











FIGURE 1

Heat map showing associations (and statistical significance) between early life bifidobacteria
abundance and BCG vaccine responses measured at 6 weeks, 15 weeks and 2 years of age de-
termined with multiple regression analysis as described in Methods. BCG vaccine responses include
the CD4 T-cell SI and the DTH skin test response. Associations with the S| for the positive control for
CD4 T-cell stimulation (SEB) are also shown. Bifidobacteria abundance measures were as follows: (1)
mean abundance of the genus Bifidobacterium measured at 6, 11, and 15 weeks and single
measures made at 6 weeks for (2) the genus Bifidobacterium; (3) the most abundant species, B
longum; (4) the most abundant of 2 subspecies, B longum subspecies infantis; (5) the second
subspecies, B longum subspecies longum; and 2 minor species, (6) B breve and (7) B bifidum.

significantly associated with the SI for
SEB at 15 weeks (Fig 1).

Bi dobacteria Abundance Was
Positively Associated With Responses
to TT and HBV Vaccines

TT and HBV vaccines were
administrated at 6, 10, and 14 weeks,
within the period when bifidobacteria
abundance was assessed, and we thus
hypothesized that bifidobacterial
abundance would be positively
associated with the SI and IgG
responses to both vaccines when they
were measured at 15 weeks and

2 years. In partial confirmation of this

hypothesis, Bifidobacterium, B longum,
and B longum subspecies infantis
abundance were all positively
associated with the SI responses to
both TT and HBV when they were
measured at 15 weeks and with the
TT SI response at 2 years, but they
were not positively associated with the
HBV response at 2 years (Fig 2). At 15
weeks, the predicted SI values for
infants with high Bifidobacterium
abundance were 76% and 45% higher
than for those with low abundance for
TT and HBV responses, respectively,
whereas the corresponding difference
at 2 years for TT was 57% (Table 3).

TABLE 3 Predicted Vaccine Response at Low (10th Percentile) and High (90th Percentile) Mean
Bifidobacterium Abundance at 6, 11 and 15 Weeks

Vaccine Response 10th 90th Difference,
Percentile® Percentile? %

BCG Sl at 15 wk 8.63 16.0 85

TT Sl at 15 wk 7.15 12.60 76

HBV SI 15 wk 3.14 4.55 45

BCG Sl at 2y 10.0 16.4 64

TTSlat2y 460 7.23 57

TT plasma IgG 2 y, IU/mL 33.2 47.0 42

Stool OPV IgA at 2 y (strain 2, mIU/g protein) 0.0513 0.1060 107

a Predicted from regression models described in Methods, holding covariates constant, and by using mean Bifido-
bacterium abundance at the 10th (abundance = 0.396) and 90th (abundance = 0.814) percentiles.

Bifidobacterium abundance at the
genus level was positively associated
with the IgG responses to the TT
vaccine when measured both at

15 weeks and at 2 years, whereas

a similar association was seen at

15 weeks for B longum abundance
(Fig 2). The predicted TT-specific IgG
concentration at 2 years was 42%
higher in infants with high versus low
Bifidobacterium abundance (Table 3).
Bifidobacterium at the genus level
was not associated with the HBV IgG
response at either 15 weeks or

2 years, although HBV-specific IgG at
15 weeks and plasma IgG maturation
index at 2 years were negatively
associated with B breve and B longum
subspecies longum, respectively

(Fig 2). All infants had protective IgG
titres for both TT (=0.1 IU/mL) and
HBV (=10 mIU/mL) at 2 years.

The generally positive associations of
Bifidobacterium, B longum, and B
longum subspecies infantis
abundance with TT vaccine responses
found in regression analysis can be
seen graphically (without adjustment
for covariates) in scatterplots of the
raw data at 15 weeks (Supplemental
Fig 5) and 2 years (Fig 3).

