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Anti-viral immunity can vary tremendously from individual to individual but
mechanistic understanding is still scarce. Here, we show that a defined, low
complex bacterial community (OMM™) but not the general absence of
microbes in germ-free mice leads to a more potent immune response com-
pared to the microbiome of specific-pathogen-free (SPF) mice after a systemic
viral infection with LCMV Clone-13. Consequently, gnotobiotic mice colonized
with OMM* have more severe LCMV-induced disease pathology but also
enhance viral clearance in the intestinal tract. Mechanistically, single-cell RNA
sequencing analysis of adoptively transferred virus-specific T helper cells and
endogenous T helper cells in the intestinal tract reveal a stronger pro-
inflammatory Th1 profile and a more vigorous expansion in OMM" than SPF
mice. Altogether, our work highlights the causative function of the intestinal
microbiome for shaping adaptive anti-viral immunity with implications for
vaccination strategies and anti-cancer treatment regimens.

The intestinal microbiome is increasingly understood to influence
multiple systems of its host including the hormone system, the central
nerval system and even behavior. Another prominent role of the
intestinal microbiome has been documented for its contribution to
epithelial barrier integrity and immune maturation’. Animals raised in
the absence of any bacteria (germ-free animals) fail to fully develop
normal secondary organ structures in the intestinal tract such as

Peyer’s Patches and mature isolated lymphoid follicles in the lamina
propria. Moreover, conserved structural features or bacterial meta-
bolites of individual bacteria present in the intestinal microbiome can
modulate the functionality of different types of immune cells'. There
are many examples of how bacterial symbionts or pathobionts mod-
ulate intestinal T helper cells including the generation of Thi7 cells or
regulatory T cells (Tregs)>>. By contrast, only few reports indicate a
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microbiome-dependent induction of Thl cells typically associated with
anti-viral immunity and such microbiome effects are typically asso-
ciated to parallel effects on other T helper cell lineages®’.

Noteworthy, the importance of elucidating microbiome effects
on viral infections has manifested during the coronavirus disease
(COVID-19) pandemic. Many reports indicate a correlation between
the intestinal microbiome and disease severity of COVID-19%°.
Moreover, viral infections can cause transient dysbiosis of the
intestinal microbiota as a bystander effect, as observed in the com-
mon cold and mild cases of influenza as well as SARS-CoV-2
infections'. In chronic viral infections like HIV or HBV the impact
of the intestinal microbiota is less obvious. Nevertheless, the
microbiome of HIV-infected individuals is decreased in bacterial
richness and diversity, associated with systemic inflammation and
immune activation". Moreover, individuals with a controlled HIV
replication have a more similar microbiome to HIV-uninfected
individuals®. Altogether, these findings suggest that manipulation
of the intestinal microbiome offers an additional approach to
improve disease and treatment regimens but warrants more
mechanistic studies to prove cause-effect relationship. The high
intra-individual variation of the intestinal microbiome is also sus-
pected to affect responsiveness to vaccination regimen®. Indeed,
even effector functions such as cytokine secretion by cytotoxic CD8"
T cells can be modulated by individual bacterial members of the
microbiome™. This regulation of effector function by the intestinal
microbiome has additionally been observed in animals raised under a
more ‘dirty’ environment: Laboratory animals co-housed with mice
from pet stores or ‘wildling’ animals showed a different responsive-
ness to viruses and intracellular pathogens such as Listeria mono-
cytogenes—a phenomenon that was attributed to microbiome effects
on innate immunity™*°.

The ability of the intestinal microbiome to affect adaptive
immune responses after systemic virus infections have not been
addressed in detail since the interplay between the microbiome
community, invasive viruses and host interactions are highly complex
and require clearly defined settings to draw effect-response conclu-
sions. Potential mechanisms by which the microbiome can influence
anti-viral immunity vary according to host cell specificity of the virus,
viral infection kinetic and pathogenesis'. One obvious and ther-
apeutically highly attractive way how intestinal bacteria contribute to
antiviral effects may be the generation of metabolites and continuous
stimulation of the host immune system by additional bacteria-derived
factors”. Yet, such functionally active molecules are very difficult to
identify—not least due to the enormous variability of individual
microbiome composition among human beings and even across ani-
mal facilities housed under specific pathogen free conditions. Infec-
tion with the Lymphocytic choriomeningitis virus (LCMV) elicits a
systemic viral infection and is widely used to study anti-viral T cell
responses. While cytotoxic CD8" T cells play a key role for disease
pathology and viral clearance, this virus model has also been used to
investigate CD4" T cell help to regulate CD8" T cell differentiation'®".
Early on, CD4" T cell help has been shown to sustain the cytotoxic
potential of CD8" T cells during chronic viral infection’**2, Even
though CDS8' cytotoxic T cells are the main cell type involved in viral
clearance after LCMV infection, the role of CD4* T helper cells is still
less well understood. T helper cell differentiation is influenced by the
intestinal microbiome in multiple ways but whether this occurs also for
virus-specific T cells remains largely unknown.

The use of animals with a defined and minimal microbiota offers
the possibility to study clear causality between the intestinal micro-
biome and immunity to systemic viral infection. In the present study,
specific-pathogen-free (SPF), germ-free (GF) mice and mice with a
defined low-complex microbiota (OMM®)?* are infected with the
chronic LCMV CI-13 strain. Surprisingly, OMM" animals show rapid
body weight loss and improved viral clearance that is associated with

excessive proliferation and a cytotoxic Thl profile of virus-specific T
helper cells. Thus, the OMM™ bacterial community enhances adaptive
anti-viral immunity and disease pathology. In other settings, these
findings have implications for microbiota-mediated optimization of
treatment regimens in anti-cancer immunity or vaccination strategies.

Results

OMM™ mice show enhanced disease pathology and viral clear-
ance associated with stronger T helper cell response after sys-
temic viral infection

To investigate the role of the intestinal microbiota on the immune
response of a systemic viral infection, we infected either SPF animals,
animals colonized with a defined low-complex bacterial consortium
called OMM" # and GF animals with the LCMV CI-13 strain (Fig. 1A).
Surprisingly, OMM" animals showed substantial more body weight
loss already at day 4 post-infection (4 dpi) compared to SPF and this
difference was maintained at 8 dpi with OMM® animals reaching
endpoint criteria (Fig. 1B). Noteworthy, uninfected OMM™ animals
have a normal body weight comparable to SPF animals at 12 weeks of
age (Supplementary Fig. 1A), in line with previous reports***. GF ani-
mals also lost body weight but only to the same extent as SPF animals
(Fig. 1B). Since LCMV is a non-cytopathic virus, more severe body
weight loss is a sign of stronger immune activation which may result in
better viral clearance®. Indeed, we detected a lower viral titer in the
small intestine of OMM® compared to SPF and GF animals, which was
reproduced in the spleen (Fig. 1C). Viral clearance in LCMV CI-13
infection is largely driven by virus-specific cytotoxic CD8" T cell
response and exhaustion of these cells is causative for virus
persistence”?, However, we were not able to detect significant effects
of the microbial status on the CD8 T cell response®. Therefore, we
turned our focus to the CD4 T helper cell response since this cell type is
another crucial player in the regulation of adaptive anti-viral immunity
and is known to be affected by the microbiome? . As expected,
LCMV CI-13 infected GF and OMM® animals maintained a gradual
reduction in the frequency of microbiome-dependent RORyt" Tregs
and Thi7 cells while Gata3* Th2 cells showed the opposite behavior
(Supplementary Fig. 1B). The diminished but not ablated pTreg and
Thl7 population has already been shown before in OMM™ and GF
mice®°. However, LCMV CI-13 infection resulted in higher frequencies
of T helper cells in the lamina propria of OMM™-colonized and GF mice
with high expression levels of the transcription factor T-bet, a major
regulator for Thi effector cell differentiation (Fig. 1D, E)*. In absolute
numbers, this difference was again only retained in OMM" in the small
intestine and not apparent in spleen (Fig. 1E), possibly due to different
levels of control by microbiome-induced RORyt" regulatory T cells
(Supplementary Fig. 1B). Noteworthy, we also detected higher fre-
quencies of CD4* T cell producing the Thi-associated cytokines IFNy
and TNFa in the lamina propria of OMM" animals after restimulation
with the LCMV MHC class ll-restricted peptide gpé1 (Figs. 1F, G and
Supplementary Fig. 1C). Both cytokines may synergistically contribute
to enhanced disease pathology in OMM™ animals, either locally in the
intestinal tract or more systemically by affecting even cells of the
central nervous system®>*’, Altogether, these results suggest that
OMM" animals show more severe body weight loss and enhanced viral
clearance, associated with a stronger CD4 T cell response after sys-
temic LCMV CI-13 infection.

