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Type | IFNs and CD8 T cells increase intestinal barrier
permeability after chronic viral infection

Lara Labarta-Bajo'@®, Steven P. Nilsen?®, Gregory Humphrey3*®, Tara Schwartz*®, Karenina Sanders*®, Austin Swafford*@®, Rob Knight>*>¢@®,
Jerrold R. Turner?®, and Elina I. Zdfiga'®

Intestinal barrier leakage constitutes a potential therapeutic target for many inflammatory diseases and represents a disease
progression marker during chronic viral infections. However, the causes of altered gut barrier remain mostly unknown. Using
murine infection with lymphocytic choriomeningitis virus, we demonstrate that, in contrast to an acute viral strain, a
persistent viral isolate leads to long-term viral replication in hematopoietic and mesenchymal cells, but not epithelial cells
(IECs), in the intestine. Viral persistence drove sustained intestinal epithelial barrier leakage, which was characterized by
increased paracellular flux of small molecules and was associated with enhanced colitis susceptibility. Type I IFN signaling
caused tight junction dysregulation in IECs, promoted gut microbiome shifts and enhanced intestinal CD8 T cell responses.
Notably, both type I IFN receptor blockade and CD8 T cell depletion prevented infection-induced barrier leakage. Our study

demonstrates that infection with a virus that persistently replicates in the intestinal mucosa increases epithelial barrier
permeability and reveals type | IFNs and CD8 T cells as causative factors of intestinal leakage during chronic infections.

Introduction

Chronic infections such as those caused by HIV, Mycobacterium
tuberculosis, or Plasmodium falciparum constitute a global health
burden and induce host adaptations that allow for long-term
host-pathogen coexistence (Stelekati and Wherry, 2012; Virgin
et al., 2009; Zuniga et al., 2015). This is in contrast to non-
equilibrium outcomes, such as pathogen eradication or host
death (Virgin et al.,, 2009). Immune adaptations are a major
determinant of host-pathogen equilibrium, and are driven by
the extracellular environment, whereby antigen and oxygen
levels, cytokine sensing, or pattern recognition receptor en-
gagement have been shown to imprint cell-intrinsic transcrip-
tional and epigenetic rewiring (Virgin et al., 2009; Zuniga et al.,
2015). Some of the best-studied long-term host adaptations to
chronic pathogens were initially found in the mouse model of
infection with the rodent-borne arenavirus lymphocytic cho-
riomeningitis virus (LCMV) and include loss of selected func-
tions of the immune system (Hashimoto et al., 2018; Zuniga
et al., 2015). This may have evolved to ensure host fitness in
the face of widespread pathogen replication (Virgin et al., 2009;
Zuniga et al., 2015). An exhausted or hypofunctional state of
pathogen-specific CD8 T cells was, for instance, first observed in

mice infected with persistent LCMV variants, which continu-
ously replicate in systemic circulation and most tissues for
~60-90 d (Gallimore et al., 1998; Zajac et al., 1998). Such a T cell
exhaustion state, in which CD8 T cells progressively lose effector
functions (Wherry et al., 2003) and up-regulate surface ex-
pression of coinhibitory receptors such as PD1 (Barber et al.,
2006; Wherry et al., 2007), was later extended to human in-
fections and cancer (Hashimoto et al., 2018).

The gastrointestinal (GI) tract harbors the gut microbiota and
food components as well as their derived metabolites and a large
number of immune cells in which crosstalk ensures intestinal
homeostasis (Belkaid and Harrison, 2017; Rooks and Garrett,
2016). To prevent pathology, gut luminal contents need to be
compartmentalized away from the host (Odenwald and Turner,
2017). This is achieved by the intestinal epithelium, which acts
as a physical, immunological, and selectively permeable barrier
(Peterson and Artis, 2014) that enables bidirectional flux of ions,
water, nutrients, and waste (Buckley and Turner, 2018). There
are three described routes of solute transport across the intes-
tinal epithelium: the size and charge-restricted pore pathway,
which allows paracellular ion and water exchange and is

Division of Biological Sciences, University of California, San Diego, La Jolla, CA; 2Laboratory of Mucosal Barrier Pathobiology, Department of Pathology, Brigham and
Women's Hospital and Harvard Medical School, Boston, MA; 3Department of Pediatrics, University of California, San Diego, La Jolla, CA; “*Center for Microbiome
Innovation, University of California, San Diego, La Jolla, CA; >Department of Bioengineering, University of California, San Diego, La Jolla, CA; ®Department of Computer
Science and Engineering, University of California, San Diego, La Jolla, CA.

Correspondence to Elina I. Zifiiga: eizuniga@ucsd.edu.
© 2020 Labarta-Bajo et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after

the publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2020 Vol. 217 No. 12 €20192276

https://doi.org/10.1084/jem.20192276

W) Check for updates

620z Jequiede( €0 uo 3senb Aq 4pd-9/22610Z Wel/9682281/9.2261029/2)/L1Z/pd-8lomie/wal/Bi0"sseidni//:dny woly pepeojumoq

10f19


https://orcid.org/0000-0003-1812-6704
https://orcid.org/0000-0002-0310-8186
https://orcid.org/0000-0003-3930-1663
https://orcid.org/0000-0003-4453-9465
https://orcid.org/0000-0002-6793-5770
https://orcid.org/0000-0001-5655-8300
https://orcid.org/0000-0002-0975-9019
https://orcid.org/0000-0003-0627-9455
https://orcid.org/0000-0001-8699-1623
mailto:eizuniga@ucsd.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20192276
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20192276&domain=pdf

regulated by claudin proteins (Odenwald and Turner, 2017); the
leak pathway, which permits paracellular passage of solutes
<90 A in diameter and requires activated myosin light chain
kinase activity (Graham et al., 2019; Su et al., 2013; Weber et al.,
2010); and the unrestricted pathway, which allows passage of
particles >100 A in diameter at sites of epithelial damage (Shen
et al., 2011; Turner, 2009).

