iIScience

¢? CellPress

OPEN ACCESS

Oral tolerance to systemic vaccination remains
intact without RORyt expression in regulatory

T cells

\ oral OVA exposure

@_,

Regulatory /
T ceII

intestinal lumen

£
/ ) .

small intestine lamina propria

RORyt no expression

@@

systemic immunity

Adjuvants:

OVA
immunization

Type 1 or Type 2

X

IgG1 IgG2c

—

Nicole B. Potchen,
Andrew M.F.
Johnson, Kevin
Hager, ..., Irene
Cruz Talavera,
Jennifer M. Lund,
James G. Kublin

jkublin@fredhutch.org

Highlights

Mice lacking RORyt
expression in Tregs (cKO)
have skewed
immunophenotype

RORyt expression in Tregs
is dispensable for oral
tolerance to a systemic
vaccine

Adjuvants lead to
increased RORyt+ Tregs in
the small intestine lamina

propria

Oral tolerance is
maintained if
immunostimulatory
adjuvant is used in
vaccination

Potchen et al., iScience 26,
108504

December 15, 2023 © 2023 The
Author(s).
https://doi.org/10.1016/
j.isci.2023.108504



mailto:jkublin@fredhutch.org
https://doi.org/10.1016/j.isci.2023.108504
https://doi.org/10.1016/j.isci.2023.108504
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108504&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Oral tolerance to systemic vaccination
remains intact without RORyt
expression in regulatory T cells

Nicole B. Potchen,’? Andrew M.F. Johnson,' Kevin Hager," Jessica Graham," Phuong Van," Katelyn H. Lyn-Kew, '
Lakshmi Warrier,"? Irene Cruz Talavera,'-? Jennifer M. Lund,"? and James G. Kublin!-2.3.*

SUMMARY

Many promising vaccine candidates and licensed vaccines lead to variable immune responses within hu-
mans. Studies suggest that environmental exposures in the gastrointestinal tract could contribute to a
reduction in vaccine efficacy viaimmune tolerance at this site; this is partly achieved by a high abundance
of regulatory T cells (Tregs). It is unclear if Treg subsets regulate systemic vaccine responses following oral
antigen pre-exposure. Here, we implemented a conditional knock-out mouse model of RORyt+ Tregs to
examine the role of these cells in mediating this process. Following oral exposure to the model antigen
ovalbumin (OVA) prior to immunization, we found similar induction of vaccine-induced antibody re-
sponses in mice lacking RORYt expression in Tregs compared to sufficient controls. Use of various adju-
vants led to distinct findings. Our data suggest that expression of RORyt+ within Tregs is not required
to regulate tolerance to systemic vaccination following oral antigen exposure.

INTRODUCTION

Vaccine development is critical to effectively control existing and emerging pathogens that pose a threat to humans. Upon immunization, it is
imperative that the immunogen generates an effective immune response to protect from future infection.’ Heterogeneous responses to vac-
cines have been reported, and numerous studies have attempted to explain why populations respond differentially to a particular vaccine.
Recently, evidence from clinical vaccine trials suggest that effective immune responses may be diverted due to previous exposure to antigens,
specifically components of gut microbiota, which are structurally similar to those within the vaccine and lead to a non-protective immune
response or immunological tolerance.”* Analysis of clinical trials of human immunodeficiency virus (HIV) vaccine candidates suggest a shared
amino acid sequence between the envelope protein gp41 and proteins derived from Escherichia coli resident to the gastrointestinal (Gl)
tract.”* Similarly, evidence suggests that the BCG vaccine used to prevent tuberculosis is less effective after exposure to environmental
mycobacterium, suggesting diversion from building effective immunity against the pathogen due to pre-exposure of homologous antigens.®
Here, we explore how pre-existing immunity in the gut could impact subsequent systemic vaccination.® Understanding the mechanisms by
which vaccine responses are inhibited by previous oral antigen exposure is a significant objective that will inform efforts to maximize vaccine
immunogenicity.

The gut-associated lymphoid tissue (GALT) is a site where regulatory mechanisms are critical to prevent inappropriate inflammation in
response to innocuous environmental exposures to dietary antigens or commensal microbes.” Upon systemic exposure to antigens previously
introduced in the gut, a reduction in antibody titers and antigen-specific cellular responses develop compared to antigens that are naive to
this site'’; this is known as oral tolerance. The underlying mechanism of oral tolerance has been studied in depth and involves the passage of
antigens through goblet-cell associated antigen passages'' and processing by tolerogenic dendritic cells in the lamina propria for presen-
tation to naive T cells in the mesenteric lymph nodes (MLNs).'”" These T cells, which can differentiate into regulatory T cells (Tregs), can then
home back to the lamina propria where they are critical for inhibiting potent immune responses against the antigen upon subsequent expo-
sure.'” Tregs have been described as critical for oral tolerance, and further, oral tolerance is maintained in the absence of thymically-derived
Tregs,'® suggesting that peripherally derived Tregs may be necessary.

Inflammation is controlled by various regulatory mechanisms at homeostasis, including through Tregs that express FoxP3.”'® Tregs are
positioned to reduce effector responses of other CD4" T-helper subsets and are especially pertinent at mucosal barrier surfaces like the
gut, where tolerance to commensals is essential.”” Transcription factors that are typically associated with CD4* T-helper subsets can also
be expressed in Tregs. FoxP3+ Tregs can express additional transcription factors including T-bet, GATA3, and RORyt; each subset has
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been studied for their effects on local and systemic responses.'*' Subsets of Tregs have been shown to specifically suppress the function of
certain types of effector responses.””?* RORyt+ Tregs are found in high numbers in the GALT and are typically peripherally derived with
unique TCRs enriched for specificity to microbial antigens.”’*° Germ-free (GF) mice display markedly reduced RORyt+ Tregs in the small
intestine lamina propria (siLP) and colon compared to conventionally raised specific-pathogen-free (SPF) mice.”® Notably, specific commen-
sals have been associated with RORyt+ Treg frequencies in the colon.?® This subset has also been reported to suppress Type 2 responses, as
mice lacking RORyt expression in Tregs have elevated total IgE titers and increased frequencies of GATA3+ conventional CD4" T cells (Tconv)
and Tregs.””*" Recent work also suggests that RORyt+ Tregs may inhibit Th1 and Th17 responses in some models with the same specificity.*”
RORyt+ Tregs have also been implicated in suppressing oral vaccine responses®; however, the role of this subset in affecting systemic vac-
cine responses is uncharacterized.

