25 0.59 0.32 
enriched.in.activated.dendritic.cells II M165. -0.45 0.31 0.56 0.31 
enriched.in.activated.dendritic.cells I M119. 0.05 0.47 0.56 0.54 
BCR.signaling M54. -0.38 0.58 0.53 0.64 
enriched.in.activated.dendritic.cells.monocytes M64. -0.58 0.79 0.50 0.65 
plasma.cells B.cells immunoglobulins M156.0. 0.22 0.15 0.48 0.37 
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innate.activation.by.cytosolic.DNA.sensing M13. -0.35 0.20 0.48 0.20 
inflammasome.receptors.and.signaling M53. -0.28 0.39 0.47 0.31 
chemokines.and.inflammatory.molecules.in.myeloid.cells 
M86.0. -0.25 0.12 0.45 0.08 
enriched.in.antigen.presentation I M71. 0.23 0.38 0.44 0.53 
proinflammatory.dendritic.cell myeloid.cell.response 
M86.1. 0.02 0.07 0.41 0.16 
immuregulation monocytes T.and.B.cells M57. 0.32 0.11 0.40 0.02 
cell.activation IL15 IL23 TNF M24. -0.08 0.31 0.38 0.14 
regulation.of.antigen.presentation.and.immune.response 
M5.0. 0.04 0.32 0.36 0.28 
enriched.in.antigen.presentation II M95.0. 0.14 0.58 0.33 0.55 
Activated LPS dendritic.cell.surface.signature S11. -0.50 0.45 0.30 0.34 
T.cell.activation III M7.4. 0.33 -0.76 0.29 -0.68 
enriched.in.B.cell.differentiation M123. -0.25 0.12 0.29 0.38 
MHC.TLR7.TLR8.cluster M146. -0.22 0.45 0.28 0.43 
enriched.in.monocytes III M73. -0.27 0.67 0.27 0.62 
T.cell.surface activation M36. 0.18 0.31 0.27 0.10 
CD1.and.other.DC.receptors M50. -0.09 0.57 0.23 0.55 
chemokines.and.receptors M38. 0.10 0.35 0.21 0.58 
myeloid.cell.enriched.receptors.and.transporters M4.3. -0.34 0.67 0.20 0.67 
enriched.in.monocytes surface M118.1. -0.31 0.66 0.19 0.56 
enriched.in.monocytes IV M118.0. -0.36 0.61 0.18 0.54 
B.cell.development M9. -0.34 0.74 0.18 0.54 
complement.activation I M112.0. -0.05 0.67 0.17 0.52 
T B.cell.development activation M62.0. 0.03 -0.25 0.16 0.15 
CCR1 7.and.cell.signaling M59. -0.57 0.59 0.14 0.48 
enriched.in.monocytes I M4.15. -0.50 0.71 0.13 0.68 
myeloid.cell.cytokines metallopeptidases.and.laminins 
M78. -0.42 0.21 0.12 -0.42 
enriched.in.myeloid.cells.and.monocytes M81. -0.56 0.34 0.12 0.24 
lymphocyte.generic.cluster M60. 0.05 -0.17 0.11 0.23 
enriched.in.monocytes II M11.0. -0.43 0.64 0.07 0.56 
TLR8.BAFF.network M25. -0.33 0.59 0.06 0.32 
recruitment.of.neutrophils M132. -0.71 0.72 0.06 0.55 
T.cell.activation IV M52. -0.23 0.26 0.04 0.29 
CD4.T.cell.surface.signature.Th1.stimulated S6. -0.24 -0.59 0.03 -0.16 
double.positive.thymocytes M126. -0.46 -0.11 0.02 -0.34 
myeloid dendritic.cell.activation.via.NFkB II M43.1. -0.56 0.50 0.00 0.27 
complement.and.other.receptors.in.DCs M40. 0.32 0.33 -0.01 0.13 
chemokine.cluster II M27.1. 0.09 -0.09 -0.02 -0.09 
plasma.cells immunoglobulins M156.1. -0.10 0.37 -0.03 0.53 
DC.surface.signature S5. -0.17 0.30 -0.03 0.34 
Monocyte.surface.signature S4. -0.41 0.65 -0.04 0.56 
enriched.in.T.cells II M223. 0.15 -0.59 -0.05 -0.51 
cytokines recepters.cluster M115. -0.16 -0.32 -0.07 -0.51 
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TLR.and.inflammatory.signaling M16. -0.58 0.59 -0.08 0.44 
enriched.in.NK.cells III M157. 0.35 -0.47 -0.09 -0.26 
T.cell.differentiation M14. -0.24 -0.68 -0.10 -0.60 
Resting.dendritic.cell.surface.signature S10. 0.01 0.44 -0.11 0.49 
enriched.in.neutrophils II M163. -0.53 0.63 -0.11 0.40 
enriched.in.NK.cells KIR.cluster M61.1. 0.70 0.05 -0.11 0.30 
immune.activation generic.cluster M37.0. -0.11 0.34 -0.11 0.29 
T.cell.activation I M7.1. 0.04 -0.48 -0.12 -0.46 
Plasma.cell.surface.signature S3. -0.40 0.53 -0.14 0.24 
enriched.in.dendritic.cells M168. -0.06 0.63 -0.16 0.57 
RA WNT CSF.receptors.network monocyte M23. -0.40 0.81 -0.17 0.71 
CD28.costimulation M12. -0.23 -0.37 -0.18 -0.45 
inflammatory.response M33. -0.35 0.71 -0.19 0.57 
T.cell.differentiation.via.ITK.and.PKC M18. -0.12 -0.64 -0.19 -0.54 
enriched.in.NK.cells receptor.activation M61.2. 0.46 -0.24 -0.19 0.01 
enriched.in.neutrophils I M37.1. -0.60 0.63 -0.19 0.38 
IL2 IL7 TCR.network M65. -0.57 -0.27 -0.20 -0.42 
chemokine.cluster I M27.0. -0.18 -0.18 -0.21 -0.34 
signaling.in.T.cells I M35.0. 0.02 0.43 -0.24 0.45 
enriched.in.NK.cells II M61.0. 0.62 -0.16 -0.24 0.04 
Memory.B.cell.surface.signature S9. -0.22 -0.29 -0.25 -0.34 
NK.cell.surface.signature S1. 0.59 0.19 -0.29 0.26 
myeloid dendritic.cell.activation.via.NFkB I M43.0. -0.36 0.49 -0.33 0.24 
enriched.in.T.cells I M7.0. 0.12 -0.52 -0.35 -0.47 
CORO1A.DEF6.network I M32.2. -0.64 0.66 -0.36 0.64 
T.cell.activation II M7.3. 0.06 -0.47 -0.37 -0.38 
T.cell.activation.and.signaling M5.1. -0.17 -0.39 -0.37 -0.50 
T.cell.signaling.and.costimulation M44. -0.35 0.20 -0.39 0.09 
proinflammatory.cytokines.and.chemokines M29. -0.16 0.45 -0.39 0.47 
T.cell.surface.signature S0. -0.41 -0.52 -0.42 -0.58 
T.cell.differentiation Th2 M19. -0.37 -0.60 -0.43 -0.71 
enriched.in.NK.cells I M7.2. 0.54 -0.35 -0.47 -0.08 
CORO1A.DEF6.network II M32.4. -0.61 0.54 -0.47 0.58 
signaling.in.T.cells II M35.1. 0.05 0.33 -0.52 0.31 
CD4.T.cell.surface.signature.Th2.stimulated S7. -0.45 -0.65 -0.60 -0.68 
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Table S3.2 Antibody response data for infants WCH-028 and WCH-227 
 