Infections with chronic pathogens such as HIV or P. falcipa-
rum in humans and simian immunodeficiency virus (SIV) in
rhesus macaques (RMs) are associated with intestinal barrier
dysfunction (Ponte et al., 2016; Tincati et al., 2016; Wilairatana
etal., 1997). For instance, peripheral immune activation, a strong
predictor of disease progression in HIV-infected individuals,
was proposed to stem from translocation of gut luminal
components into the peripheral circulation as a result of an
increasingly permeable intestinal epithelium (Brenchley
et al., 2006). Epithelial barrier dysfunction was also de-
scribed in SIV-infected RMs, which develop immune activa-
tion and AIDS-related morbidity (Brenchley et al., 2006;
Estes et al., 2010). In spite of the prevalence of barrier dys-
function upon chronic viral infections, its underlying mecha-
nisms remain largely undefined, in part due to the lack of small
animal models in which interventional experiments can be
performed.

In this study, we employed infection of mice with the acute
(Armstrong [ARM]) and persistent (Cl13) variants of LCMV to
identify GI tract adaptations in the context of chronic infections.
We found that a persistent, but not an acute, LCMV isolate
sustainably replicated in hematopoietic and mesenchymal, but
not in epithelial cells within the small intestine. Chronic LCMV
infection also resulted in long-term, size-selective increase in
permeability of small-molecular-weight molecules, typically
associated with the leak pathway of paracellular flux (Shen et al.,
2011; Turner, 2009). The transcriptional tight junction dysre-
gulation associated with this barrier leakage required type I IFN
signaling, which also influenced intestinal epithelial cell (IEC)
proliferative capacity and glycolytic metabolism. In addition,
type I IFN signaling increased IEC expression of the CXCR3*
effector T cell chemoattractants Cxcl9 and Cxcll0 (Groom and
Luster, 2011) and promoted CD8 T cell accumulation and effec-
tor functions within the small intestine. Type I IFN signaling also
promoted the overrepresentation of Erysipelatoclostridium and
reduced the relative abundance of Roseburia in the intestinal
microbiome of chronically infected mice, which associated with
the induction of intestinal leakage. Importantly, both type I IFN
receptor (IFNAR) blockade and CD8 T cell depletion fully abro-
gated the intestinal permeability increase after LCMV Cl13 in-
fection. Lastly, we observed that viral persistence and increased
barrier permeability associated with enhanced morbidity and
mortality upon secondary chemical or microbial intestinal in-
sults. Overall, our data establish the existence of a previously
unrecognized role for the type I IFN-CD8 T cell axis in the
modulation of intestinal epithelial barrier function during
chronic viral infection and raise the possibility that type I IFN
represents a cause, and not necessarily a consequence, of mi-
crobial translocation during other infections. Finally, our work
puts forward the usage of chronic LCMV infection in mice as a
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cost-effective model to study the biology of leaky gut at the
whole-organism level.

Results

LCMV Cl13 persists in mesenchymal and hematopoietic cells,
but not in epithelial cells within intestinal tissues

To investigate host adaptations to persistent LCMV infection in
the GI tract, we first assessed the intestinal localization and
replicating capacity of the persistent LCMV Cl13 isolate in
comparison to the acute LCMV ARM strain (Ahmed et al., 1984;
Wherry et al., 2003). Immunofluorescence with anti-LCMV
antibodies (Abs) revealed the presence of virus in the distal
small intestines of Cl13-, but not ARM-infected, mice, on days 9
and 24 postinfection (p.i.; Fig. 1 A), consistent with a previous
report (Beura et al., 2015). Importantly, plaque assays in ileum
and colon homogenates indicated that the Cl13 (but not ARM)
isolate productively replicated in this compartment at days 9 and
24 p.i. (Fig. 1 B, left graph) and up to day 300 p.i., a time point
after systemic viremia was cleared (Fig. 1 B, right graph). We
next investigated the cellular tropism of LCMV Cl13 in the in-
testine via immunofluorescence staining with anti-LCMV Ab in
combination with Abs against CD45 and vimentin, which label
hematopoietic and mesenchymal cells, respectively (Coulombe
and Wong, 2004). We detected a significant overlap between
LCMV signal and staining for both CD45 and vimentin at days 9
(Fig. 1, C and E) and 24 (Fig. 1 E and Fig. S1 A) p.i. In contrast, co-
staining of LCMV and EpCAM, a pan-epithelial cell marker
(Trzpis et al., 2007), did not overlap at any of the two time points
assessed (Fig. 1, D and F; and Fig. S1 B). Overall, these results
indicate that systemically inoculated LCMV Cl13 virus persis-
tently replicated along the ileum and colon, even after systemic
viremia was cleared, and that its cellular targets include hema-
topoietic and mesenchymal, but not epithelial, cells within the
intestinal mucosa.