Bi dobacteria Abundance Was
Positively Associated With IgG and
IgA Responses to OPV Vaccine

OPV vaccine was administered within
48 hours of birth and again at 6, 10,
and 14 weeks. We hypothesized that
bifidobacterial abundance would be
positively associated with OPV
vaccine responses, which included
the total IgG response at 15 weeks
and strain-specific responses (3
strains are found in the OPV vaccine)
at 2 years (plasma IgG and IgA, and
stool IgA). In partial agreement with
our hypothesis, the abundance of
Bifidobacterium was positively
associated with polio-specific stool
IgA at 2 years (Fig 4), with the
predicted response being 107%
higher in infants with high versus low
Bifidobacterium abundance (Table 3).
This association can also be seen
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FIGURE 2

Heat map showing associations (and statistical significance) between early life bifidobacteria
abundance and TT and HBV responses measured at 15 weeks and 2 years of age determined with
multiple regression analysis as described in Methods. Responses include the CD4 T-cell Sl, the ALS
assay for IgG at 15 weeks, plasma IgG at 2 years, and the IgG Al at 2 years. Bifidobacteria abundance
measures were as follows: (1) mean abundance of the genus Bifidobacterium measured at 6, 11,
and 15 weeks and single measures made at 6 weeks for (2) the genus Bifidobacterium; (3) the most
abundant species, B longum; (4) the most abundant of 2 subspecies, B longum subspecies infantis;
(5) the second subspecies, B longum subspecies longum; and 2 minor species, (6) B breve and (7) B

bifidum.

graphically with unadjusted data
(Fig 3). Plasma IgA at 2 years also
revealed some positive bifidobacterial
associations (Fig 4), including
positive associations of both
Bifidobacterium and of B longum with
the poliovirus strain 3 IgA response,
whereas a negative association was
seen between B breve and the strain 1
response (Fig 4). B bifidum
abundance was positively associated
with plasma IgG concentration at

2 years, whereas mean
Bifidobacterium abundance was
positively associated with the IgG Al
(Fig 4). Two negative associations
were also seen: B longum subspecies
longum with 15 weeks IgG and B
breve with 2 years plasma polio-
specific IgA.

DISCUSSION

Higher bifidobacteria abundance in
early infancy is associated with better
memory responses to vaccines given
at this time, as judged by the
magnitude of the vaccine responses
measured at 2 years. Mean
Bifidobacterium abundance measured
at 6, 11, and 15 weeks, and
Bifidobacterium abundance measured

at 6 weeks only, performed similarly
in predicting later vaccine responses.
These findings are novel and support
current thinking about how gut
microbiota may shape development
of the infant immune system.”*? For
example, higher Th1 responses are
associated with bifidobacterial
abundance®® and a microbial state
with low Bifidobacterium,
Akkermansia, and Faecalibacterium in
early infancy is associated with atopic
CD4 T-cell responses at 2 years and
asthma development at 4 years.>* In
addition, vaccinia virus-specific
interferon-y production by CD8

T cells,®® and human serum
albumin-specific and cholera
toxin-specific interferon-y and
interleukin-5 production by
splenocytes36 postvaccination are
both influenced by gut microbial
composition. These studies also
suggest a cause-effect relationship
between gut microbiota and vaccine
responses. Our results suggest

a general effect of bifidobacteria on
T-cell proliferation or survival, as
indicated by the association of
bifidobacteria levels with both
vaccine-specific and SEB-stimulated
T-cell proliferation, whereas the lack

of an association with SEB-stimulated
proliferation at 2 years suggests an
independent association with
maintenance of vaccine memory.

Gut bacteria affect development of
T cells, particularly Treg and Th17
cells."®?7 Bifidobacterial effects on
T-cells could be direct or might
involve effects on dendritic cells
which then affect T cells, and these
effects may be mediated by
production of small-molecule
bacterial metabolites including short
chain fatty acids.>®™*° Bacterial
macromolecules also affect immunity.
Both lipopolysaccharide*"*? and
ﬂagellin43 act as vaccine adjuvants,
presumably via toll-like receptor 4
and toll-like receptor 5, respectively,
suggesting that commensal bacteria
may act as natural vaccine
adjuvants.** Indirect mechanisms
may also be relevant. For example,
Bifidobacterium protects against
enteropathogenic infection*® and
reduces the relative abundance of
Enterobacteriaceae™® and thus may
improve vaccine responses by
reducing the risk of symptomatic
infections or subclinical dysbiosis.