Our studies have aimed to define if RORyt expression in Tregs influence systemic vaccine responses following oral antigen exposure to the
same antigen. GF mice that have few RORyt+ Tregs display altered tolerogenic responses; GF mice exposed to the model antigen ovalbumin
(OVA) prior to OVA vaccination displayed increased OVA-IgG titers compared to SPF mice, indicating a break in tolerance.'®** Because toler-
ance is maintained in the absence of thymically-derived Tregs,'® we hypothesized that RORyt expression within peripherally derived Tregs is
involved in regulating responses upon oral exposure prior to immunization. Our study addresses key questions on the cellular mechanisms of
oral tolerance and systemic vaccination and whether this is impacted by the adjuvant used during vaccination. We have utilized a conditional
knock-out mouse model of Rorc™ FoxP3"® to characterize the role of RORyt expression within Tregs in altering systemic vaccine responses
with multiple adjuvants following oral pre-exposure to OVA. The selection of adjuvants used in a vaccine is critical for eliciting an appropriate
response. Use of strong adjuvants in mice have been reported to overcome peripheral anergy,” and have also been shown to boost fre-
quencies of RORyt+ Tregs in draining lymph nodes above baseline.*” Our study utilizes a variety of adjuvants in a model of oral tolerance
to a systemic immunization to characterize how different adjuvants may alter vaccine responses. We propose that suppression of vaccine re-
sponses following oral exposure is limited to Type 2 immunity regardless of adjuvant, and that oral tolerance remains intact in the absence of
RORyt expression within regulatory T cells.

RESULTS
Oral administration of antigen prior to vaccination with alum suppresses type 2 immune responses

To interrogate the effects of enteric antigen pre-exposure on a systemic vaccine response, C57BL/6 mice were exposed to 1 mg of
OVA by oral gavage for four consecutive days, ending one week prior to intraperitoneal (i.p.) vaccination with 10 pg OVA formulated
with alum (Figure 1A). Control groups received PBS by oral gavage prior to immunization with the same vaccine. Both groups were
boosted on Day 21 and assessed one week later for systemic and local immune responses. Our findings support existing work'®
that OVA exposure prior to OVA vaccination suppresses total serum OVA-IgG titers (Figure STA). This was not observed at Day 14
following prime alone (Figure S1B), but groups differed significantly following boost by Day 28. Using alum as an adjuvant in our
oral tolerance model, we observed specific suppression of IgG1 over time (Figures 1B and 1C). Upon splenocyte re-stimulation for
72 h with OVA protein, secreted cytokine production from culture supernatant was assessed by ELISA. We observed that mice that
received oral OVA prior to immunization had a reduction of IL-4 secretion compared to PBS pre-treated groups (Figure 1B). Though
oral administration of vaccine antigen prior to immunization has been previously described, we noticed this effect was specific for Type
2-associated immune responses. Interestingly, no suppression of OVA-IgG2c or IFNy upon OVA re-stimulation of splenocytes was
observed for OVA gavage groups (Figure 1D).

The ratio of IgG1 to IgG2¢ is commonly used as an indicator of skew induced immunity upon immunization. Here, we observe a higher
19G1:1gG2c¢ ratio in mice treated with PBS prior to systemic vaccination compared to mice pre-exposed to OVA (Figure 1E). This indicates
that oral exposure to vaccine antigen specifically suppresses Type 2 induced immunity in our model. Additionally, we examined
T-independent subclass OVA-IgG2b. Here, groups exposed to OVA prior to immunization had a significant increase in OVA-IgG2b compared
to PBS treated groups. In both OVA and PBS groups, OVA-IgG2b titers were lower than IgG1 and IgG2c titers, suggesting a greater T cell-
dependent response (Figure S1C). OVA-IgE titers were also suppressed following oral OVA exposure prior to immunization, in line with spe-
cific suppression of Type 2-mediated immune responses, though titers were overall relatively low (Figure S1D). There were also no differences
in T follicular helper (Teh) subsets (CXCR5+ PD-1+ CD4") in splenocytes from both groups (Figure STE).

To explore mechanisms of Type 2-specific suppression of vaccine induced immunity following oral antigen exposure, we turned to reg-
ulatory T cell subsets. Previous work suggests that Tregs are critical in the maintenance of oral tolerance,*'” and data indicate that Tregs
expressing the transcription factor RORyt+ could specifically suppress Type 2 immunity.”” Given that these cells arise from bacterial exposure
and are highly prevalent in the siLP,?® the likely site of oral tolerance induction,""""* we hypothesized that mice orally exposed to OVA prior to
systemic immunization could directly alter Treg phenotypes. Though RORyt+ Tregs are typically found in low frequencies systemically, an
increased frequency of these cells was observed in the spleens of groups that received OVA prior to immunization compared to PBS treated
groups (Figures S2 and S3). However, OVA gavaged mice exhibited no change in FoxP3+ Treg frequencies in the MLN or siLP (Figure S3). We
examined CD4" GATA3+ FoxP3- T conventional Th2 cells and found that in agreement with our serum antibody and IL-4 data (Figure 1B), Th2
responses in the spleen were suppressed in OVA gavaged groups (Figure S3). Surprisingly, in the MLN and siLP, no differences in Th2 cells,
RORyt+ Tregs (Figure S3). There were no differences in other Treg subsets examined, including GATA3+ Tregs and IL-33R + Tregs in all tis-
sues examined (data not shown). This indicates that pre-exposure to vaccine antigen prior to systemic immunization using alum contributes to
modulation of systemic immune responses, but not detectable changes in T cell subsets in the GALT.
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Figure 1. Oral administration of antigen prior to vaccination with alum suppresses Type 2 immune responses

Analysis of endpoint (Day 28) of mice gavaged with PBS (black) or OVA (red) prior to immunization with alum.