LCMV Cl13 infection persistently increases intestinal
permeability to small molecules

We next sought to identify functional adaptations to persistent
LCMV Cl13 infection along the GI tract. Among these, increased
intestinal permeability has been reported during chronic viral
infections in humans and nonhuman primates (Ponte et al.,
2016; Tincati et al., 2016). To test whether LCMV Cli3 infec-
tion also caused gut leakage, we performed an in vivo intestinal
permeability assay with small-molecular-weight FITC-labeled
4-kD dextran (FD4; Volynets et al., 2016) on days 3, 8, 20, 30, 45,
and 60 after ARM or Cl13 infection and in uninfected mice. FD4
flux from the gut lumen to the serum was not affected by ARM
infection but was significantly increased in Cl13-infected mice
(Fig. 1 F). The FD4 permeability increase was detected, and
peaked, at day 8 after Cl13 infection and persisted until day 45
p-i. (Fig. 1 F). In contrast, permeability of the larger FITC-labeled
40-kD dextran (FD40) was not increased in Cl13- versus ARM-
infected or uninfected mice (Fig. S2 A). Consistent with this,
histological examination failed to identify epithelial damage
within the small and large intestines from Cl13- or ARM-infected
mice at days 9 or 24 p.i. (Fig. S2, B and C). Together, the lack of
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Figure 1. LCMV Cl13 persists in small intestinal mesenchymal and hematopoietic, but not epithelial, cells and increases intestinal permeability to
small molecules. See also Fig. S1and Fig. S2. C57BL/6 mice were infected with LCMV ARM or Cl13 or left uninfected and analyzed at indicated time points p.i.
(A, C, and D) Representative immunofluorescence staining of ileum sections with anti-LCMV Abs (red) and DAPI (blue), as well as anti-Vimentin (green) or anti-
CD45.2 (cyan) Abs (C) or anti-EpCAM (green) Ab (D). Arrowheads highlight regions of overlap between markers. Scale bars represent 230 um (A) or 36 um (C
and D). (B) LCMV PFUs in ileum and colon; limit of detection (LOD) is indicated by dotted lines. (E) Mander’s overlap coefficient between LCMV and EpCAM,
Vimentin, or CD45 markers. (F) In vivo intestinal permeability to FD4 was measured in ARM- and Cl13-infected mice and normalized to levels in uninfected
mice. Averages (E) and averages + SEM (B and F) are shown. Data are representative of two independent experimental repeats (A-E) or pooled from two
independent experimental repeats (F) with n = 3-8 mice/group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Kolmogorov-Smirnov test (F). n.s.,

not significant.

apparent epithelial cell damage and/or ulceration and the un-
changed FD40 permeability ruled out involvement of the unre-
stricted pathway of solute exchange (Shen et al., 2011; Turner,
2009) at the time points studied. Instead, our data indicated that
infection with Cl13, but not ARM, caused a sustained increase in
intestinal permeability of small-molecular-weight molecules
typically associated with the leak pathway of paracellular flux
(Shen et al., 2011; Turner, 2009).

LCMV Cl13 infection induces dysregulation in tight junction
gene expression as well as a type | IFN signature in IECs

To elucidate the mechanisms driving increased intestinal barrier
permeability during LCMV Cl13 infection, we next performed
transcriptomic analysis of FACS-purified IECs (CD45-EpCAM?")
from the small intestine of mice left uninfected or infected with
ARM or ClI3 at day 9 p.i. IEC purity was assessed via FACS
(average purity = 96.4% + 4.4%). Notably, while both ARM and
Cl13 infections induce a vigorous immune response at this time
point (Wherry et al., 2003), Cl13 infection exerted much greater
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IEC-intrinsic transcriptional perturbations than ARM infection.
Specifically, the number of differentially expressed genes (DEGs;
with cutoffs at adjusted P value <0.05 and minimal fold change
= 2) was 41 in ARM-infected versus uninfected mice and 642 in
Cl13-infected versus uninfected mice (Fig. 2 A, Table S, and
Table S2). In addition, Cli3-infected mice clustered more dis-
tantly from uninfected mice than ARM-infected mice by prin-
cipal component 1 on a principal-component analysis (PCA) plot
(Fig. 2 B). Given that the size-selective increase in paracellular
transport upon Cl13, but not ARM, infection was consistent with
engagement of the leak pathway that is caused by tight junction
dysregulation (Shen et al., 2011; Turner, 2009), we next assessed
expression of several tight junction-related genes extracted
from MSigDB or previous studies (Liberzon et al., 2011;
Subramanian et al., 2005; Tsai et al., 2017). We did not observe
differences in any of the 29 genes analyzed in ARM-infected
versus uninfected mice (Table S3). In contrast, we detected
significant down-regulation in Cl13- versus ARM-infected and
uninfected mice of Cldn23 and Patj (Fig. 2 C), which encode for
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Figure 2. LCMV Cl13 infection induces dysregulation in tight junction gene expression as well as a type I IFN signature in IECs. See also Fig. S3, Table
S1, Table S2, Table S3, Table S4, and Table S5. C57BL/6 mice were infected with LCMV ARM or Cl13 or left uninfected (Un) and RNA-sequencing analysis was
performed on FACS-purified IECs on day 9 p.i. (A) Number of DEGs with adjusted P value (p.adj) < 0.05 and fold change (FC) > 2 between IECs from ARM- or
Cl13-infected versus uninfected mice. (B) PCA plot with IEC transcriptomes from uninfected and ARM- and Cl13-infected mice. PC, principal component.
(C) Gene counts by DESeq? for indicated genes were normalized to average counts in the uninfected group. (D) Differentially enriched pathways (P < 0.05;
FDR < 0.25) in ARM- versus Cl13-infected mice by GSEA. (E) DEGs in ARM- versus Cl13-infected mice. RNA sequencing was performed in a total of three
independent experiments, in which each sequenced sample consists of IECs pooled from three mice. Averages + SEM are shown (C). DEG (A and E), PCA (B),
and FDR-adjusted P values (C) were computed by DESeq2. *, adjusted P value < 0.05.

claudin-23 and Pals-associated tight junction protein, respec-
tively. We also observed significant down-regulation of Cldn3
and Cldn8 in Cl13-infected versus uninfected mice and observed
the same tendency but without reaching significance when
comparing Cli3-infected with ARM-infected mice (Fig. 2 C).
Overall, these data indicated that LCMV Cl13 infection resulted
in IEC down-modulation of tight junction gene expression,
which was consistent with the aforementioned increase in in-
testinal barrier permeability.