CD4" T helper cell depletion partially rescues the OMM"™
phenotype

As our results indicated a microbial effect of the OMM" bacterial
consortium on the virus-specific CD4 T cell response, we next inves-
tigated whether CD4 T cells were causative for the microbiome effects
on disease pathology and viral clearance. Hence, we depleted CD4
T cells prior to and during LCMV CI-13 infection in gnotobiotic OMM®
and SPF animals (Fig. 2A). CD4" T cells were efficiently depleted in the
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spleen at 8 dpi (Supplementary Figs. 2A, B). Former studies have shown
no differences in disease pathology during the acute phase of LCMV CI-
13 in SPF mice”*. Accordingly, CD4 depletion showed no effects on
body weight loss in the SPF group (Fig. 2B). As CD8" T cells might be
affected by CD4 T cell depletion we stimulated splenocytes and lym-
phocytes isolated from the mesenteric lymph nodes (mLN) with the
LCMV MHC class I-restricted peptide gp33 to investigate cytokine

secretion of virus-specific CD8" T (CTL) cells (Supplementary Fig. 2C).
CTLs did show a trend for higher secretion of IFNy upon CD4" T cell
depletion; nevertheless, we could see no differences in inflammatory
and cytotoxic cytokine secretion nor in other subsets of CD8* T cells
between OMM™ and SPF mice regardless of treatment (Supplementary
Figs. 2D, E). This result is not contradictory to other reports that
showed a prominent T helper role to sustain CD8 T cell responses only
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Fig. 1| OligOMM" colonized mice display a stronger body weight loss but
improved viral clearance associated with an enhanced Thl immune response.
SPF (gray), OligOMM"-colonized (OMM', blue) and germ-free (GF, pink) mice were
intravenously infected with LCMV Clone-13 and analyzed at day 8 post infection
(dpi). A Illustration of the experimental groups and setup. Created in BioRender
(https://BioRender.com/q80p879). B Percentage of body weight loss of indicated
groups at 4 and 8 dpi. Dotted line indicates 20% body weight loss (endpoint cri-
teria). P values are as followed: 4 days post infection (SPF vs OMM"=0.0052,
OMM®2vs GF =0.0107) and 8 days post infection (SPF vs OMM®2 < 0.0001, OMM" vs
GF =0.0034). C Plots depict plaque forming units (PFU/g) in the small intestine and
spleen of GF, SPF and OMM" colonized animals at 8 dpi. P values are as followed:
small intestine (SPF vs OMM"=0.0096, OMM" vs GF = 0.05) and spleen (SPF vs
GF =0.0061 and OMM® vs GF = 0.0048). D Representative flow cytometry plots of
Thi (T-bet" of CD4* T cells (E) cell frequencies and absolute cell numbers in small
intestine and spleen. P are as followed for small intestine (SPF vs OMM' =0.0017
and SPF vs GF = 0.0032), for absolute Thl counts in small intestine (SPF vs

OMM"=0.0010 and OMM® vs GF < 0.0001) and in spleen (SPF vs GF = 0.0161).

F Representative flow cytometry plots and frequencies (G) of cytokine® CD4" T cells
after restimulation with the virus-peptide gpé61. P values are as followed: IFNYTNFa
small intestine (SPF vs OMM"=0.0013 and SPF vs GF = 0.0071), total IFNy small
intestine (SPF vs. OMM2=0.0109), spleen (SPF vs OMM"=0.0213) and total TNFa
small intestine (SPF vs OMM® = 0.0064 and OMM" vs GF = 0.0037). For small
intestine samples of two animals of the same group were occasionally pooled to
increase the yield. Data from two independent experiments are shown. SPF n=9,
OMM® n=6, GF n=8 mice. Each dot represents an individual mouse (or occa-
sionally pooled cells from two individual mice of the same group) and mean + SD
from at least two independent experiments is shown. Statistical analysis for

(B, C, E, and G) was performed by using one-way ANOVA with Tukey correction for
multiple comparison. P value of <0.05 was considered statistically significant.
*p<0.05, *p <0.01, **p < 0.001, ***p < 0.0001. Source data are provided as a
Source Data file.

during the chronic infection phase or after recall infections'$?">*%,

However, depletion of CD4 T cells rescued OMM™ animals from more
severe body weight loss at day 4 after infection (Fig. 2B). This trend
could also be observed at 8 dpi. As expected, we could confirm a major
difference in body weight loss in isotype treated OMM" compared to
SPF groups (Fig. 2B). Moreover, isotype-treated OMM™ mice showed
again a lower viral titer in the small intestine compared to isotype-
treated SPF animals but we could not observe any effect of CD4 T cell
depletion on viral clearance (Fig. 2C). Histological examination of the
small intestines of each group revealed no significant epithelial chan-
ges or mucosal architecture (Fig. 2D) nor could we detect a significant
change in intestinal inflammation, epithelial apoptosis or number of
intraepithelial lymphocytes (Fig. 2E-G).

Lastly, we aimed to understand whether LCMV CI-13 infection
itself affected the abundance of individual bacterial species in OMM"
animals. Longitudinal qPCR analysis of the 12 strains after LCMV CI-13
infection revealed only minor differences between the CD4 depleted
and the isotype treated OMM® group early after infection which is
possibly attributable to a stress response (Figs. 2H-J and Supplemen-
tary Fig. 2F-N). Throughout the course of the infection, some minor
impact of LCMV CI-13 on the OMM" consortium can be seen at 8 dpi.
These effects include an increase in Enterococcus faecalis, Akkermansia
muciniphila and Clostridium innocuum (Fig. 2E, H, J). Such small shifts
may be caused by systemic inflammation equally affecting the gas-
trointestinal tract, but CD4 T cell depletion only marginally affected
relative abundance of most species. Altogether, our results demon-
strate that CD4 T cells contribute to the enhanced body weight loss
early after infection but not viral clearance in OMM®-colonized ani-
mals. Yet, LCMV CI-13 infection only marginally affected the compo-
sition of the OMM" consortia, and any immunomodulatory effect may
thus occur early or is even present before viral infection.

Higher expansion and effector function of LCMV-specific CD4
T cells in OMM* animals

The CD4 T cell depletion experiment suggested an important role for
polyclonal CD4 T cells to mediate effects of the OMM™ consortia on
anti-viral immunity. To address the impact of the OMM® bacterial
consortia on virus-specific T cells, we next adoptively transferred naive
CD45.1" SMARTA T cells that harbor a transgenic TCR specific for the
H2-I-A’-restricted LCMV gpg,.s0 epitope (glycoprotein residues 61-80)
into SPF, OMM® and GF animals before infection with LCMV CI-13
(Fig. 3A). Again, we found a stronger weight loss in OMM® animals
(Fig. 3B) associated with a lower viral titer (Fig. 3C). Interestingly,
SMARTA T cells showed a much higher frequency and up to a 10fold
higher total cell number in the lamina propria of LCMV Cl-13-infected
OMM"-colonized animals compared to SPF and GF animals while this
effect was not seen in the spleen (Fig. 3D, E). Restimulation with the
MHC-Il-restricted immune dominant LCMV peptide gp6l revealed

higher production of IFNy among SMARTA T cells isolated from the
lamina propria compared to those from the spleen (Fig. 3F, G). Note-
worthy, the highest frequency was again observed in OMM™colonized
animals (Fig. 3F, G). OMM™-colonized animals also showed the highest
frequency of TNFa-producing SMARTA T cells in both organs
(Fig. 3F, G). This improved effector function could also be seen in the
endogenous CD4 T cell compartment isolated from the small intestine
of OMM" mice (Fig. 3H). The frequency of cytokine® T cells in the
spleen was substantially lower but followed the same trend with higher
levels in OMM™colonized animals (Fig. 3F-H). As the effects of the
OMM® consortia were most pronounced in the lamina propria of the
small intestine - a site in proximity with the intestinal microbiota -
virus-specific T helper cells may be influenced locally by OMM®?
consortia-derived signals. In summary, these results suggest that the
OMM?" bacterial consortium allows for a stronger virus-specific T
helper cell response but maintains its community composition even
during LCMV infection.