Many studies report associations of
gut microbiota with vaccine-specific
antibody responses.” In the current
study, we report positive associations
of early life bifidobacteria with TT-
specific IgG responses both in early
infancy and at 2 years, and with polio-
specific IgA at 2 years, suggesting

a sustained effect on vaccine memory.
A study examining rotavirus vaccine
response among infants in Ghana®’
found no associations with
Actinobacteria (the phylum
containing bifidobacteria), but
reported that serum IgA was
negatively associated with
Bacteroidetes and positively
associated with Streptococcus bovis.
The same group performed a similar
study in Pakistani infants and found
no association with
Bifidobacterium.*® The infants in the
current study did not receive
rotavirus vaccine. A previous study
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FIGURE 3

Association of stool bifidobacteria in early infancy, at 6 to 15 weeks of age, with vaccine responses at 2 years of age. Top row, TT-specific CD4 T-cell SI (top
row); middle row, TT-specific plasma IgG; bottom row, stool polio type 2—specific IgA. The asterisk (*) indicates a single, off-scale value (>7.5).

found that abundance of B breve and
B longum*® were both positively
correlated with polio-specific stool
IgA measured shortly after
vaccination. In the current study, we
also report a nonsignificant (P = .088)
positive association between
Bifidobacterium and HBV-specific IgG
at 2 years. A previous human study”®
using B longum and Lactobacillus
rhamnosus supplementation in
infants also showed a trend toward
an increased HBV-specific IgG
response. In another study, the
abundance of Bacteroides ovatus and
Streptococcus geniculate in nasal
microbiota were positively and
negatively associated with IgA
responses, respectively, to intranasal
influenza vaccination.”® We also

report that the B breve was negatively
associated with polio-specific plasma
IgA, a finding that is consistent with
another study®? revealing that B
breve supplementation lowers the
serum IgA response to cholera
vaccination. In our study, we also
found a negative association between
B longum subspecies longum and
polio-specific ALS IgG at 15 weeks.
Such results emphasize the need to
identify the mechanisms by which
specific bifidobacteria affect
immunity.

Strengths of our study include the
examination of short- and long-term
memory responses, the relatively
large sample size, the use of specific
assays for bifidobacteria at the

species and subspecies level, the use
of multiple vaccines and of multiple
vaccine end points, and the
prospective study design. Our study is
limited in that it is observational, thus
we cannot infer causality from the
associations described here, and
participants were all breastfed, limiting
the diversity in intestinal microbiota
seen in study infants. Additionally,
although BCG and the OPV are not
used in developed countries, the
similarity in associations seen in this
study to that seen in a small study of
inactivated polio virus,*® as well as the
associations to the more widely
administered HBV and TT vaccines,
suggest that these results are relevant
for many populations of infants around
the world.
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FIGURE 4

Heat map showing associations (and statistical significance) between early life bifidobacteria
abundance and OPV vaccine responses measured at 15 weeks and 2 years of age determined with
multiple regression analyses as described in Methods. Responses include the CD4 T-cell Sl, the ALS
assay for IgG at 15 weeks, plasma IgG and IgA at 2 years for the 3 strains of virus included in the
vaccine, the IgG Al and IgA Al for all 3 strains at 2 years. Bifidobacteria abundance measures were as
follows: (1) mean abundance of the genus Bifidobacterium measured at 6, 11, and 15 weeks and
single measures made at 6 weeks for (2) the genus Bifidobacterium; (3) the most abundant species,
B longum; (4) the most abundant of 2 subspecies, B longum subspecies infantis; (5) the second
subspecies, B longum subspecies longum; and 2 minor species, (6) B breve and (7) B bifidum. s1,

strain 1; s2, strain 2; s3, strain 3.

CONCLUSIONS

Colonization with Bifidobacterium at
the time of vaccination is associated
with sustainable systemic and
mucosal vaccine-specific memory
T-cell and antibody responses.
Developing strategies to enhance
immunologic memory is a high
priority for vaccine research.>?

A recent intervention trial
demonstrated that administration of
probiotic B longum subspecies
infantis to healthy infants between 7
and 28 days significantly increased
the abundance of this organism
through at least 60 days,*

demonstrating prolonged
colonization with this organism in
breastfed infants. An adequately
powered randomized controlled trial
of a similar strategy to increase early
colonization with B longum
subspecies infantis to enhance
responses to early vaccination is
indicated by our findings.
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