To identify signals underlying tight junction dysregulation as
well as increased paracellular transport between ARM- and Cl13-
infected mice, we performed gene set enrichment analysis
(GSEA) of the IEC transcriptomes with Hallmarks (Subramanian
et al.,, 2005), Kyoto Encyclopedia of Genes and Genomes
(Kanehisa and Goto, 2000), and Reactome (Fabregat et al., 2018)
databases. This analysis identified positive enrichment for in-
flammatory pathways such as IFN-y and IFN-a responses as well
as IL-6 and IL-2 signaling, among others (Fig. 2 D and Table S4).
Cli3-infected mice also up-regulated pathways related to cell
cycle (Myc and E2F targets and G2M checkpoint) and metabo-
lism (mTORCI signaling and pancreas B cells) compared with
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ARM-infected mice (Fig. 2 D). We further detected down-
modulation of pathways related to xenobiotic, bile acid, and
heme metabolism; estrogen signaling (Fig. 2 D); and “Slc-
mediated transmembrane transport” or “digestion and absorp-
tion” (Table S4). On the other hand, direct comparison of IEC
transcriptomes from ARM- versus Cl13-infected mice identified
394 DEGs, 150 of which were down-regulated and 244 of which
were up-regulated by Cl13 infection (Fig. 2 E and Table S5).
Consistent with pathway analysis, a notable fraction of down-
regulated genes were related to nutrient transport, such as solute
carrier family genes Slc36al, Slc2a2, Slc9a3, Slc46al, and Slcl5al
(Fig. 2 E and Table S5), which encode for amino acid, glucose,
ion, folate, and peptide transporters, respectively (Liang et al.,
1995; Pathak et al., 1996; Qiu et al., 2007; Sagné et al., 2001;
Wheeler and Hinkle, 1985). Other down-regulated genes were
related to immune defense, such as Reg3a and Reg3b, which en-
code for C-type lectins with bactericidal activity (Miki et al.,
2012; Mukherjee et al., 2014), and 1133, which is involved in tis-
sue repair responses (Molofsky et al., 2015; Fig. 2 E). In contrast,
the vast majority of genes and pathways up-regulated in IECs
from Cl13- versus ARM-infected mice were related to the
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antiviral immune response. Specifically, we observed increased
expression of IFN-stimulated genes (ISGs) Mxl, Isgl5, Mx2, Tapl,
Cxcl9, and Cxcli0, among others (Fig. 2 E and Table S5).

Overall, our data demonstrated that sustained LCMV repli-
cation in intestinal tissues is associated with worse bactericidal
response and tissue repair and transcellular nutrient transport
capacities of the intestinal epithelium, which could have im-
plications for limiting close contact with the microbiota, pro-
tection against secondary insults, and/or whole-body nutrition.
Viral persistence also promoted an antiviral transcriptional
program in IECs consistent with enhanced type I IFN signaling
that is associated with tight junction dysregulation and induc-
tion of a leaky gut phenotype.

Type | IFN signaling increases intestinal permeability and
immune cell recruitment genes while down-regulating tight
junction-related genes in IECs from LCMV-Cl13-infected mice
To investigate the potential causal role of type I IFNs in the
enhancement of intestinal barrier permeability during chronic
viral infection, we blocked signaling through its receptor via i.p.
injection of anti-IFNAR-1 or isotype control Ab from day
-1 through day 9 p.i. with Cl13 (Teijaro et al., 2013; Wilson et al.,
2013). While anti-IFNAR-1 Ab treatment did not alter FD4
translocation in uninfected mice (compared with isotype control
mice), we observed a significant reduction in serum FD4 levels
in anti-IFNAR-1- versus isotype-treated Cl13-infected mice, with
FD4 permeability returning to uninfected mouse levels in the
Cl13-infected mice that received the IFNAR-1 Ab treatment
(Fig. 3 A). Thus, type I IFN signaling was essential to increase
paracellular flux of small molecules through the intestinal epi-
thelium during Cl13 infection.

To identify the mechanism employed by type I IFN to in-
crease intestinal barrier leakage, we next performed RNA-
sequencing analysis of FACS-purified IECs from isotype- or
anti-IFNAR-1-treated Cl13-infected mice on day 9 p.i. IEC purity
was assessed via FACS (average purity = 96.5% + 3.2%). This
treatment had a significant impact on IEC transcriptomes, since
IECs from isotype-treated mice clustered away from anti-IF-
NAR-1-treated Cli3-infected mice by principal component
1 (Fig. 3 B). In addition, Ab treatment readily reduced type I IFN
signaling in IECs, since the hallmark IFN-a response pathway
and expression of several ISGs was significantly enriched in
isotype- versus anti-IFNAR-1-treated Cli3-infected mice (Fig.
S3, A and B; Table S6; and Table S7). By analyzing overlap of
all differential pathways and DEGs from the aforementioned
Cl13 versus ARM comparison (Fig. 2, D and E; Table S4; and
Table S5) with those altered in isotype- versus anti-IFNAR-1-
treated Cl13-infected mice, we found that type I IFN signaling
explained 34% and 37% of altered pathways and DEGs in Cl13-
infected mice, respectively (Fig. 3, C and D). At the pathway
level, we found that type I IFN down-modulated xenobiotic
metabolism but promoted mTORCI metabolism, glycolysis, cell
cycle, and several proinflammatory pathways (Fig. 3 C and Table
S8). Among transcripts significantly down-regulated by type I
IFN signaling, we found genes encoding for proteins related to
cellular metabolism (Acsm3 and Sord, among others), solute
transport (Abcg8, Abcg5, and Slc9a3) and immune defense (1133,
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Tcim, and Socsl). Most importantly, we found that type I IFN
signaling also down-regulated expression of the tight junction-
encoding genes Cldn8, Cldni5, and Cldn23 (Fig. 3 E and Table S7),
two of which we found to be down-regulated in Cl13- versus
ARM:-infected and/or uninfected mice (Fig. 2 C). In contrast, the
vast majority of genes up-regulated by type I IFN (Fig. 3 E and
Table S9) were ISGs and genes related to immune processes such
as Cxcl10, Cxcl9, Icaml, or Csfl, whose products can contribute to
T cell recruitment (Groom and Luster, 2011) as well as adhesion
(Sumagin et al., 2014) and maturation of innate immune cell
types (Stanley et al., 1978).