Additionally, we investigated whether the exacerbated pro-
inflammatory T cell response in the lamina propria correlated with a
generally higher inflammation. Hence, we performed histological
examination of OMM" and SPF animals with adoptively transferred
SMARTA T cells 8 dpi (Supplementary Figs. 3A-C). No differences in
inflammation score (Supplementary Fig. 3A) nor in the number of
lymphocytes infiltrating the luminal intestinal epithelium or the
numbers of epithelial apoptosis (Supplementary Figs. 3B, C) were
observed in OMM" animals.

To rule out any contamination of OMM™ animals and assess the
impact of LCMV CI-13 infection on microbial composition, we collected
feces at different timepoints of the infection and performed 16S
sequencing of SPF and OMM" mice (Figs. 3A and Supplementary
Fig. 3D). The analysis confirmed the absence of contamination in the
OMM® and some differences in bacterial composition at 8 dpi
including a relative expansion of Escheria Shigella and Bacteroides at
the expense of Lactobacillus in SPF animals (Supplementary Fig. 3D).
Again, the OMM" consortium was only marginally affected by LCMV
Cl-13 infection in line with their stable community also in other
infections” and our qPCR results (Fig. 2H-J). Thus, OMM" consortia
harbor such a pro-Thl supporting effect intrinsically which can affect
the strength of anti-viral immunity in the first days after infection, e.g.,
here measurable by increased body weight loss.

Virus-specific CD4" T helper cells show phenotypical hetero-
geneity in gnotobiotic animals post LCMV CI-13 infection

Given the profound effect of the OMM" consortium on T helper cells,
we next aimed to gain a comprehensive view of the differentiation of
LCMV-specific SMARTA T cells under different gnotobiotic conditions.
Thus, we again transferred congenically marked CD45.1' naive
SMARTA T cells into SPF, OMM* and GF animals before LCMV CI-13
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infection and re-isolated expanded SMARTA T cells from the spleen
and the lamina propria of the small intestine at 8 dpi and performed
single cell RNA sequencing (scRNAseq). Clustering of all isolated
SMARTA T cells in a uniform manifold approximation and projection
(UMAP) plot resulted in the identification of nine individual clusters
(Fig. 4A). Unsupervised KNN (K-Nearest-Neighbor-Algorithm) cluster-
ing as well as cluster distribution per sample allowed the identification
of differences among microbiome groups and between organs
(Fig. 4B, C). Cluster 1 and 2 were almost exclusively present in SMARTA

T cells re-isolated from spleens with the highest relative abundance in
SPF animals and much lower frequencies in GF and OMM" animals
(Fig. 4B, C). Both clusters showed a substantially different expression
profile compared to all other clusters with high expression of genes
associated to follicular helper T (Tfh) cells (Cxcrs, Bcle, 121, 1d3, Il7r,
Slamfé and Izumolr) (Fig. 4D, E). Moreover, both clusters lacked the
expression of genes associated to Thl effector function (Runx3, Cxcreé,
Prdmli, Ly6c2, GzmB, Gzmk, Nkg7, Ccl5 and Ifng) observed in clusters 3-9
(Figs. 4D, E and Supplementary Fig. 4A). None of the clusters revealed a
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Fig. 2 | CD4" T cell depletion prevents body weight loss and viral clearance in
0ligOMM" colonized animals. SPF (gray) and OligOMM™colonized (OMM", blue)
mice were treated one day before, on the day of the clone-13 LCMV infection and
6 days post infection (dpi) with either a depleting anti-CD4 or an isotype antibody
control as illustrated in (A) Illustration of the experimental groups and setup.
Created in BioRender (https://BioRender.com/x96c559). B Percentage of body
weight loss of indicated groups at 4 and 8 dpi. Dotted line indicates 20% body
weight loss (endpoint criteria). P values are as followed: for 4 dpi (SPF isotype vs
OMM® isotype = 0.0014, SPF anti-CD4 vs OMM® isotype = 0.0061 and OMM*
isotype vs OMM™ anti-CD4 = 0.0034) and for 8 days post infection (SPF anti-CD4 vs
OMM® isotype = 0.0191). C Plots depict plaque forming units (PFU/g) in the small
intestine and spleen of SPF and OMM?® colonized animals treated with an isotype
antibody control or anti-CD4 antibody at 8 dpi. P values are as followed: for small
intestine (SPF isotype vs SPF anti-CD4 = 0.0160, SPF anti-CD4 vs OMM" isotype =
0.0042 and SPF anti-CD4 vs OMM" anti-CD4 = 0.0438). D Representative pictures
of haematoxylin and eosin-stained sections of the small intestine for the indicated
groups. Bar plots show (E) inflammation score, (F) epithelial apoptosis counts G)
and infiltration of intraepithelial lymphocytes. P values are for small intestine (SPF
isotype vs OMM™ anti-CD4 = 0.0115). H, 1, J) Colonization dynamics of OMM" mice
during infection and after CD4 depletion: absolute abundance of individual OMM™

strains. P values are as followed: for (H) d0 (OMM" isotype vs OMM® anti-CD4 =
0.00569) and for 1 dpi (OMM® isotype vs OMM" anti-CD4 = 0.0041) and OMM"
anti-CD4 (1dpi vs 8 dpi = 0.0363 and dO vs 8 dpi = 0.03296, I) OMM“ isotype (dO vs
6 dpi=0.0085 and 1 dpi vs 6 dpi = 0.0123) and OMM" anti-CD4 (dO vs 8 dpi = 0.016
and 1dpi vs 8 dpi = 0.0280) and J) OMM®2 isotype vs OMM® anti-CD4 (1 dpi= 0.0001
and dO0 = 0.0350) and OMM" anti-CD4 (dO vs 8 dpi = 0.0026 and 1 dpi vs 8 dpi =
0.0033). Data are plotted as 16S rRNA gene copy number of the individual strains
per g of extracted gDNA. Data from two independent experiments are shown. Data
from SPF (ctr) n=10, SPF (anti-CD4) n=10, OMM® (ctr) n =8, OMM® (anti-CD4)

n =8 mice are shown (A-C). Histological analysis is shown from SPF (ctr) n =8, SPF
(anti-CD4) n=8, OMM® (ctr) n = 6, OMM® (anti-CD4) n = 6 mice (D-G). Abundance
of 16S rRNA copy number from OMM* (ctrl) n = max. 8 and OMM* (anti-CD4) n =
max. 8 according to capacity of animals to donate feces (H-J). Each dot represents
an individual mouse and mean + SD from two independent experiments is shown.
Statistical analysis for B), C), F) and G) was performed by using one-way ANOVA
with Tukey correction for multiple comparison. Statistical analysis for (H-J) was
done by performing multiple unpaired ¢-tests between each group. P value of < 0.05
was considered statistically significant. *p < 0.05, **p < 0.01. Source data are pro-
vided as a Source Data file.