Timepoint 6 weeks 7 months 15 months 
Subject WCH028 WCH227 WCH028 WCH227 WCH028 WCH227 
Timepoint 6_wks 6_wks 7_M 7_M 15_M 15_M 
PT 32845.14 852.69 42438.91 42859.01 2518.82 3235.3 
PRN 141996.17 49002.07 17975.89 18082.56 1666.72 1117.57 
FHA 71233.47 76339.51 334681.24 40064.79 23217.38 12077.82 
FIM 67968.53 99532.74 4960.81 3381.02 0.355 0.355 
TT 8371.05 3059.59 1120.46 661.77 343.96 1026.07 
DT 1380.35 531.15 675.64 449.15 93.52 34.29 
PCV13_1 457.16 20.15 1657.47 4792.67 450.8 654.26 
PCV13_3 56.69 12.82 826.42 526.08 168.36 95.17 
PCV13_5 75.49 51.15 8539.65 6373.83 1643.14 1399.96 
PCV13_6B 83.87 19.01 3269 2942.33 520.66 1328.62 
PCV13_7F 50.49 14.11 4889 3189.56 1615.75 721.24 
PCV13_9V 34.92 16.99 3449.77 3693.82 808.76 639.12 
NonVax_11A 360.72 62.78 48.59 61.11 28.45 142.42 
PCV13_14 222.6 68.93 4186.54 5400.03 1093.23 1061.59 
PCV13_18C 40.86 169.53 3577.09 4965.67 432.36 717.9 
PCV13_19A 130.31 28.5 743 1821.84 71.29 297.07 
PCV13_23F 33.75 703.75 1242.08 653.22 278.9 388.75 
PCV13_4 113.9 8.64 3581.4 4836.57 417.38 812.45 
PCV13_6A 196.96 35.79 8501.55 6580.7 1026.62 1429.37 
PCV13_19F 337.1 310.91 4418.91 7315.99 723.05 1917.65 
RV 7.5 7.5 467.0397 301.4928 38.359 100.7728 
HiB 178.07 57.26 1475.53 903.56 175.78 624.72 
HBs 323.79 831.96 2526.8 3872.21 313.15 208.9 
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Appendix	4:	Supplementary	Material	from	Chapter	5	

 
Figure S4.1| Example Compath report illustrating the GF status of the experimental 
mice. Reports like this were generated regularly by Compath. 
 