(A) Experimental timeline (B) OVA-IgG1 titers and secreted IL-4 upon OVA-re-stimulation of splenocytes after 72 h.

(C) OVA-IgG1 from an individual experiment over time, representative of 3 independent trials.

(D) OVA-IgGZ2c titers and secreted IFNy upon OVA-re-stimulation of splenocytes after 72 h.

(E) Ratio of 1I9G1:1gG2c titers for individual mice. Each data point represents an individual mouse.

Data are pooled from 3 independent experiments and represented as mean £ SD. Unpaired t tests were used for statistical analysis. **p < 0.01, ****p < 0.0001.

Compensatory increase in GATA3+ and IL-33R + subsets in mice lacking RORYt expression in Tregs does not impact
vaccination

At steady-state in the siLP, peripheral Tregs (pTregs), including those that express RORyt+, maintain gut barrier integrity and mediate effector
responses. These cells also contribute to tolerance against gut commensal microbes and controlling homeostatic interactions against envi-
ronmentally acquired antigens. To examine the role of RORyt Tregs in mediating tolerance to a systemic vaccine following oral exposure, we
developed a Rorc™ FoxP3°® conditional knock-out (cKO) line of C57BL/6 mice housed in specific pathogen-free conditions. As previously
described,?” these mice that lack RORyt+ expression specifically in FoxP3+ Tregs and have imbalanced immune cell populations in the GALT
where these cells are normally present at increased frequencies compared to the spleen. To further investigate these findings in the context of
vaccination, we compared immune cell populations and baseline immunoglobulins across various tissues of Rorc™ FoxP3<® kO mice and
Rorc™* FoxP3°"® controls. As expected, we found a significant reduction in the frequencies of RORyt+ Tregs in Rorc™® FoxP3® cKO mice
compared to controls (Figures 2A and 2B). No significant differences were observed in FoxP3+ frequencies among all CD4" in the siLP,
though frequencies of Tregs were increased in the MLN in cKO mice. Frequencies of GATA3+ RORyt- FoxP3+ Tregs and IL-33R + RORyt-
FoxP3+ cells were increased in Rorc™® FoxP3°® cKO mice compared to Rorc™* FoxP3"® control mice in both the MLN and siLP (Figure 2A).
Effects of the cre-lox system were specific to FoxP3+ Tregs, as there were no differences in frequencies of RORyt+ FoxP3- Th17 cells
(Figures 2C and 2D). cKO mice also had increased proportions of Th2 (GATA3+ RORyt- FoxP3-) cells compared to controls in local tissues,
both MLN and siLP (Figures 2C and 2D). Similar trends were observed in total cell numbers; there was a significant increase in GATA3+ RORyt-
FoxP3- Th2 cells in the siLP of cKO mice, no differences in Treg cell numbers, and greater numbers of GATA3+ RORyt- FoxP3+ Tregs and IL-
33R + RORyt- FoxP3+ in the MLN and siLP (Figure S4). In the spleen, we observed a slight increase in FoxP3+ frequencies overall, but similar
patterns in Th2, GATA3+ RORyt- FoxP3+ and IL-33R + RORyt- FoxP3+ subsets as observed in the siLP (Figure S5). These trends were not
observed in total cell counts in the spleen (Figure S4). We examined serum IgE levels in cKO lines and control mice and did not detect
any differences between groups, and though in contrast to previously reported findings,”” this is likely due to a high baseline antibody titer
in the Rorc*™* FoxP3® control line compared to wild-type (WT) B6 mice (Figure S6A). At baseline, there were no differences in the Tey
compartment between cKO and controls in the spleen, MLN, or siLP (Figures S6B and S6C). To assess if the Type 2 skew of the cKO mice
affected vaccine responses, both cKO and control mice received an OVA + alum immunization without oral antigen pre-exposure (Figure 2E).
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Figure 2. Compensatory increase in GATA3+ and IL-33R + subsets in mice lacking RORYt expression in Tregs does not impact vaccination

(A) Frequencies indicated Treg or Treg subset from Rorc™* FoxP3® (control) or Rorc™ FoxP3°"® (cKO) mice in MLN or siLP at steady-state.

(B) Representative gating of RORyt+ Treg population from siLP of control (gray) or cKO (blue) mice.

(C and D) (C) Frequencies of indicated Tconv subsets in MLN or (D) siLP from control (gray) or cKO (blue) mice. Phenotyping data representative of 3 independent
experiments. Data represents mean + SD.

(E) Control or cKO mice were immunized with OVA+ alum at Day 0, boosted at Day 21, and assessed at Day 28 for serum antibody titers (OVA-IgG, IgG1 and
1gG2c) and cytokine secretion of IL-4 after 72-h stimulation of splenocytes.

Data are pooled from 2 independent experiments and represented as mean + SD. Unpaired t tests were used for statistical analysis. ***p <0.001, ****p < 0.0001.

Both groups were able to produce anti-OVA-IgG and subclasses IgG1 and IgG2c¢ at comparable levels, as well as IL-4 production upon OVA
re-stimulation, indicating that lack of expression of RORyt within Tregs alone does not contribute to differences in vaccine response. Taken
together, these data support the role of RORyt+ Tregs in controlling Type 2-associated immunity in gut tissue, though expression of RORyt
within Tregs does not contribute to altered antibody titers upon systemic immunization.

Tolerance remains intact in mice lacking RORYt expression in Tregs upon immunization with alum

To examine the role of RORyt+ Tregs in oral tolerance to systemic vaccine responses, Rorc™ FoxP3® KO mice and Rorc*/* FoxP3°™® con-
trols were used in our tolerance model with alum adjuvant. Both cKO and control mice received OVA or PBS by oral gavage for 4 consecutive
days ending one week prior to i.p. immunization with OVA formulated with alum (Figure 3A). We hypothesized that if RORyt expression in
Tregs were necessary in regulating oral tolerance to a systemic vaccine, then cKO mice pre-exposed to OVA would have comparable antibody
titers, specifically OVA-IgG1, to cKO mice that received PBS. To our surprise, we observed that Rorc® FoxP3°® cKO mice exposed to OVA
maintained tolerance as measured by suppression of OVA-IgG1 and had antibody titers comparable to controls given OVA prior to immu-
nization (Figure 3B). Upon OVA re-stimulation of splenocytes and analysis of secreted cytokines, there was suppression of IL-4 production in
both Rorc™ FoxP3"® cKO mice exposed to OVA prior to immunization compared to PBS treated controls (Figure 3B). All Rorc*/* FoxP3<r
controls also maintained tolerance as measured by suppression of IgG1 and IL-4 production in groups that received OVA gavage prior to
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Figure 3. Tolerance remains intact in mice lacking RORYt expression in Tregs upon immunization with alum

Analysis of endpoint (Day 28) of mice gavaged with PBS (black) or OVA (red) from control mice (closed symbols) or cKO mice (open symbols).