specific pattern of exhaustion markers at 8 dpi (Supplementary
Fig. 4B). Cluster 3 was most prevalent in the spleen but only half as
abundant in SPF compared to OMM®? and GF mice (Fig. 4C) and
showed enriched gene expression of Ly6c2, ltgb7, Ifngrl and Sipr4
genes (Fig. 4D). Moreover, cluster 3 highly expressed Cxcr3 and Tbx21
both of which genes that are associated with effector Thl cells (Figs. 4E
and Supplementary Fig. 4C, D). Additionally, we found high expression
of Cx3crl, Siprl, KIf2 and Ccl5 (Fig. 4E), a profile that has already been
defined as a Thl effector cells in LCMV infection®®. Cluster 4 was
enriched for SMARTA cells of the lamina propria of SPF mice com-
pared to other groups (Fig. 4C). This cluster was defined by high
expression of Ccl4, Ccl3, Ifng and Havcr2 (Fig. 4D and Supplementary
Fig. 4A, B, E) which are typically expressed by effector memory and
terminally differentiated T cells*. Given the timepoint of analysis
(8dpi) we excluded effector memory cells and define cluster 4 as
terminally differentiated Thl effector cells. Cluster 5 was almost
uniquely present in the small intestine with the highest prevalence in
GF and OMM" mice (Fig. 4C). This cluster was enriched in genes like
Rgsl1, Plac8 and /21r and showed a unique gene expression profile with
increased expression of /tgal and Cd7 and decreased expression of Kif2
and S1pri1 defining tissue-resident cells (Fig. 4D)*°. Moreover, cells of
cluster 5 expressed genes typically found in T cells present in non-
lymphoid tissue genes like Vps37b, Id2, Cxcr6 and Ccr9 (Fig. 4D, E)*.
Given the fact that cells of cluster 5 are exclusively derived from the
lamina propria of the small intestine (Fig. 4B), cluster 5 may represent
tissue-resident Thi effector cells that are preferentially expanded in
OMM" but also GF animals. Cluster 6-9 were composed of cell subsets
of less than 10% relative abundance (Fig. 4C). Cluster 6 highly
expressed /[18r, while in cluster 7 many type I IFN stimulated genes like
Ifitl, Ifie3, Ifit3b are expressed (Fig. 4D). A similar subset has been
observed previously after LCMV infection®. Cells of clusters 8 and
9 showed a typical cell cycling gene expression pattern (Fig. 4D).
Altogether, our scRNAseq analysis revealed a strong impact of the
OMM" consortia on the functional differentiation of virus specific
CD4" T cells post LCMV infection, namely OMM® colonized animals
favored differentiation of Thl effector cell associated clusters at the
expense of Tfh cells.

OMM?"* colonized animals show an accumulation of virus-specific
cytotoxic T helper cells at the expense of follicular helper T cells
As mentioned before, cells of cluster 1 were found to be enriched in
genes reminiscent of Tfh cells®**>** such as CxcrS, Sostdcl and Tox
(Fig. 4D and Fig. 5A). Cluster 1 was also enriched in transcripts of Tfh
markers like T¢f7 and Slamfé, the transcription factor Bcl6, the

cytokine /[21 and the inhibitory receptor Pdcdl (Figs.4D, E and Sup-
plementary Fig. 4B), all of which suggesting a clear Tfh cell identity***.
Cluster 2 was highly abundant in the spleen of SPF animals following
the abundance trend of cluster 1 (Fig. 4B, C). Cells from this cluster
showed an enrichment of multiple genes like Slamf6, Tcf7, Id3, Itgbl as
well as the retention receptors Ccr7 and SIprl (Fig. 4D, E). Moreover,
cluster 2 showed high expression of KIf2 and /l7r which typically
restrain Tfh cell generation*®*’ (Fig. 4E) and relative to cluster 1a lower
expression of the Tfh-associated genes Bcl6 and Cxcr5 (Fig. 5A) and
may thus represent Tfh progenitor cells. Cluster 1 and 2 were almost
uniquely derived from spleen and greatly diminished in OMM" and GF
compared to SPF animals (Fig. 4D and Fig. 5A-C). To confirm the
relative reduction of Tfh cell differentiation in gnotobiotic animals on
protein level, we additionally analyzed SMARTA T cells at 8 dpi for Tfh
markers. Indeed, SMARTA cells from gnotobiotic and especially
OMM" animals showed a reduced frequency in cells with high CXCRS
expression (Fig. 5B, C). Thus, virus-specific T cells in OMM™ animals
may favor an alternative differentiation path compared to SPF animals.

One of the hallmarks of LCMV CI-13 infection in OMM"-colonized
animals was the elevated expansion and accumulation of virus-specific
T cells in the small intestine (Fig. 3). Cluster 5 probably representing
tissue-resident Thl effector cells was the only cluster that might
explain the enhanced accumulation of LCMV-specific T helper cells.
Interestingly, cluster 5 showed high expression of the Plac8 gene that
was highest in the small intestine of OMM" animals (Fig. 5D). Plac8 is
uniquely expressed by Thi effector cells compared to all other CD4* T
cell subsets and is crucial to regulate Thl and CD8" T cell response
during Thi driven inflammation*®, Furthermore, Plac8 overexpression
has been associated with cell growth and migration*’, possibly
explaining the higher proliferation of SMARTA T cells in the lamina
propria of the small intestine of OMM" animals (Fig. 3E). Cells of
cluster 5 also expressed high levels of the chemokine receptor Ccr9
required for migration of lymphocytes to the intestinal tract
(Fig. SE)***. Besides homing and general features of cell proliferation
cells of this cluster also expressed lower levels Ly6c2 and intermediate
levels of Thx21 (Fig. 5F), a profile associated to an enhanced ability for
proliferation and longevity of Thl effector cells®’. Altogether, we
determined to refer to cluster 5 as proliferative tissue-resident effector
Thi cells. In contrast, cytotoxic Ly6c2" effector Thl cells could be
linked to cluster 3 with uniquely high expression of Lyé6c2 (Fig. 5F)
indicative of an increased capacity for GzmB and IFNy-associated to
cytotoxicity. However, Ifng was expressed at higher levels in SMARTA
T cells re-isolated from the small intestine compared to the spleen
(Fig. 3F, ). This was most pronounced in cells isolated from OMM"
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animals compared to SPF confirming our observations by flow cyto-
metry (Figs. 3F-G and Supplementary Fig. 4E). Furthermore, GzmB
expression was increased in cluster 3 in the spleen again particularly
pronounced in the OMM* animals (Fig. 5G). This was confirmed on the
protein level by re-stimulating adoptively transferred SMARTA T cells
of OMM® animals with the virus peptide gpé1 (Fig. SH, I). In summary,

these results indicate that the intestinal OMM" microbiome cannot
only influence locally the accumulation of tissue-resident T helper cells
but possibly also effector functions of virus-specific T helper cells such
as cytotoxicity at other organs. Thus, a stable and defined minimal
bacterial consortium is able to shape the immune response to a sys-
temic virus infection via enhancing effector cell function of CD4" T
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Fig. 3 | Virus-specific T helper cells (SMARTA) show an increased expansion and
effector function in OligOMM™-colonized mice. A 5x10° SMARTA T cells were
adoptively transferred into SPF (gray), OligOMM®-colonized (OMM®, blue) and
germ-free (GF, pink) mice 5 days prior infection with LCMV clone-13 and analyzed at
8 days post infection (dpi). Created in BioRender (https://BioRender.com/w551495).
B Percentage of body weight loss of indicated groups at 4 and 8 dpi. Dotted line
indicates 20% body weight loss (endpoint criteria). P values are as followed: 4 days
post infection (SPF vs OMM™ = 0.0491 and OMM" vs GF =0.00462), 8 days post
infection (SPF vs OMM®2 =0.0003). C Plots depict plaque forming units (PFU/g) in
the small intestine and spleen of GF, SPF and OMM® colonized animals at 8 dpi.
P values are as followed: small intestine (SPF vs OMM" = 0.0020 and OMM® vs
GF =0.0057). D Representative flow cytometry plots and (E) frequencies as well as
absolute cell numbers of CD45.1' SMARTA T cells in indicated organs. P values are
as followed: for frequencies of SMARTA in small intestine (SPF vs OMM" = 0.0001)
and spleen (SPF vs. GF = 0.0053); for the absolute SMARTA count in small intestine
(SPF vs OMM* < 0.0001 and OMM™ vs GF = 0.0027). Representative flow cytometry
plots (F) and (G) frequencies of cytokine® SMARTA T cells after restimulation with
the virus-peptide gp6l in the indicated organs. P values are as followed: IFNy small

intestine (SPF vs OMM" = 0.0108), TNFa small intestine (SPF vs OMM* =0.0236,
OMM?® vs GF = 0.0069) and spleen (SPF vs OMM=0.0009 and OMM" vs GF =
0.0003). H Frequencies of cytokine” endogenous CD4" T cells after restimulation
with the virus-peptide gp61 in the indicated organs. P values are as followed for [FNy
small intestine (SPF vs OMM" = 0.0143) and spleen (SPF vs OMM®?=0.0081 and
OMM" vs GF = 0.0196) and for TNFa small intestine (SPF vs OMM' = 0.0042 and
OMM® vs GF = 0.0119) and spleen (SPF vs OMM®=0.0081 and OMM" vs GF =
0.0196). For small intestine samples as well as cytokine stimulation samples of two
animals of the same group were occasionally pooled to increase the yield. Each dot
represents an individual mouse or two if pooled and mean + SD from two inde-
pendent experiments is shown. Data from two independent experiments with (B)
SPF n=12, 0MM"? n =12, GF n=10 mice, (C) SPFn=9,0MM?n =8, GF n=5 or (E-G)
SPF n=5-10, OMM® n =5-10, GF n =5-7 mice are shown. Statistical analysis for

(B, C, E, G and H) was performed using one-way ANOVA with Tukey correction for
multiple comparison. P value of < 0.05 was considered statistically significant.
*p<0.05, *p <0.01, **p < 0.001, ***p < 0.0001. Source data are provided as a
Source Data file.

helper cells including cytotoxic T cell subsets and viral clearance at the
cost of enhanced disease pathology.