101 Blacks Road
Gilles Plains SA 5086

T +61 8 8128 4617
info@compath.com.au
www.compath.com.au

FINAL ANIMAL HEALTH MONITORING REPORT

Requested By SAHMRI- Germ Free

Mariah Turelli

101 Blacks Road

Gilles Plains, SA, 5086

Submission No 2821

Order No Miriam Lynn DLBU

Date Received 22-01-2020

GROUP 15825 - GERM FREE SWABS SPECIES: MOUSE

1 Shipper 1  

2 Shipper 2  

3 Shipper 3  

4 Shipper 4  

SAMPLE REFERENCE

RESULTS SUMMARY

All samples were Germ Free.

DISEASE INVESTIGATION

B-CULT results for sample: Shipper 2

 No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

No growth was observed after 6 days on Nutrient Agar at room temperature.

B-CULT results for sample: Shipper 4

 No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

No growth was observed after 6 days on Nutrient Agar at room temperature.

B-CULT results for sample: Shipper 1

 No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

Page 1 of 2
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Figure S4.2| No differences in IgGtotal between GF and SPF mice after immunization. 
The amount of unspecific IgGtotal was assessed by ELISA in the serum of GF and SPF mice. 
ns = not significant. 
 
 
 

 
 
Figure S4.3| GF mice colonised with Blautia producta, Bifidobacterium longum or 
Enterobacter cloacae did not have improved antibody responses to PCV13. PCV13 
specific IgGtotal responses in GF mice colonised with Blautia producta, Bifidobacterium 
longum or Enterobacter cloacae compared with SPF and GF controls.  
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Figure S4.4| Compath reports for GF vs colonisation experiments. 
 
 

101 Blacks Road
Gilles Plains SA 5086

T +61 8 8128 4617
info@compath.com.au
www.compath.com.au

FINAL ANIMAL HEALTH MONITORING REPORT

Requested By SAHMRI- Germ Free

Mariah De Virgilio

101 Blacks Road

Gilles Plains, SA, 5086

Submission No 4475

Order No SBexp197

Date Received 29-08-2022

GROUP 18856 - GERM FREE SWABS SPECIES: MOUSE

1 Cage 1  

2 Cage 2  

3 Cage 3  

4 Cage 4  

SAMPLE REFERENCE

RESULTS SUMMARY

All samples were Germ Free.

DISEASE INVESTIGATION

B-CULT results for sample: Cage 1

No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

No growth was observed after 6 days on Nutrient Agar at room temperature.

B-CULT results for sample: Cage 2

No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

No growth was observed after 6 days on Nutrient Agar at room temperature.

B-CULT results for sample: Cage 3

No growth was observed on both aerobic and anaerobic Blood Agar culture after 48 hours at 35 Degrees Celsius.

Page 1 of 2
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Figure S4.5| Absence of CRM197

+ GC B cells in mock vaccinated mice in the spleen 
illustrates specificity of probe. A| Representative flow cytometry of CRM197

+ GC B cells 
(CRM197

+GL7+Fas+) in the spleen of mock GF, SPF, exGF and FMT mice. Cells were pre-
gated on live CD19+B220+IgD-GL7+Fas+ populations. 
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Figure S4.6| The frequency of T cell subsets the mediastinal lymph nodes . A| CD3+ T 
cells (CD3+CD19-) as a frequency of CD3+ T cells as a frequency of live cells. B| CD4+ T cells 
(CD3+CD19-CD4+) as a frequency of CD3+ T cells. C| Activated CD4+ T cells (CD3+CD19-

CD4+CD44hiCD62l-) as a frequency of CD4+ T cells. D| Central memory CD4+ T cells 
(CD3+CD19-CD4+CD44hiCD62l+) as a frequency of CD4+ T cells. E| naïve T cells (CD3+CD19-

CD4+CD44-CD62l+) as a frequency of CD4+ T cells.. Data are represented as mean ± SEM. 
One-way ANOVA was used to assess statistical significance. 
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Figure S4.7| There were no significant differences in the frequency of Tfh cells in the 
spleen pf GF, SPF, exGF and FMT mice. Frequency of PD-1+ Tfh cells in the spleen as a 
proportion of A| CD44hi T cells and B| CD4+ T cells. C| Frequency of Bcl6+ Tfh cells in the 
spleen as a proportion of CD44hi T cells. Data are represented as mean ± SEM. One-way 
ANOVA was used to assess statistical significance.  
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Appendix	5:	Supplementary	Material	from	Chapter	6	

	

Figure S5.1| Antibody responses to the PCV13 vaccine were not significantly different 
between wildtype (+/+) and Tlr4-/- (-/-) mice after boost. IgM responses were measured 
against A| PCV13, B| PPS1 and B| PPS3. Raw O.D. values are shown. Data are represented 
as mean ± SEM. One-way ANOVA was used to assess statistical significance. ns = not 
significant.  
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