(A) Experimental timeline.

(B) OVA-IgG1 titers and secreted IL-4 upon OVA-re-stimulation of splenocytes after 72 h.

(C) OVA-IgG2c titers and secreted IFNy upon OVA-re-stimulation of splenocytes after 72 h.

Data are pooled from 3-4 independent experiments and represented as mean + SD. Unpaired t tests were used for statistical analysis. *p < 0.05, **p < 0.01,
*xp < 0.001.

immunization (Figure 3B). OVA-IgG2c titers and IFNy production after OVA re-stimulation were comparable among all groups (Figure 3C),
consistent with previous findings in WT mice (Figure 1D). In sum, we find that RORyt expression in Tregs is not necessary for the maintenance
of oral tolerance to systemic vaccination using alum adjuvant.

RORyt+ tregs frequencies increase upon exposure to the gut microbiota and upon immunization with various adjuvants
RORyt+ Tregs have been observed to be largely absent in GF mice, indicating the necessity of commensal stimulation for the development of
this subset.”* After observing no differences in systemic immunization in mice lacking RORyt expression in Tregs, we set out to define the
optimal strategy for oral exposure prior to immunization in GF and SPF mice. To this end, we characterized frequencies of Tregs and various
subsets early in life. We assessed the baseline frequencies of SPF and GF mice over time before (day of life (DOL) 12-15), during (DOL 20-22),
and after mice were weaned (DOL 26-29), as well as in adulthood (DOL 75-85). We observed that though there were minor differences in
abundance of total FoxP3+ cells between groups at each timepoint, there were no consistently significant differences between Treg fre-
quencies in spleen, MLN, siLP or colonic lamina propria (cLP) (Figure S7A). Despite similarities of Treg frequencies, we saw a significant in-
crease of RORyt+ FoxP3+ Treg frequencies in the spleen, MLN, siLP, and cLP in adult SPF mice compared to GF counterparts of the
same age (Figure S7B). Similar trends were observed with cell numbers (Figure S7C). Recent work suggests that development of RORyt+
Tregs is dependent on MHCII+ RORyt+ antigen-presenting cells, including ILC3s.?”**~* Early in life, prior to diverse exposures to commensal
microbes, the RORyt+ Treg compartment is not developed in SPF mice. We observed no differences in this subset between SPF and GF mice
early in life prior to weaning. Our data confirm that development of RORyt+ Tregs occurs within the first few weeks of life and leads to estab-
lishment of this subset in adult mice. We did not observe differences in other Treg subsets including T-bet+ RORyt- FoxP3+ or GATA3+
RORyt- FoxP3+ cells between adult SPF and GF mice (data not shown). Together, these data indicate that RORyt+ Treg frequencies increase
during the post-weaning period into adulthood in SPF mice compared to GF settings.

Next, we turned to other factors that could alter RORyt+ Treg population dynamics. To determine how immunization alters frequencies of
these cells, we assessed whether this subset is altered by utilizing various adjuvants (Figure 4A). Though alum, the first licensed adjuvant used
clinically, was used for many original studies of tolerance, stronger immune stimuli are now used in the development of vaccine candidates.®
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Figure 4. RORyt+ Tregs frequencies increase upon immunization with various adjuvants

(A) Experimental timeline for remaining figure panels.

(B) Representative gating of RORyt+ Tregs upon immunization with Alum (top) or ASO1 (bottom).

(C) Frequencies of RORyt+ Tregs in mice immunized with indicated adjuvant.

(D) Ratio of IgG1:1gG2c titers for individual mice.

Data are pooled from 9 independent experiments and represented as mean + SD; each adjuvant was tested in 2-3 independent experiments apart from the
naive mouse group. Unpaired t tests were used for statistical analysis. **p < 0.01, ****p < 0.0001.

Despite their use in licensed vaccines for seasonal influenzas and shingles, the mechanisms of action of adjuvants like AddaVax, similar to
MF59, and ASO1 are incompletely understood. Characterization of how antigen pre-exposure affects immune suppression upon vaccination
with these adjuvants has not been examined prior to this study.

Alum induces Th2 cells and facilitates antigen-specific antibody production via NLRP3 activation."”"" AddaVax is associated with
increased Tgy formation and acts through NLRP3 independent pathways by recruiting CD11b+ DCs that stimulate both Th1 and Th2 re-
sponses.”**? ASO1, comprised of 3D-MPL and QS-21, signals through TLR-4 and induces caspase-1 activation that elicits a balanced Th1
and Th2 response when used in a vaccine.*” The novel compound Lit4Q also contains a TLR-4 agonist in association with QS-21 and is
expected to lead to comparable responses to ASO1 in vivo when given at the same dose (personal communication, PAI Life Sciences). One
report using a Complete Freund's Adjuvant (CFA) vaccine suggests that use of a more potent adjuvant may lead to expansion of RORyt+
Treg in gut-associated tissues.*” In naive mice, frequencies of RORyt+ Tregs locally in MLN and siLP were 9% and 15% respectively, consis-
tent with previous reports®> (Figure 4C). Upon immunization with alum, frequencies of these cells remained relatively unaffected in each
tissue. When AddaVax, ASO1 and Lit4Q were used to adjuvant OVA immunization, we observed increased frequencies of RORyt+ Tregs in
the MLN and siLP (Figures 4B and 4C).