Discussion

Here, we established the systemic LCMV CI-13 infection in gnoto-
biotic mice and investigated adaptive anti-viral immunity by tracking
adoptively transferred virus-specific CD4" T cells. To our knowledge,
only few reports investigated the role of the microbiome for the
immune response to a systemic infection in such a highly controlled
manner. We observed an enhanced body weight loss manifesting
early after infection and improved viral clearance in the intestine of
OMM™-colonized mice compared to SPF and GF mice. Noteworthy,
this effect could be rescued very early after infection (4 dpi) by
depletion of CD4" T cells suggesting that this OMM" microbiome-
intrinsic effect is present early or even prior to LCMV infection. Yet,
uninfected OMM™-colonized animals do not differ from SPF animals
in body weight (Supplementary Fig. 1A and***) indicating that
enhanced body weight loss in OMM® is triggered by the immune
response after LCMV CI-13 infection. One possibility could be that
microbial signals of the microbiome influence the innate immune
compartment, which in turn alter virus-specific CD4" T cell differ-
entiation. The function of many different innate immune cells has
been associated with the microbiome and may have the capacity to
influence T helper cell differentiation. For instance, intestinal den-
dritic cells have been shown to be poised by microbiota-dependent
induction of type 1 interferons, that may result in a different capacity
to activate T helper cells post viral infection™. A previous study has
already shown that mice, which were prior to and throughout the
infection treated with broad-spectrum antibiotics exhibited impaired
responsiveness to type I and type Il IFNs show a reduced capacity to
control LCMV replication®.

NK cell responses are another cytolytic cell type that are influ-
enced by commensal bacteria and contribute to the antiviral defense.
Previous studies have shown that the priming or licensing and
cytolytic activity of NK cells is compromised in GF mice®. Also in this
study, mononuclear phagocytes derived from GF or antibiotic-
treated animals were deficient in the production of type 1 inter-
ferons, which is a necessary signal for the priming of NK cells®. Thus,
intestinal bacteria may provide tonic signals that calibrate the acti-
vation threshold and sensitivity of innate immunity. However, most
of these studies solely used either GF mice to assess the general
importance of the intestinal microbiome or broad spectrum anti-
biotic treatment regimens that may result in divergent results pre-
sumably reflecting the high variability of intestinal microbiomes
across different animal facilities. Importantly, we describe here an
effect of a defined minimal microbial consortium that is not apparent

in GF animals and thus excludes a pure lack of such tonic microbial
signals as causative underlying effect.

Moreover, and in contrast to previous reports, we were able to
show a clear microbiome effect on virus-specific T helper cells: OMM™-
colonized animals showed a superior expansion of adoptively trans-
ferred LCMV-specific CD4" T helper cells and an increased effector
function. This effect was particularly pronounced in the lamina propria
of the small intestine, emphasizing a possible local effect of the
intestinal microbiota on resident or circulating T helper cells. Flow
cytometry and single cell RNAseq analysis of adoptively transferred
virus-specific CD4" T cells revealed a relative expansion of clusters with
high proliferative, cytotoxic and effector potential (clusters 3 and 5). At
the same time, we observed a relative paucity of the differentiation of
naive virus-specific T cells into Tfh cells (cluster 1 and 2) in OMM"™
animals. This paucity might be explained by the deviation of T cell
differentiation into Thl-associated effector cells by the influence of the
OMM" consortium or due to an inhibitory effect of the OMM®
microbiota on Tfh cell differentiation itself. Characterization of T
helper cells in gnotobiotic mouse models at steady state is often
restricted to Th17 or Treg induction induced by the respective con-
sortium but fails to quantify potential effects on Thl cell
differentiation®*°. However, OMM" animals succumb rapidly to
severe disease pathology possibly due to the massive expansion of Thl
effector cells with a cytotoxic profile and Tfh cells have shown to be
essential only in later stages of LCMV Cl-13 infection®**’. Importantly,
vaccine-elicited anti-viral CD4 T cells have been previously shown to be
principally capable of causing a fatal disease pathology after chronic
LCMV infection’®,

Due to the severe body weight loss that we observed in OMM®
mice, we were not able to conduct any experiments with LCMV CI-13
beyond the acute phase (day 8 after infection). The use of other
chronic LCMV strains like Docile with less severe disease pathology
may be helpful to elucidate the impact of the microbiome on Tfh
differentiation and antibody responses with higher relevance at later
time-points after infection®. It remains possible that the OMM* con-
sortium contains a higher frequency of antigens that have features of
molecular mimicry for LCMV-specific epitopes and may thereby exert
some priming effect already prior to an LCMV infection.

Another surprising finding from our study was that CD8" T cells
were almost unaffected by the microbiome status of the animals while
we identified cytotoxic and inflammatory CD4" T cell subsets as the
main player for disease pathology in OMM™ animals®. Previous studies
revealed that cytotoxic and inflammatory CD4" T helper cells can be
crucial for viral clearance of LCMV>*“°, Ectromelia virus®, Influenza A
virus®?, West Nile virus®®, murine Gammaherpesvirus 68°* but can also
induce fatal immunopathology in a vaccination model and a

Nature Communications | (2025)16:3902


https://BioRender.com/w55l495
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-59073-x

B SMARTA C
Spleen Small Intestine

Cluster distribution per sample

"
26.3

A SMARTA

; Q Cluster
% 4

o
[}

Cluster

UMAP2

© ONOUAWN
o00c 0000
D
o
I

% of cells

UMAP2

Small Intestine Spleen

UMAP1

SMARTA E

D
Top 20 cluster markers
-———g—

cluster

D —— R grou SMARTA cells gene list per cluster
i ! | E88oasracsric

1 I i Row-scaled expressionmax
Wl | o &

il
i ‘,“‘
;Wp ﬁ : ,w ‘».w‘rw i
it ! ‘

1"
wmu i

TSl | |

) Ihis | A !

L AN i

g

muu‘xh it
T ahe g

] pi 11 '
| {

L N
i !

! Wi u‘\‘mh '”’” [HEAITHD N AL Y iy 1 : b

1
WL 1 i1 T 1

il )
g iyl w0 LA

i I il 1] |
I T T |

ORI

j it ot N R R

e ‘
m.:‘ 1. o I

"ui ‘ i i

p

il
b ,nJ Wi gl

m |1

My
1111 FapiGapz
3o

‘\ H\”I\Ku
oy

| i ‘ i il == S1pri

Eehas

i fighY

=3
Rnpa

I w ||

| Ragie

e group
&baro M OMMI12SP

bl | E‘Ta‘.}‘.w HsPFsI

&

Kif2 1
KIf6 1
Cer7
Bcl2
117r
1d3
Tcf7 1
Cxcr51
Slamf6 4
Izumo1r
Tox 1
Bcl6 A
11214

[ ]
Cxcré 1 [ X ]
® e

Prdm1 4
1d2
Ifngr1 4
Ly6c2
Runx31
Gzmb+
Gzmk
Nkg71
Ccl5
Ccl34
Zeb2+
Cx3cr1 A
Kirg14

Cxcr3{@ @ @ ©
Itgai A e e

Cd71
Dusp6 1
Ifit1 4
Ifit3
Foxp31
Pcna
Mcm3 1
Ccne2
Mki67 A
Cenpa
Ccnb2+
Birc5+

- 00000°00000000000-000]

.
L]

{0000 - 00 00 ¢ 0

=N

Avg. exp.