Overall, our data indicated that type I IFN signaling was re-
sponsible for the increased intestinal permeability and for the
induction of metabolic, proliferative, and proinflammatory tran-
scriptional pathways in IECs after chronic LCMV infection. Re-
markably, type I IFN signaling was responsible for tight junction
transcriptional dysregulation and promoted expression of the
immune cell recruitment genes Cxcl9 and CxclI0 in IECs from
chronically infected mice.

Intestinal CD8 T cell responses are enhanced by type | IFNs and
are essential for barrier leakage during LCMV Cl13 infection
Type I IFN acts as a third signal to CD8 T cells during viral in-
fections and promotes T cell accumulation and effector functions
(Swiecki and Colonna, 2011). In addition, type I IFNs induce a
cell-intrinsic antiviral state (Swiecki and Colonna, 2011) and can
modulate immune cell recruitment to mucosal tissues in re-
sponse to infections (Abe et al., 2007; Dorhoi et al., 2014; Neil
et al,, 2019; Shahangian et al., 2009). We found that IECs from
Cl13- versus ARM-infected mice expressed higher levels of Cxcl9
and Cxcll0 in a type I IFN-dependent manner (Fig. 2 E and Fig. 3
E). Since CXCL9 and CXCLIO can be responsible for the re-
cruitment of CXCR3-expressing effector CD4 and CD8 T cells
(Groom and Luster, 2011), we hypothesized that type I IFNs
could be mediating recruitment of T cell populations relevant for
the induction of barrier dysfunction. To test this hypothesis, we
first investigated CD4 T cell responses in the small intestine of
Cl13-infected mice treated with isotype- or anti-IFNAR-1 Ab.
Analysis of CD4 T cells specific for the immunodominant GPg; 7,
LCMV epitope (I-APGPg;_;»*; Homann et al., 2007; Oxenius et al.,
1995) revealed no differences in proportions but increased
numbers of I-APGPy; ,,* CD4 T cells infiltrating the intraepi-
thelial lymphocyte (IEL) and lamina propria (LP) compartments
of the small intestine in anti-IFNAR-1- versus isotype-treated
Cl13-infected mice at day 9 p.i. (Fig. S4 A). Expression levels of
the coinhibitory receptor PD-1 on LCMV-specific CD4 T cells
were increased upon anti-IFNAR-1 treatment (Fig. S4 B). Fur-
thermore, we observed reduced proportions of IFN-y-producing
CD4 T cells upon ex vivo restimulation with PMA and ionomycin
or with GPg; 5, peptide in the LP of anti-IFNAR-1- versus
isotype-treated Cli3-infected mice (Fig. S4, C and E), although
the total numbers of IFN-y-producing CD4 T cells (Fig. S4, C and
E) or their potential to coproduce TNF-a (Fig. S4 D) were un-
changed by anti-IFNAR-1 treatment. Contrary to our hypothesis,
these data showed that type I IFNs restricted (rather than en-
hanced) I-APGP¢;_,;* CD4 T cell accumulation in the small in-
testine, uncoupling Cxcl9 and Cxcll0 expression by IECs to CD4
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Figure 3. Type I IFN signaling increases intestinal permeability and immune cell recruitment genes while down-regulating tight junction-related
genes in IECs from LCMV-Cl13-infected mice. See also Fig. S3, Table S6, Table S7, Table S8, and Table S9. C57BL/6 mice were infected with LCMV Cl13 or left
uninfected (Un) and injected with isotype (IgG1) or anti-IFNAR-1 Ab (alFNAR) i.p. and analyzed at day 9 p.i. (A) In vivo intestinal permeability to FD4. (B-E) RNA
sequencing was performed in IECs. (B) PCA plots showing individual samples from IgG1- versus alFNAR-treated Cl13-infected mice. (C and D) Venn diagram
overlapping pathways (C) or DEGs (D) from Cl13 versus ARM (data from Fig. 2) and Cl13-infected plus IgG1 versus alFNAR treatment comparisons. (E) DEGs in
IEC transcriptomes from IgG1- versus alFNAR-treated Cl13-infected mice. Averages + SEM are shown (A). Data are pooled from three independent experi-
mental repeats with n = 3-4 mice/group (A). (B-E) RNA sequencing was performed in a total of two independent experiments, in which each sequenced
sample consists of IECs pooled from three mice. PCA (B) and DEGs (C-E) were calculated by DESeq2. (A) Kruskal-Wallis test with Dunn’s correction for
multiple comparisons. (C) Pathway enrichment was determined by GSEA (P < 0.05; FDR < 0.25). *, P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001. FC, fold

change; p.adj, adjusted P value; PC, principal component.