To assess the skew of each of these adjuvants varied responses, we compared IgG1:1gG2c titers in mice after OVA immunization in the
absence of oral OVA pre-exposure. While immunization with alum, AddaVax, and AS01 led to a skew toward OVA-specific IgG1, Lit4Q
lead to a skew toward IgG2c production, indicating differences in adjuvant mechanism of action (Figure 4D). Therefore, proportions of
RORyt+ Tregs in gut tissue are increased in C57BL/6 mice immunized with strong immunostimulatory adjuvants.

Suppression of Type 2 responses maintained upon oral exposure prior to vaccination with various adjuvants

When using alum, Type 2 immune responses were suppressed upon oral exposure to the vaccine antigen (Figure 1). The Type 2 skewing of
alum and subsequent suppression of Type 2 immune response upon oral exposure led us to question whether this effect remains when
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Figure 5. Suppression of Type 2 responses maintained upon oral exposure prior to vaccination with various adjuvants

Experimental timeline from Figure 1A was used with various adjuvants.

(A) OVA-IgG1 titers and secreted IL-4 upon OVA-re-stimulation of splenocytes after 72 h.

(B) OVA-1gG2c titers and secreted IFNy upon OVA-re-stimulation of splenocytes after 72 h.

For each adjuvant, data are pooled from 2 to 3 independent experiments and represented as mean + SD. Unpaired t tests were used for statistical analysis.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

stronger adjuvants or those that elicit a balanced Type 1 and 2 response were used. To this end, we used AddaVax, ASO1, and Lit4Q in our
model of oral tolerance. Using each of these adjuvants with OVA in our tolerance model in C57BL/6 mice (Figure 1A), we observed sup-
pression of OVA-IgG1, but not OVA-IgG2¢, in mice that received OVA gavage prior to immunization compared to PBS gavaged controls
regardless of adjuvant strength or skew (Figures 5A and 5B). Overall, both ASO1 and Lit4Q adjuvanted vaccines led to greater production
of IgG1 and 1gG2c¢ antibody titers compared to other adjuvants tested. Similarly, we observed that mice gavaged with OVA prior to im-
munization with AddaVax and Lit4Q led to suppression of IL-4 upon OVA re-stimulation of splenocytes (Figure 5A). Mice immunized with
ASO1 had higher overall IL-4 production and no differences between groups. Because ASO1 elicited the greatest IgG1 response among
those examined, the OVA re-stimulation of splenocytes may have led to higher overall IL-4 production that was not able to be suppressed
by pre-exposure to vaccine antigen. No differences were observed in IFNy production upon OVA re-stimulation, indicating that all the
adjuvants suppressed only Type 2, and not Type 1 mediating immune responses upon immunization following oral antigen exposure
(Figures 5A and 5B).

Consistent with our findings using alum, there were no observable impact of oral OVA exposure on Treg or RORyt+ Treg frequencies in the
MLN and siLP compared to mice given PBS prior to immunization (Figures S8A and S8B). There were no differences between OVA gavage and
PBS gavage on the Tgy compartments of spleen, MLN, and siLP, regardless of adjuvant (Figure S9). These data indicate that suppression of
Type 2 vaccine-induced immunity is not specific to adjuvants such as alum that skew toward Type 2 but is consistent for a variety of adjuvants
examined in our model.

Tolerance maintained in mice lacking RORYt expression in Tregs with Lit4Q adjuvanted immunization

After testing multiple adjuvants in our tolerance model, Lit4Q was chosen for use in the conditional knock-out model of RORyt+ Tregs to
examine whether use of different adjuvants would be sufficient for breaking tolerance in a systemic vaccine. Our previous data indicated
that use of Lit4Q led to an increased frequency of RORyt+ Tregs compared to immunization with alum in both the MLN and siLP (Fig-
ure 4C) and favored IgG2c¢ production over IgG1 (Figures 5A and 5B). Therefore, we decided to investigate if immunization with Lit4Q be
sufficient for recovery of IgG1 upon oral OVA exposure in mice lacking RORyt expression in Tregs. We hypothesized that tolerance could
be broken in mice lacking RORyt+ expression in Tregs when orally exposed to the vaccine antigen prior to vaccination with Lit4Q. To test
this, a similar model to Figure 3A was utilized, but using a Lit4Q adjuvanted OVA vaccine. Similar to alum-adjuvanted immunization, we
observed that upon use of LitdQ, OVA-IgG1 was suppressed in both Rorc™ FoxP3°® ¢cKO and Rorc*™* FoxP3"® control mice gavaged
with OVA prior to immunization (Figure 6A). Upon OVA re-stimulation of splenocytes, OVA gavaged groups had a trend toward suppres-
sion of IL-4 production, though these did not reach the threshold for statistical significance (Figure 6A). In line with our findings using
alum (Figure 3C) and in WT C57BL/6é mice (Figure 5B), there were no differences in OVA-IgG2c production or IFNy upon OVA re-stim-
ulation between mice of different genotypes or groups pre-exposed to oral OVA compared to PBS (Figure 6B). This indicates that
regardless of adjuvant strength of skew, RORyt expression within Tregs is dispensable for tolerance to a systemic vaccine following
oral antigen exposure.
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Figure 6. Tolerance maintained in mice lacking RORYt expression in Tregs with Lit4Q adjuvanted immunization

Experimental timeline from Figure 4A was used with Lit4Q as adjuvant in immunization. Control mice (closed symbols) or cKO mice (open symbols) were gavaged
with PBS (black) or OVA (red) prior to immunization.

(A) OVA-IgG1 titers and secreted IL-4 upon OVA-re-stimulation of splenocytes after 72 h.

(B) OVA-IgG2c titers and secreted IFNy upon OVA-re-stimulation of splenocytes after 72 h.

Data are pooled from 2 independent experiments and represented as mean + SD. Unpaired t tests were used for statistical analysis. **p < 0.01, ***p < 0.001.