I max

0

Max exp.
6

0

Pct. exp

-0
e 25
® 50
® 75
@® 100

W ;
‘ 1Mw| Ui

: ‘ diinzt
Fig. 4 | SMARTA cells are transcriptionally different among SPF, OMM" and
GF mice. SPF (gray), OligOMM"colonized (OMM, blue) and germ-free (GF, pink)
mice received 5000 adoptively transferred SMARTA T cells 5 days prior infection
with LCMV CI-13. SMARTA T cells (live/dead” CD4"'CD45.1") cells from small

intestine lamina propria and spleen of 3-5 mice per group were re-isolated at
8 dpi and subjected to RNAseq analysis. A UMAP depicting Louvain cluster for all

cells or (B) for each organ and microbiome condition individually. C Relative
distribution of clusters in each sample group. Numbers inside the bars indicate
the percentage of cells within a specific cluster. D Heatmap of expression
levels for the topmost significant cluster-defining transcripts. E Feature plot of
the average expression and percentage of cells from each cluster for

selected genes.
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subsequent chronic LCMV infection®, It is important to note that the
OMM" microbiota remained stable during the course of LCMV infec-
tion. This observation suggests that a systemic pro-inflammatory
response does not allow for the outgrowth of single bacteria from
OMM" with a dominant effect on anti-viral immunity. Furthermore, we
also ruled out enhanced inflammation in the lamina propria of OMM"

Spleen

animals as a general cause for stronger virus specific T helper cell
responses because histological examination found no evidence for
intestinal inflammation in OMM™ mice. Rather, bacterial products
present in the OMM? consortium may act either directly on virus-
specific T helper cell proliferation and differentiation or indirectly
prime innate immune cells which then regulate T helper cell fate. For
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Fig. 5| OMM" favors cytotoxic and proliferative Th1 cell clusters at the expense
of Tth cells. SPF (gray, square), OMM? (blue, triangle) and GF (pink, circle) mice
received 5.000 SMARTA cells 5 days prior infection with LCMV CI-13 and were
analyzed at 8 dpi. Small intestine lamina propria and spleen live* CD4* CD45.1" cells
were re-isolated at 8 dpi and subjected to RNAseq analysis. Expression of (A) Bcl6
and Cxcr5 on each individual cell for each sample group and organ represented
over the reduced space of Violin plots. Representative (B) FACS plots and (C)
frequencies of adoptively transferred Tfh SMARTA cells in spleen of SPF, OMM®
and GF mice. P values are as followed: for adoptively transferred Tfh SMARTA in the
spleen (SPF vs OMM" = 0.0043). Expression of (D) Plac8, (E) Ccr9, (F) Ly6c2 and
Tbx21 and (G) GzmB on each individual cell for each sample group represented over

the reduced space of UMAP. H Representative flow cytometry plots and I) fre-
quencies of GzmB secretion of adoptively transferred SMARTA cells after resti-
mulation with the virus-specific gp61 peptide. P values are for GzmB secretion of
SMARTA in spleen (SPF vs OMM" = 0.0015 and OMM" vs GF =0.0005). Each dot
represents an individual mouse and mean + SD from two independent experiments
is shown. Data from two independent experiments with SPF n=10, OMM*” n =8, GF
n=3 mice (C) or SPF n=5, OMM"” n=5, GF n=5 mice (I) are shown. Statistical
analysis for (B, C, E, G and H) was performed using one-way ANOVA with Tukey
correction for multiple comparison. P value of < 0.05 was considered statistically
significant. *p <0.05, *p < 0.01, *p < 0.001. Source data are provided as a Source
Data file.

instance, butyrate can directly affect the accessibility and expression
of genes associated with Thi cell differentiation like IFNy and T-bet®>*°.
This metabolite is produced by three members of the OMM"
community: F. plautii YL31, C. innoccum YL32 and E. clos-
tridioforme YL31. Two of them, F. plautii YL32 and C. innoccum
146, showed a trend of increased abundance during LCMV CI-13
infection (Figs. 2G and Supplementary Fig. 2M). Increased abun-
dance of C. innocuum has been previously associated with
intestinal and extra-intestinal infections®’. Interestingly, A. muci-
niphila has been linked to efficacy of checkpoint therapy in anti-
cancer treatments and has been associated with enhanced T
helper cell recruitment and activation and/or Thl effector cell
differentiation®®*’, Recently, the effect of OMM" colonization
across sex and age on the metabolome in various tissues was
defined and this resource may help to identify many more OMM"
metabolites or indirect effects involved in shaping the immune
response to LCMV infection’. Defined minimal bacterial con-
sortia are a helpful tool to identify such factors or metabolites”.
For example, comparing immune responses to LCMV in OMM*
derivates with either additional bacteria or selective elimination
of individual bacterial strains from OMM" *°, The identification of
molecules and bacterial compounds is particularly relevant for
the translation of our findings to human diseases and, hopefully,
to improve the responsiveness of vaccination and treatment
regimens to chronic viral infections. Recent insights on the
important role of the intestinal microbiome for the responsive-
ness towards checkpoint inhibition as a treatment of certain
cancer types or to predict graft-versus-host disease®®?7>7>, Many
reports clearly demonstrated an essential role of the intestinal
microbiome in influencing Th17 and particularly regulatory
T cells’. In the tumor microenvironment, the latter are often
inversely correlated to Thl and cytotoxic T cells”>7. It is tempting
to investigate the function of the microbiome or the metabolites
they produce also directly on the differentiation and effector
function of Thi cells present in tumors”. Immune responses to
viral infections are not directly comparable to the complex
microenvironment found in tumors but may serve as an ideal
screening platform to identify such interactions. The limited
complexity and the highly controlled conditions of gnotobiotic
mouse models will hopefully allow in the future the identification
of single molecules exerting such profound effects on T helper
cells. In this work, we have shown a clear effect of the micro-
biome on the adaptive anti-viral immune response which has
critically influenced viral infection induced disease pathology.
Nevertheless, there are some inherent limitations of our study
that limit translation of our findings to humans such as the use of
an animal model in itself, the use of a rodent-borne virus and a
minimal bacterial flora based on murine commensal species.
Moreover, we acknowledge the need to study the impact of the
OMM?® bacterial consortium on innate immune cells as putative
accessory cells to translate microbiome-derived modulation of T
helper cell responses. Identifying the mechanistic link of the
microbial connection with immune cells will further reveal the

therapeutic potential. Moreover, this could enable renouncing
fecal microbial transplantation, live biotherapeutic products or
probiotics that can become problematic and instead move into
better targeted therapeutics like the administration of metabo-
lites to improve anti-viral immunity.

Methods

Animals

C57BL/6 SPF mice (CD45.2") animals were purchased from Charles
River (CRL France) and maintained under specific pathogen-free (SPF)
conditions at the Technical University of Munich, Germany. SMARTA
TCRaf transgenic mice backcrossed to CD45.1 background were
kindly provided by A. Oxenius™® and bred and maintained under SPF
conditions at the Technical University of Munich, Germany. Germ free
(GF) mice and gnotobiotic mice stably colonized with the Oligo-
Mouse-Microbiota 12 (OMM") mice were bred and maintained at the
Central Animal Facility of Hannover Medical School, Germany)
according to standard operating procedures’’. OMM" mice harbor the
following strains: Acutalibacter muris KB18, Flavonifractor plautii YL31,
Enterocloster clostridioforme (former Clostridium clostridioforme) YL32,
Blautia coccoides YL58, Clostridium innocuum 146, Limosilactobacillus
reuteri (former Lactobacillus reuteri) 149, Enterococcus faecalis KBI,
Bacteroides caecimuris 148, Muribaculum intestinale Y127, Bifido-
bacterium animalis Y12, Turicimonas muris YL45 and Akkermansia
muciniphila YL44%. Gnotobiotic mice were kept in sterile isolators
throughout the course of the experiments and received pelleted 50
kGy gamma-irradiated feed (Ssniff Spezialdidten, Soest, Germany) and
autoclaved water ad libitum. Mice housed in isolators were constantly
monitored according to recommendations for maintaining gnotobio-
tic colonies®® and FELASA recommendations® and were routinely tes-
ted for contaminations. Samples were collected under sterile
conditions using sterile forceps and placed into sterile tubes to mini-
mize the risk of contamination by environmental bacteria and fungi
during sampling. All interventions were carried out with age- and sex-
matched at least 6-week-old male and female mice (according to
availability) in compliance with the Technical University of Munich
institutional regulations and were approved by local ethics committee
and the appropriate government authority (Regierung von Ober-
bayern, license number ROB-55.2-2532.Vet 02-19-137). Endpoint was
defined by a score composed of different weighted criteria including
body weight, body conditions, behavior and general condition. All
mice were exposed to a 12:12 h light-dark cycles with food and water
administration ad libitum. Animals were randomly assigned to
experimental groups which were non-blinded, and no specific method
was used to calculate sample sizes.