T cell recruitment to this tissue. Consistently, i.p. treatment of
Cl13-infected mice with anti-CD4 or isotype Ab on days -2, -1, 0,
and 5 p.i. did not counteract the increased barrier permeability
observed at day 9 p.i. (Fig. S4 F), even though this treatment was
very efficient at reducing CD4 T cell accumulation in spleen and
small intestine (Fig. S4 G). These data indicated that increased
barrier permeability after Cl13 infection occurred to the same
extent in the absence of antiviral CD4 T cell responses.

We next profiled intestinal antiviral CD8 T cell responses
in the same Cl13-infected mice treated with isotype- or anti-
IFNAR-1 Ab. In contrast to the aforementioned observations in
the CD4 T cell compartment, we detected reduced numbers of
CD8 T cells specific for the LCMV immunodominant epitope
GPs3_41 (DPGPs3_4*; Wherry et al., 2003) in both IELs and LP
lymphocytes (LPLs) from anti-IFNAR-1- versus isotype-treated
mice, although frequencies were only reduced in the IEL
compartment (Fig. 4 A). D’GP33_4; tetramer* cells from anti-
IFNAR-1- versus isotype-treated mice expressed higher levels
of PD-1 (Fig. 4 B), which might be related to a tendency (albeit
not statistically significant) toward higher viral loads in the

Labarta-Bajo et al.
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anti-IFNAR-1-treated group (Fig. 4 C). In addition, lower fre-
quencies of the D’GP33_4; tetramer* cells were positive for in-
hibitory killer cell lectin-like receptor G1 (KLRG1), a cytolytic-
associated molecule that marks CD8 T cells with an effector
fate (Angelosanto et al., 2012; Fig. 4 D). We detected higher pro-
portion and number of stem-like TCF-1MTim3' DPGPas;_y* cells
(Im et al., 2016; Utzschneider et al., 2016; Wu et al., 2016) in the IEL
of anti-IFNAR-1 versus isotype-treated mice (Fig. 4 E), which was
remarkable, as this stem-like subset is typically absent from this
tissue compartment (Im et al., 2016). Conversely, frequencies and
numbers of TCF-11° D’GP5;_4,*, which includes cells with increased
cytolytic potential (Hudson et al., 2019; Zander et al., 2019), were
reduced in anti-IFNAR-1-treated Cli3-infected mice (Fig. 4 E). At
the functional level, we detected significantly lower frequencies
and numbers of CD8 T cells with the capacity to coproduce IFN-
yY/TNF-a upon ex vivo restimulation with PMA/ionomycin and
with cognate antigens in anti-IFNAR-1- versus isotype-treated
Cli3-infected mice (Fig. 4, F and H). Also, CD8 T cells from anti-
IFNAR-1-treated mice produced lower levels of IFN-y on a per-cell
basis after PMA/ionomycin restimulation (Fig. 4 G).
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Figure 4. Intestinal CD8 T cell responses are enhanced by type I IFNs and are essential for barrier leakage during chronic LCMV Cl13 infection. See
also Fig. S4. (A-H) C57BL/6 mice were infected with LCMV Cl13 or left uninfected (Un) and injected with isotype (IgG1, red) or anti-IFNAR-1 Ab (alFNAR, white)
i.p. (A, B, and D-H) FACS analysis of the small intestinal IEL or LPL compartments was done on day 9 p.i. Shown are frequencies and numbers of D’GP33_4;*
CD8 T cells (A), as well as PD1 mean fluorescence intensity (MFI; B), frequency of KLRG1* (D), and frequencies and numbers of Tim3'TCF-1" or TCF-1! within
DPGP33.41* CD8 T cells (E), and their corresponding representative FACS plots. (C) Viral RNA in ileum was quantified by quantitative PCR. (F-H) Frequencies,
numbers (F-H), and representative FACS plots (F), as well as IFN-y mean fluorescence intensity (G) of LPL CD8 T cells upon 5 h of ex vivo PMA/ionomycin
stimulation (F and G) or with GP33_41, GP276-286 and NPgg_s04 peptides (H). (I-K) C57BL/6 mice were infected with LCMV Cl13 or left uninfected (Un) and
injected with isotype (IgG2a) or CD8-depleting Abs (aCD8) i.p. In vivo intestinal permeability to FD4 (1), as well as levels of viral RNA (J) and Ifnb (K) in the small
intestine, was determined on day 9 p.i. Averages + SEM are shown (A-K). Data are pooled from two (A-E, ], and K) or three (1) or representative of three (F and
G) or two (H) independent experimental repeats. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Mann-Whitney t test (A-E, G, H, J, and K) or Kruskal-
Wallis with Dunn’s multiple comparisons correction (F and I). n.s., not significant.

Since type I IFN-mediated increase in intestinal CD8 T cell
accumulation and effector CD8 T cell phenotype associated with
enhanced intestinal permeability in Cl13-infected mice, we next
hypothesized that CD8 T cells may be contributing to intestinal
leakage. To test this hypothesis, we treated Cl13-infected mice
with CD8-depleting or isotype Ab on days -2, -1, 0, and 5 p.i.

Labarta-Bajo et al.
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This treatment was highly efficient at reducing CD8 T cells from
both the spleen and the small intestine (spleen; 3.2-fold + 1.1-
fold; LP, 6.6-fold + 0.01-fold; IEL, 4.7-fold + 3.9-fold), and it
significantly reduced FD4 permeability, reaching uninfected
levels in CD8-depleted Cli3-infected mice (Fig. 4 I), in spite of
increased intestinal viral loads and Ifnb levels (Fig. 4, ] and K).
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Together, these data demonstrated that CD8 T cell responses,
whose effector functions, accumulation, and TCF-1!° phenotype
were reinforced by type I IFNs, were essential causative factors
of the increased intestinal permeability observed during chronic
LCMV infection. Our results also uncoupled the induction of
intestinal leakage from direct effects of viral loads and showed
that increased Ifnb levels could not increase intestinal permea-
bility in the absence of CD8 T cells during chronic LCMV
infection.