DISCUSSION

Our data indicate that RORyt expression in Tregs is dispensable for regulating oral tolerance to systemic vaccination. Mice that were
exposed to OVA prior to immunization displayed a reduction in OVA-IgG1 and IL-4 production upon re-stimulation, however, we did
not observe suppression of Type 1 immunity, including OVA-IgG2c or IFNy production. To dissect the role of RORyt+ Tregs, we used a
conditional knock-out model (Rorc™® FoxP3°®) and observed a local increase of Th2 cells, along with GATA3+ and IL-33R + Treg subsets.
In these cKO mice, tolerance to alum immunization was maintained following oral OVA exposure, indicating that expression of the transcrip-
tion factor RORyt was dispensable within Tregs for mediating the function of suppressing systemic antibody titers. We then characterized
RORyt+ Treg frequencies in multiple settings; in early-life, no differences in this population were observed between GF and SPF mice, but as
this subset develops upon commensal exposure in SPF mice, there was a significant increase in adult mice. To test whether this subset
contribute to tolerance to other systemic vaccines following oral antigen exposure in other settings, we expanded our system to utilize
various adjuvants. Upon use of TLR4 agonists ASO1 and Lit4Q, frequencies of RORyt+ Tregs were increased compared to naive groups
and alum immunized mice. Lit4Q adjuvant which skews toward OVA-IgG2c production and leads to development of an increased antibody
titers compared to immunization with alum. Oral OVA exposure prior to OVA + Lit4Q immunization led to similar suppression of Type 2
immunity. In mice lacking RORyt expression within Tregs, immunization with Lit4Q lead to similar maintenance of tolerance, indicating
that the type of adjuvant used likely does not determine how systemic immunization is controlled upon prior oral antigen exposure.
Here, we found that tolerance to systemic vaccination following oral antigen pre-exposure remains intact in the absence of RORyt expres-
sion within Tregs, regardless of adjuvant used in the immunization.

In our model, we disrupt RORYt expression within Tregs, though these pTregs, albeit lacking RORYt, are still present. It is possible that
genes controlled by RORyt are non-essential for the maintenance of tolerance to systemic vaccination, though the presence of the cell is
still required. While various genes are upregulated in colonic Tregs,”® which consist of ~40% RORyt+ Tregs, the distinct role this transcrip-
tion factor and downstream pathways play in the phenotype of the cell has not been well characterized. Sequencing experiments in various
settings will be critical in understanding how these cells function. Previous work has also characterized the role of RORyt+ Tregs in sup-
pressing oral vaccine response in environmental enteric dysfunction.** These studies found vaccine-specific T cells and IgA were altered in
the absence of RORyt+ Tregs, though the consequences on systemic vaccination and in the context of non-dysregulated systems remains
unknown. Understanding how RORyt+ Tregs may function differently in oral vs. systemic vaccines will be essential for improving vaccine
outcomes.
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By utilizing a conditional knock-out model, our cKO mice lacking RORyt expression in Tregs exhibit dysregulated local immunity, though
reduction of this subset did not contribute to differences in Treg frequencies between groups in the siLP (Figure 2A). Immunization with ad-
juvants like Lit4Q boosts RORyt+ Treg frequencies above baseline, similar to findings that have been reported for CFA.*” Whether targeting
cells in the local gut immune system could affect systemic vaccine responses is not known. By exposing mice to certain commensals, cells in
the siLP can be skewed; segmented filamentous bacteria contributes to local Th17 induction,” while Helicobacter hepaticus elicits RORyt+
Treg expansion at steady-state.*® Addition of commensals from wild mice leads to a more accurate model of human environmental encoun-
ters.”” Our model also introduces OVA as an innocuous, dietary exposure, while expression of OVA in a commensal could contribute to innate
signaling that is more representative of commensal exposures. Further investigation of how the addition of such perturbations to the system
could impact systemic immunization is warranted.

We observed that lack of expression of RORyt in Tregs led to upregulation of other Treg subsets, specifically of GATA3+ Tregs in the MLN
and siLP. GATA3+ Tregs are largely thymically-derived, and cKO of GATA3+ Tregs leads to development of inflammatory disorders in mice,
indicating these cells control Type 2 immunity.”**° The increased frequency of these cells may compensate for the lack of RORyt+ expression,
as we did observe an increased Treg frequency in the spleen and MLN of cKO mice compared to controls (Figures 2A and 2E). Specific dele-
tion of GATA3+ within Tregs leads to inflammatory disorders and increased susceptibility to allergic reactions.”** Studies suggest that di-
etary antigens induce pTregs in the siLP, but this population is distinct from pTregs induced by microbial antigens.”** Whether these distinct
subsets play a role in controlling tolerance to systemic vaccination is unclear. It also remains a possibility that Tregs that only express FoxP3
and no transcription factors associated with other T-helper subsets are critical for this response. Recent work has highlighted the necessity of
MHCII+ RORyt+ APC subsets for formation of pTregs,***® though the precise mechanism by which this occurs is not well understood. Further
work in characterizing the role of various APC populations in mediating oral tolerance to a systemic vaccine would provide critical insight to
this system.

Our model utilizes primarily adult mice in the context of health, though further studies could focus on models of enteric dysfunction, such
as was utilized to study of RORyt+ Tregs during oral vaccination.*® Utilizing a model of vaccination against a specific pathogen followed by
challenge studies would provide further understanding of the mechanisms involved in r tolerance to systemic vaccines. Examining various
timepoints early in life and how RORyt+ Tregs develop during weaning would also provide further insights. Encounters with gut commensals
early in life are critical for proper development of pTreg subsets and the local immune system necessary to tolerize innocuous interac-
tions.?""*®*? Variation in laboratory mouse models have also been reported to display altered RORyt+ Tregs frequencies at baseline.™ By
disrupting the state of health, altering the timing of exposure to OVA, or testing other strains, a greater understanding of tolerance upon
systemic vaccination would be obtained.

In clinical settings, heterogeneous responses to vaccination between individuals results in difficulties predicting success.”’ Environ-
mental exposures, including pre-existing immunity (prior vaccinations or infections), microbiota composition, genetics, and epigenetic fac-
tors each contribute to how an individual responds following immunization.”” > It is also apparent that components of the vaccine,
including adjuvant, immunogen, and route of administration ultimately contribute to effectiveness. These factors must be understood
to ensure increased vaccine efficacy and reduce the spread of harmful infections. Specifically, can the system be altered prior to
vaccination to better position the immune system to respond? Ongoing studies from many groups aim to address these outstanding
questions.”>* The scope of this work may extend to advance our understanding of the mechanisms involved in autoimmunity and
allergy, both of which will be important for improving human health. We intend for this work to elucidate mechanisms of how signals
from antigens encountered in the small intestine influence local and systemic immune responses that could be leveraged to improved
vaccine efficacy.