Histological scoring

For histological examinations, the small intestines of the animals were
collected, fixed in paraformaldehyde (4%) and subjected to embed-
ding in paraffin using standard protocols. Hematoxylin-Eosin-stained
slides were produced from the paraffin blocks and evaluated by an
experienced board-certified pathologist (KS). Inflammation scoring
was performed using an established scoring system for small intestinal
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inflammation®. This scoring system takes the inflammatory cell infil-
trate (severity and extend) and epithelial changes as well as mucosal
architecture into account. The maximal score is 20. Additionally, the
average number of intraepithelial lymphocytes migrating through
the villous epithelium were counted within 5 high-power fields and the
total number of epithelial apoptosis within 5 high-power fields were
counted. These analyzes were performed on an Olympus microscope
(BX53, field number 22). All slides were scanned with an Aperio
AT2 scanner and representative images were taken using ImageScope
v. 12.4.6.5003.

16S RNA gene sequencing

Fecal pellets were weighed and frozen at -80 °C. On the day of pro-
cessing, samples were thawed, and the DNA was extracted with the
Maxwell RSC fecal microbiome DNA kit (Promega, #AS1700) accord-
ing to the manufacturer’s protocol. The 16S rRNA gene was amplified
by PCR using barcoded primers flanking the V3 and V4 hypervariable
regions (CCT ACG GGN GGC WGC AG and GAC TAC HVG GGT ATC
TAA TCC)®**, Sequencing was performed on an Illlumina MiSeq plat-
form according to the manufacturer’s instructions. The generated
FASTQ files were demultiplexed and transformed into zero-radius
Operation Taxonomic Unit (zOTU) tables using the Integrated Micro-
bial Next Generation Sequencing platform (trimming of ten nucleo-
tides at the 5’ and 3’ end, abundance cut-off of 0.25%). Further analysis
was done by using the R pipeline Rhea® and Namco®®. Alpha-Diversity
was calculated as species richness and Shannon effective number of
species. Distance matrix for beta-diversity was calculated based on the
generalized UniFrac approach®’.

DNA extraction from feces

gDNA extraction was performed using a phenol-chloroform protocol.
Briefly, fecal pellets were resuspended in 500 ul extraction buffer
(200 mM Tris-HCI (Sigma-Aldrich, #E884),200 mM NaCl, 20 mM EDTA
(Sigma-Aldrich, #E884) in ddH20, pH 8, autoclaved), 210 ul 20% SDS
and 500 pl phenol:chloroform:isoamylalcohol (25:24:1, pH 7.9). Fur-
thermore, 500 ul of 0.1 mm-diameter zirconia/silica beads (Carl Roth.
#N033.1) were added. Bacterial cells were lysed with a bead beater
(TissueLyser LT, Qiagen) for 4 min, 50Hz. After centrifugation
(14,000 x g, 5 min at RT), the aqueous phase was transferred into a new
tube, 500 pl phenol:chloroform:isoamylalcohol (25:24:1, pH 7.9) were
added and again spun down. The resulting aqueous phase was gently
mixed with 1ml 96% ethanol and 50 ul of 3M sodium acetate by
inverting the tube. After centrifugation (30 min, 14,000 x g, 4 °C), the
supernatant was discarded and the gDNA pellet was washed with
500 ul ice-cold 70% ethanol and again centrifuged (14,000 x g, 4 °C;
15 min). The resulting gDNA pellet was resuspended in 100 pl Tris-HCL
pH 8.0 (Sigma-Aldrich, #10812846001). Subsequently, gDNA was pur-
ified using the NucleoSpin gDNA clean-up kit (Macherey-Nagel,
#7420230.50) and stored at —20 °C.

Quantitative PCR for bacteria

Quantitative PCR for the OMM" was performed according to* using
the following protocol: Duplex-assays were established and optimized
in a Roche LighCycler96 system. DNA extracted from feces was diluted
in water (Gibco) to a final concentration of 2 ng/ul. 2.5 ul of the samples
were added as duplicates in 96 well plates (Roche) mixed with 0.2 ul of
respective primers (see Supplementary Table 1) (30 uM) and hydrolysis
probe (25 uM), 10 ul 2x FastStart Essential DNA Probes Master (Roche,
#4913949001) and 5.5 ul H,0 (Gibco). The following cycler conditions
were used: preincubation for 10 min at 95 °C, followed by 45 cycles of
155 95°C and 60 s 60 °C. Fluorescence was recorded after each cycle.
Standard curves using linearized plasmids containing the 16S rRNA
gene sequence of the individual strains were used for absolute quan-
tification of 16S rRNA gene copy numbers of individual strains. Data
were analyzed with the LightCycler96 software package (Roche).

Viral infection

The LCMV clone-13 (CI-13) strain was propagated in baby hamster
kidney cells and titrated on Vero African green monkey kidney cells
according to established protocols®®. 6-8 week old mice were injected
intravenously with 2x10°® plaque forming units (PFU) of the CI-13
strain. Chronic state of infection 8 dpi was routinely verified by PD-1
staining on CD8 T cells.

CD4 T cell depletion

For the depletion of CD4" lymphocytes in vivo, 300 pg anti-mouse CD4
antibody (clone GK1.5, BioXCell) or the IgG control antibody (BioXCell)
was diluted in PBS and injected intraperitoneally on day -1, day 1 and
day 6 post infection. Successful depletion was ensured by flow cyto-
metry staining of splenocytes.

Adoptive cell transfer

For adoptive T cell transfer, splenocyte cell suspensions of CD45.1*
SMARTA transgenic mice were treated with a hypotonic ammonium-
chloride-potassium (ACK) buffer for red blood cell lysis. CD4" T cells
were purified with a mouse CD4" T cell enrichment kit (Miltenyi Bio-
tech, #130-104-454) according to the manufacturer’s instructions. Cell
purity was routinely checked by flow cytometry by staining
(CD45.1'CD4'TCRVa2'CD44"). Purified SMARTA T cells were washed
extensively with sterile PBS (Sigma-Aldrich, #D8537) and 3 -5 x10°
CD45.1' SMARTA T cells were injected intravenously one to five days
prior to infection with LCMV clone 13.

Viral titers

Viral load was determined by standard plaque assay on Vero cells
based on the protocol of Battegay®. Organs were harvested, weighed
and immediately frozen in serum free media (RPMI 1640, Sigma-
Aldrich, #R7755) at -80 °C until further processing. Frozen tissue was
homogenized in serum free media (RPMI 1640, Sigma-Aldrich, #R7755
and centrifuged 15 mins 15000 x g at 4 °C. Five-fold dilutions from the
supernatant were added into a 24 well plate kept on ice and 2.5 x 10°
Vero cells/well were added on top. Plates were then incubated at 37 °C
in a CO, incubator for four hours, allowing the cells to settle and
adhere to the plates. Lastly, 400 ul of a 1:1 mixture of 2% methylcellu-
lose (Sigma-Aldrich, #M0262) in 2 x DMEM (Sigma-Aldrich, #D5648)
with 10% FCS and glutamine was added. After the infection, plates were
incubated for 40-48 h at 37 °C in a CO, incubator. Then, the media was
aspirated and washed with PBS (Sigma-Aldrich, #D8537). The cell layer
was fixed with 4% formaldehyde for 30 min, followed by incubation
with a 0.5% Triton X-100 (Fluka, #93418) solution in PBS for another
20 min to permeabilize fixed cells. Nonspecific binding was blocked by
an incubation step of one hour with PBS containing 10% FCS. The
samples were then overlayed with 200 pl of anti-LCMV antibody (clone
VL-4, BioXcell) and incubated for 60 min, followed by a 60 min incu-
bation with 200 pl peroxidase-labeled goat anti-rat antibody (Jackson
ImmunoResearch, #112-035-003). Between incubations steps plates
were washed twice with PBS. Lastly, plates were incubated at room
temperature for 20 min with 300 ul of a developing substrate (0.2 M
Na,HPO4x2H,0, 0.1 M citric acid, 50 ml of double distilled H,O and
40 mg of s-phenylenediamine (Sigma-Aldrich, #P3888). Plaques were
then manually counted, and PFU/mg was calculated.