Type | IFN signaling promotes overrepresentation of
Erysipelatoclostridium and reduces Roseburia in the intestinal
microbiome after LCMV Cl13 infection

Increased intestinal permeability has been associated with
compositional shifts of the intestinal microbiome (Harbison
et al., 2019; Martinez-Medina et al., 2014; Thaiss et al., 2018).
To investigate whether the induction of intestinal leakage was
coupled with microbiome shifts after Cl13 infection, we per-
formed two independent experiments in which we treated 10
mice per group with isotype or anti-IFNAR-1 Ab, as in Fig. 3 and
Fig. 4, followed by 16S rRNA amplicon (Fig. 5) or shotgun met-
agenomics (Fig. S5) sequencing, of DNA obtained from colonic
and cecal contents on day 9 p.i. Sampling of cecal and colonic
contents was chosen over stool pellets, as it allows detection of
taxa abundant inside the large intestine, which may not neces-
sarily be eliminated in stools (Gu et al., 2013; Tanca et al., 2017).
As shown in Fig. 5 A and Fig. S5 A, we observed no significant
differences in intra-individual a-diversity between isotype-
treated and anti-IFNARI-treated Cl13-infected mice, as deter-
mined by the Shannon diversity index, which combines richness
and evenness (Shannon, 1997). We next assessed intragroup
taxonomic diversity via phylogenetic and nonphylogenetic
B-diversity computation followed by principal-coordinates
analysis (PCoA). Phylogenetic and nonphylogenetic analysis of
the 16S data revealed differential separation between isotype-
treated and anti-IFNAR-1-treated groups by the first principal
coordinate and statistically significant differences between both
groups by permutational ANOVA (PERMANOVA; Fig. 5 B). This
difference was, however, not confirmed by nonphylogenetic
shotgun metagenomics analysis of an independent cohort of
mice from the same vendor (Fig. S5, B and C). Moreover, analysis
of phylum abundances indicated that the ratios of Firmicutes
over Bacteroidetes as well as Verrucomicrobia over Firmicutes
and Bacteroidetes were not significantly different in isotype-
versus anti-IFNAR-1-treated Cl13-infected mice in both cohorts,
despite the biological and technical differences in these analyses
(Fig. 5, C-E; and Fig. S5, D-F). Taken together, these data dem-
onstrated that type I IFN-dependent intestinal leakage did not
associate with large-scale microbiome shifts early after Cl13
infection.

We next performed songbird multinomial regression analysis
(Morton et al., 2019) to identify specific taxa perturbed by IF-
NAR-1 blockade. Among the taxa with cutoff ranks at 0.5 and
-0.5, which indicate a moderate to high degree of perturbation,
we found that type I IFN signaling decreased the relative a-
bundance of Roseburia (rank 1.14; Fig. 5 F and Table S10) and one
of its species (i.e., Roseburia hominis, rank 0.54; Fig. S5 G and

Labarta-Bajo et al.
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Table S10). Conversely, type I IFN signaling promoted the
overrepresentation of Erpsipelatoclostridium (rank -1.79; Fig. 5 F
and Table S10) and one of its species (i.e., Clostridium cocleatum,
rank -1.60; Fig. S5 G and Table S10).

Overall, these data demonstrated that type I IFN signaling
drove overrepresentation of Erysipelatoclostridium commensals
as well as reductions in Roseburia early after chronic viral in-
fection. Although these data do not demonstrate a causal rela-
tionship between intestinal barrier leakage and microbiome
composition, they do increase our understanding of the role of
type I IFNs in modulating the composition of the intestinal mi-
crobiome early after chronic viral infection and provide an as-
sociation between the induction of intestinal leakage and specific
taxa perturbations.

LCMV Cl13 infection enhances susceptibility to colitis induced
by chemical or secondary pathogen insults

Barrier dysfunction precedes disease relapses in humans af-
flicted by Crohn’s disease (D’Inca et al., 1999; Tibble et al., 2000;
Wryatt et al., 1993), and in mouse models of immune-, chemically,
and bacterially induced colitis, increased solute flux consistent
with the leak pathway promotes host morbidity (Conlin et al.,
2009; Graham et al., 2019; Sturgeon et al., 2017). In addition,
overrepresentation of Erpsipelatoclostridium commensals and
reductions in Roseburia spp. are associated with human IBD
(Hedin et al., 2014; Machiels et al., 2014; Mancabelli et al., 2017)
and the induction of intestinal leakage after Cl13 infection (Fig. 5).

To test the effects of chronic viral infection on host tolerance
to chemically induced colitis, we performed a 10-d course of
treatment with 2% dextran sulfate sodium (DSS; Okayasu et al.,
1990) between days 21 and 31 p.i. with Cl13 or ARM and in un-
infected mice. As expected with the low dose of dextran sulfate
sodium used (Eichele and Kharbanda, 2017), we did not observe
any perceptible effects on the body weight of uninfected and
ARM-infected treated mice compared with untreated controls
(Fig. 6 A). In contrast, Cl13-infected mice suffered reductions in
body weight of 7% on average after 10 d of treatment, which was
significantly lower from that of ARM-infected and uninfected
treated mice (Fig. 6 A), indicating that chronic viral infection
with Cl13 conferred increased susceptibility to acute, chemically
induced colitis.