Limitations of the study

While our study examines the role of the transcription factor RORyt in Tregs, it does not directly address the role of RORyt+ Tregs or the role
of the peripherally derived Treg subset in altering systemic vaccination following oral antigen exposure.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD3e (BUV 395) BD Cat# 565992; RRID: AB_2739443
Anti-CD4 (BUV 496) BD Cat# 612952; RRID: AB_2813886
Anti-CD4 (PerCP-eFluor 710) Thermo Fisher Scientific Cat# 46-0042-82; RRID: AB_1834431
Anti-IL-33R (BUV 563) BD Cat# 749324; RRID: AB_2873698
Anti-CD8a (BUV 737) BD Cat# 612759; RRID: AB_2870090
Anti-CD45 (BUV 805) BD Cat# 748370; RRID: AB_2872789
Anti-CXCR5 (BV 421) BD Cat# 562889; RRID: AB_2737868
Anti-CXCRS (BV 421) Biolegend Cat# 145512; RRID: AB_2562128
Anti-CDé2L (BV 711) Biolegend Cat# 104445; RRID: AB_256421
Anti-CD44 (Alexa Fluor 700) Biolegend Cat# 103026; RRID: AB_493713

Anti-CD25 (APC-eFluor 780)
Anti-PD-1 (PE/Cyanine7)
Anti-GATA3 (PE-eFluor 610)
Anti-FoxP3 (APC)
Anti-FoxP3 (FITC)
Anti-RORyt (PE)
Anti-RORyt (BV650)
Anti-CD19 (BV510)
Anti-F4/80 (BV510)
Anti-CD11b (BV510)
Anti-lgG-HRP

Anti-lgG-HRP
Anti-lgG1-HRP
Anti-lgG2c-HRP
Anti-lgG2b-HRP

Anti-CD3e

Anti-CD28

Thermo Fisher Scientific
Biolegend

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BD

Biolegend

Biolegend

Biolegend
SouthernBiotech
BioLegend

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 47-0251-82; RRID: AB_1272179
Cat# 135216; RRID: AB_10689635
Cat# 61-9966-42; RRID: AB_2574686
Cat# 17-5773-82; RRID: AB_469457
Cat# 11-5773-82; RRID: AB_465243
Cat# 12-6981-82; RRID: AB_10807092
Cat# 564722; RRID: AB_2738915
Cat# 115546; RRID: AB_2562137
Cat# 123135; RRID: AB_2562622
Cat# 101245; RRID: AB_2561390
Cat# 1033-05; RRID: AB_2737432
Cat# 405306; RRID: AB_31500

Cat# A10551; RRID: AB_2534048
Cat# PA1-29288; RRID: AB_10983148
Cat# M32407; RRID: AB_2536647
Cat# 16-0031-82; RRID: AB_468847
Cat# 16-0281-82; RRID: AB_468921

Chemicals, peptides, and recombinant proteins

Endofit Ovalbumin Invivogen vac-pova-100
Alum - Alhydrogel adjuvant 2% Invivogen vac-alu-250
Addavax Invivogen vac-adx-10
Critical commercial assays

Th1/Th2 mouse uncoated ELISA kits Invitrogen 88-7711-44
Experimental models: Organisms/strains

Mouse: C57BL/6 Jackson Laboratory 000664
Mouse: C57BL/6 FoxP3°"® Jackson Laboratory 016959
Mouse: C57BL/6 Rorc'™m3-itt Jackson Laboratory 008771
Software and algorithms

GraphPad Prism 9 GraphPad Version 9
FlowJo version 10.6.0 FlowJo 10.6.0

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

AccuraCeck count beads Life Technologies PCB100

ACK lysis buffer Invitrogen 501129751
Live/Dead viability dye Thermo Scientific 134962
Live/Dead viability dye Thermo Scientific 134966

T™MB Invitrogen 00-4201-56
FoxP3/transcription factor fixation/permeabilization reagent Fisher Scientific 00-5523-00
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, James Kublin
(jkublin@fredhutch.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze reported data will be shared by the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Mice

C57BL/6 mice were obtained from The Jackson Laboratory (strain 000664) and maintained in specific-pathogen free conditions at Fred Hutch-
inson Cancer Center. C57BL/6 GF mice were bred in-house at the University of Washington Gnotobiotic Animal Core and housed in germ-
free conditions. FoxP3“"® mice on the C57BL/6 background contain a YFP at this locus” and were received from the Lund lab (Jackson Lab-
oratory, strain 016959). Rorc™ mice, also known as Rorc™34%/J were ordered from Jackson Laboratory58 (strain 008771). These strains were
crossed to generate the Rorc™™ FoxP3°™® line used in this study. All mice used in were males and were between 6 and 16 weeks old at the
beginning of each experiment (except for early life experiments, Figure S7). Similar results were generated in female mice (data not shown)
and data from males was reported for consistency. Experiments were approved by the Institutional Animal Care and Use Committees
(IACUC), and all mice were euthanized following AVMA guidelines for CO, overdose.