Cell isolation from tissues for FACS analysis

Mice were euthanized by cervical dislocation and small Intestine and
spleen were harvested. Splenocytes were isolated by manually mash-
ing spleens through a 100-um nylon cell strainer (BD Falcon). Red
blood cells were lysed with a hypotonic ACK lysis buffer (0.15M
ammonium chloride (Sigma-Aldrich, #A4514), 10 mM potassium
hydrogen carbonate (Merck, #237205), 1mM EDTA-disodium, pH-
adjusted to 7.3). Cell suspensions were then washed with RPMI med-
ium (RPMI-1640, Sigma-Aldrich, #R7755 supplemented with 10% fetal
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bovine serum, 2 mM L-glutamine, 1% penicillin-streptomycin, 1 mM
sodium pyruvate, 50 nM f-mercapthoethanol) and then centrifuged
5min at 500 x g at 4 °C. Splenocytes were resuspended and used for
flow cytometry staining. For cell isolation of the lamina propria, the
first 11cm of the small intestine (duodenum) were used to isolate
lamina propria lymphocytes’. Peyer’s Patches were removed, and the
intestine was flushed with cold PBS. The tissue was then cut long-
itudinally and incubated for 30 min in 30 mM EDTA in PBS at pH 8 on
ice. The tissue was then shaken vigorously in a repetitive manner and
washed with PBS and the supernatant was removed until the solution
appeared clear. Remaining tissue was minced into small pieces and
digested in RPMI containing 25 mM HEPES (Sigma-Aldrich, #C-40010),
0.05mg/ml collagenase D (Roche, #11088866001), and 10 pg/ml
DNase | (Sigma-Aldrich, #10104159001) at 37 °C for 30 min for two
consecutive rounds. Between incubation steps, the tissue was pipetted
several times up and down. The supernatant was transferred to a new
tube and replaced with new digestion media. The combined super-
natant was then filtered through a 70-um cell strainer and centrifuged
at 500 x g for 10 min. The cell pellet was then resuspended in 40%
Percoll (Sigma-Aldrich, #P4937) solution and layered onto an 80%
Percoll layer. The Percoll gradient was run at 1500 x g at room tem-
perature for 15 min. The interlayer containing lamina propria mono-
nuclear cells was collected and washed prior to further analysis.

Flow cytometry

For intracellular cytokine staining, isolated lymphocytes were resus-
pended in complete RPMI and cultured in 96-well U-bottom plates
(3 x10° cells per well) at 37 °C with 5% CO, for 30 min and stimulated at
2 ug/ml with the LCMV GPg;.g0 peptide (Eurogentec, #AS-64851), 10 ng/
ml PMA (Sigma-Aldrich, #P1585) and 1uM ionomycin (Sigma-Aldrich,
#13909) or kept in complete RPMI as unstimulated control. Then, 7 ug/
ml Brefeldin A (Sigma-Aldrich, #B7651) was added, and cells were
incubated for another 3 h. Cells were harvested and washed with PBS.
In some cases, samples from two animals of the same group were
pooled to reach the appropriate number of cells.

Intracellular staining was routinely performed with the Foxp3/
transcription factor staining kit (eBioscience, #00-5523-00) according
to the manufacturer’s instructions. Before staining, all cell prepara-
tions were incubated with 3.3ug/ml rat anti-mouse CD16/32 (Fc
receptor block) for 10 min on ice to block unspecific antibody binding.
For extracellular staining, the following antibodies were used: anti-
mouse CD45.1 Alexa Fluor 700 (Ly5.1, Southern Biotec), CD45.2 Pacific
Blue (Ly5.2), TCRp Super Bright 600 (H57-597), CD4 Brilliant Violet 711
(RM4-5, Biolegend), PD-1 Brilliant Violet 785 (29F-1A12). Live/dead
staining was routinely done using the Zombie Aqua fixable viability kit
(Biolegend, #423101). Cells were incubated with extracellular anti-
bodies 30 min on ice and then washed twice with PBS. Cells were then
fixed in 150 ul of the provided Fixation/Permeabilization buffer from
the Foxp3/transcription factor staining kit overnight at 4 °C. Before
proceeding with intracellular staining, cells were washed again twice
with PBS. For intracellular staining the following antibodies were used:
anti-mouse IFNy-Alexa Fluor 488 (XMG1.2), Granzyme B-PE (QA16A02,
TNFa-APC (MP6-XT22), T-bet-PE-Cy7 (4B10). The full antibody list is
available as Supplementary Table 2. Cells were stained for 1 h at room
temperature in the dark. After washing, samples were measured with a
LSR Il flow cytometer (BD). Representative gating strategies are shown
in Supplementary Figs. 5-8.

Cell sorting

Single-cell suspensions of splenocytes were enriched for CD4* T cells
using a mouse CD4" T cell enrichment kit (Miltenyi Biotech, #130-104-
454) according to the manufacturer’s instructions. Enriched CD4"
T cells and whole small intestine lamina propria lymphocytes were
stained with anti-mouse CD45.1-Alexa Fluor 700, CD4-Brilliant Violet
711 and the non-fixable Live/Dead stain 7-Aminoactinomycin D

(Biolegend, #420403). Subsequently, live CD45.1" virus-specific
SMARTA T lymphocytes per group were sorted on a FACS Aria Il
(BD) into tubes containing PBS with 10% FCS.

Library preparation and single cell RNA sequencing

Gene expression libraries for single cell RNA libraries were prepared
from sorted virus-specific SMARTA cells by using the 10x Genomics
pipeline and the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1
according to the manufacture’s user guide. Datasets related to single-
cell RNA sequencing experiments that were generated and analyzed
for the current study have been deposited and made publicly available
in the Gene Expression Omnibus under the accession number
GSE252214.

Bioinformatic analysis of single cell RNA sequencing data

Read alignment and gene counting were performed with 10x Geno-
mics Cell-Ranger v7.1. 0%, using default parameters and pre-built
mouse reference v2020-A (10x Genomics) based on mmlO
GRCm38.p6 (release 98) and annotation from GENCODE Release M23.
Downstream analysis was performed in R v4.3.0 with the R package
Seurat v4.3.0%. Cells with >1000 genes, <10% mitochondrial genes,
and UMI counts within the values of the 2" and 98" quantiles were
retained, along with genes detected in >3 cells. Filtered read counts
from each sample were normalized independently with sctransform
v0.3.5" using the gimGamPoi method® and vst.flavor v2. Integration
features were identified from top 1000 highly variable genes excluding
mitochondrial, ribosomal and TCR genes before calculation. Anchors
between cells from different samples were identified on the integra-
tion features using reciprocal PCA and selected using the first 20
dimensions and two neighbors. Data integration was performed con-
sidering 50 neighbors to weight the anchors. PCA was calculated for
the integrated data on the top 1000 highly variable genes. Both KNN
graph and UMAP (spread 1, min.distance 0.3) were computed on the 30
nearest neighbors and first 20 PCA dimensions. Louvain clusters were
identified using the Shared nearest neighbor (SNN) modularity
optimization-based algorithm at resolution 0.5. Differential expression
was performed using the Wilcoxon Rank Sum test and Bonferroni
correction.

Statistical analysis

General statistical analysis was performed with GraphPad Prism
5 software (GraphPad Software. Inc.). Student’s t-test (two-tailed,
unpaired) or one-way ANOVA using Tukey’s multiple comparisons test
were used as indicated in figure legends. A p value <0.05 was con-
sidered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Raw datasets related to single-cell sequencing
experiments of this study have been deposited and made publicly
available in the Gene Expression Omnibus under the accession number
GSE252214. Source data are provided with this paper.
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