METHOD DETAILS

Mouse tissue collection and processing

Single-cell suspensions were prepared from mouse tissues. Spleens were homogenized and treated with ACK lysis buffer (Invitrogen;
501129751) to remove red blood cells. Lymphocytes were then washed and resuspended in PBS +2% FBS. MLNs were homogenized, washed,
and resuspended in phosphate buffered saline (PBS) + 2% fetal bovine serum (FBS). To obtain lymphocytes from the small intestine lamina
propria, intestines were removed from mice, then cleaned of remaining fat. Peyer’s patches were removed and discarded. The tissue was then
sectioned into 6 sections and cut lengthwise to remove intestinal contents. Segments were rinsed in PBS +2% FBS and mucus was removed
with tweezers, then rinsed again in clean PBS +2% FBS and placed in a 50 mL conical containing no media. Following dissection, samples were
resuspended with 10 mL of Solution A (HBSS without calcium and magnesium +4.2 mM sodium bicarbonate +2% FBS, pH 7.4). Samples were
vortexed for 20 s between washes and washed a total of three times with Solution A. Samples were then resuspended in Solution B (Solution
A +5mM EDTA +1 mM DTT) and incubated at 37°C while shaking for 15 min. Samples were then vortexed for 30 s and resuspended with
25 mL of Solution C (Solution A + 5 mM EDTA) and incubated at 37°C while shaking for 30 min. Intestinal fragments were vortexed for 30's,
washed in Solution A to remove EDTA, then resuspended in 5 mL of collagenase digestion media (HBSS containing Calcium and
Magnesium +4.2 mM sodium bicarbonate +10 mM HEPES +0.25 mg/mL Type-Il collagenase +1% FBS +1000 Kunitz/mL of DNAse) for 30
to 45 min at 37°C while shaking. Following digestion, 5 mM EDTA was added to halt collagenase activity. Samples were passed through a
18g needle to mechanically disrupt tissue and passed through 100 mm filter, rinsed with cRPMI and passed through a 70 mm filter. Each tissue
was then counted on a hemocytometer and normalized for flow cytometry staining.
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Ovalbumin oral gavage

Endofit Ovalbumin (Invivogen, vac-pova-100) was reconstituted to 10 mg/mL per vendor instructions and stored at —20°C. Mice were treated
with either 1 mg OVA or PBS by oral gavage for four consecutive days. Both groups received the final treatment with OVA or PBS one week
prior to OVA immunization.

Ovalbumin immunization

Mice were immunized with 10 pg of Endofit Ovalbumin diluted in PBS with adjuvant. Adjuvants doses & routes are as follows: 100 pg alum
(Invivogen, Alhydrogel adjuvant 2%), 25 pL Addavax (Invivogen), both administered intraperitonially, or 4.5 ng ASO1, 4.5 ug Lit4Q, both admin-
istered subcutaneously at base of tail.

Cell staining for flow cytometry

Upon generating single cell suspension, cells were incubated on ice for 20 min with CD16/32 and live dead blue or aqua viability dye (Thermo
Scientific L34962, L34966). The flow panels used include surface and intracellular antibodies: anti-CD3e (BD, clone 145-2C11, Brilliant Ultra-
violet 395), anti-CD4 (BD, clone GK1.5, Brilliant Ultraviolet 496 or Invitrogen, clone RM4-5, PerCP-eFluor 710) anti-IL-33R (BD, clone U29-93,
Brilliant Ultraviolet 563), anti-CD8a (BD, clone 53-6.7, Brilliant Ultraviolet 737), anti-CD45 (BD, clone 30-F11, Brilliant Ultraviolet 805), anti-
CXCRS5 (Biolegend or BD, clone L138D7 or 2G8, Brilliant Violet 421), anti-CDé62L (Biolegend, clone MEL-14, Brilliant Violet 711), anti-CD44
(Biolegend, clone IM7, Alexa Fluor 700), anti-CD25 (Invitrogen, clone PC61.5, APC-eFluor 780), anti-PD-1 (Biolegend, 29F.1A12, PE/
Cyanine?), anti-GATAS3 (Invitrogen, clone TWAJ, PE-eFluor 610), anti-FoxP3 (Invitrogen, clone FJK-16s, APC or FITC), anti-RORyt (BD or In-
vitrogen, clone Q31-378 or B2D, Brilliant Violet 650 or PE), anti-CD19 (Biolegend, clone 6D5, Brilliant Violet 510), anti-F4/80 (Biolegend, clone
BMS8, Brilliant Violet 510), anti-CD11b (Biolegend, clone M1/70, Brilliant Violet 510). Intracellular proteins were detected using a FoxP3/tran-
scription factor fixation/permeabilization reagent (Fisher Scientific 00-5523-00). Each sample was collected using the BD FACSymphany in-
strument from the HIV Vaccine Trails Network flow core. Cell counts were analyzed using AccuraCheck count beads (Life Technologies,
PCB100) added to each sample prior to acquisition.

ELISA for OVA-specific immunoglobulins

Mouse serum was heat inactivated at 56°C for 30 min prior to storage at 4°C. Plates were coated with 4 ug/mL OVA overnight in 0.1 M
NaHCO3. Serum was diluted in milk buffer and incubated at 37°C for 1 h on plates. Secondary antibodies specific for relevant Ig-subclass
linked to HRP (SouthernBiotech 1033-05, BioLegend 405306, Thermo Fisher Scientific PA129288, M32407, A10551) were then incubated
on plates for 1 h. TMB (Invitrogen 00-4201-56) was used to develop plates and reaction was stopped with 2N H,SO4. Absorbance at
450 nm was read on a SpectraMax i3x plate reader. Samples were run as technical duplicates.

Re-stimulation of splenocytes with OVA

Upon single cell suspension of splenocytes and normalizing counts, cells were plated on a 12-well flat bottom plate at 107 cells/mL and incu-
bated for 72 h at 37°C with cRPMI containing stimulation. Stimulation conditions include unstimulated media only control (used to subtract
background signal), Endofit OVA (10 pg/mL), or positive control anti-CD3e (0.5 pg/mL, Invitrogen, clone 145-2C11) and anti-CD28 (0.25 pg/mL
Invitrogen, clone 37.51). After incubation, supernatant was collected and frozen for analysis of cytokine secretion by ELISA. Th1/Th2 mouse
uncoated ELISA kits from Invitrogen were used and kit instructions were followed to analyze secreted IL-4, IFNy and IL-10. Samples were run
as technical duplicates. For analysis of cytokine production, 1 pg/mL was added to all data points to assess on log scale.

Software

Relevant programs were used for analysis and include GraphPad Prism 9 and FlowJo (version 10.6.0). BioRender was used for creation of
graphical abstract.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data was log transformed for statistical testing on graphs that use a log scale. Each data point represents an individual animal and data is
represented as mean =+ standard deviation (error bars), unless otherwise noted. Statistical tests were performed using GraphPad Prism 9 soft-

ware analysis tool using a Gaussian distribution and assuming the same SDs between groups. Details of statistical tests provided in respective
figure legends. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for all figures.
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