We next evaluated the impact of Cl13 infection on host tol-
erance to bacterially induced colitis with the rodent-borne en-
teropathogen Citrobacter rodentium (Schauer et al., 1995). As
expected, C. rodentium challenge caused mild weight loss and no
effect in survival in the absence of LCMV coinfection (Bouladoux
et al., 2017), and similar effects were observed 10 d after C. ro-
dentium was inoculated in mice previously infected with ARM
(ARM+C.rod; Fig. 6 B). In contrast, we detected profound body
weight loss (<20% of initial weight) that preceded 100% mor-
tality when C. rodentium was inoculated into Cl13-infected mice
(Fig. 6, B and C).

In summary, we found that viral persistence rendered Cl13-
infected mice more susceptible to intestine-specific stressors,
such as colitis induced by chemicals or bacteria, suggesting that
chronic infection-induced adaptations in the intestinal tract
have implications for host tolerance to secondary enteric insults.
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Figure 5. Type I IFN signaling promotes overrepresentation of Erysipelatoclostridium and reduces Roseburia in the intestinal microbiome after LCMV
Cl13 infection. See also Fig. S5 and Table S10. C57BL/6 mice were infected with LCMV Cl13 and injected with isotype (IgG1) or anti-IFNAR-1 Ab (alFNAR) i.p.
and sacrificed at day 9 p.i. 165 rRNA gene amplicon sequencing was performed on colonic and cecal contents. (A) Alpha diversity by the Shannon diversity
index. (B) Beta diversity PCoA with Unweighted UniFrac, Jaccard and Bray-Curtis distances. (C) Frequency of sequences at the phylum level at indicated time
points. (D and E) Frequency of phylum Firmicutes divided by Bacteroidetes (D) or phylum Verrucomicrobia divided by Firmicutes and Bacteroidetes (E) for each
individual mouse. (F) Songbird multinomial regression analysis of genera in IgGl-treated versus alFNAR-treated Cl13-infected mice. X axes correspond to
individual taxa. Taxa highlighted in red were consistently perturbed, in the same direction and with rank cutoffs of -0.5 and 0.5, after shotgun metagenomics
analysis of an independent cohort of mice. UP indicates taxa up-regulated in alFNAR-treated versus IgGl-treated Cl13-infected mice. Data in A-F are rep-
resentative of one independent repeat by 165 rRNA amplicon sequencing, with n = 9-10 mice/group. (A and C-E) Averages + minimum/maximum (A) or + SEM

(C=E). (B) Significance was computed with PERMANOVA (999 permutations). ns, not significant; PC, principal component.

Discussion
Intestinal barrier dysfunction constitutes a marker of disease

progression during chronic viral infection, yet the mechanisms
leading to an altered gut barrier in this context have not been
causally defined. In this study, we found that in contrast to its
acute parental strain, the persistent LCMV variant Cl13 contin-
uously replicated in hematopoietic and mesenchymal, but not
epithelial, cells within the small intestine and caused long-term
increase in intestinal paracellular permeability to small
molecular weight molecules. Such intestinal barrier altera-
tion associated with type I IFN-mediated down-regulation of
genes encoding tight junction-related proteins in IECs. Type
I IFN signaling also promoted cell cycle, glycolytic metabo-
lism, and inflammation-associated transcriptional pathways
on IECs, including increased expression of CXCR3*-effector
T cell chemoattractants (i.e., Cxcl9 and CxclI0) in chronically
infected mice. Importantly, IFNAR blockade restricted CD8
T cell accumulation, effector functions, and the abundance of
TCF-1!° versus TCFP CD8 T cell subsets within the small in-
testine, and both type I IFN signaling blockade and CD8 T cell
depletion prevented intestinal leakage after chronic infec-
tion. Type I IFNs also promoted Erysipelatoclostridium
and Roseburia microbiome shifts. Finally, we found that long-
term viral persistence and increased intestinal barrier
permeability associated with enhanced susceptibility to

Labarta-Bajo et al.
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chemical and bacterially induced colitis in the chronic infection
setting.

Our study demonstrated that systemic inoculation with a
persistent, but not acute, LCMV isolate resulted in long-term
viral replication in hematopoietic and mesenchymal, but not
epithelial, cells of the small intestine that was sustained even
after systemic viremia was resolved. Within the hematopoietic
compartment, it is most likely that dendritic cells and macro-
phages, but not T cells or B cells, are targeted by LCMV in in-
testinal mucosa, as these cells are productively infected by
arenaviruses in other tissues (Macal et al., 2012; Mahanty et al.,
2003; Matloubian et al., 1993; Sevilla et al., 2000). On the other
hand, the most likely targets among mesenchymal cells may
include vimentin-expressing fibroblasts, myofibroblasts, peri-
cytes, and stromal stem cells (Mueller et al., 2007; Pinchuk et al.,
2010). Intriguingly, while LCMV and other Old World arenavi-
ruses productively infect human IEC lines in vitro (Warner et al.,
2018), we failed to detect viral proteins in IEC from LCMV
Cl13-infected mice, despite high and persistent viral titers in
intestinal mucosa. Thus, our study highlights important dis-
crepancies between in vitro and in vivo LCMV infection and
suggest that infection of IEC lines may not necessarily reflect
arenavirus tropism in vivo.

As mentioned in the Introduction, there are three described
routes of solute transport across the intestinal epithelium: the
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Figure 6. LCMV Cl13 infection enhances susceptibility to colitis induced by chemical or secondary pathogen insults. C57BL/6 mice were infected with
LCMV Cl13 or ARM or left uninfected. At days 21 or 30 p.i., mice were treated with 2% wt/vol dextran sulfate sodium for 10 d consecutively (A) or i.o. infected
with 3.5 x 10° CFUs of C. rodentium (+C.rod) or left untreated (untx; B and C). Percentage of initial body weight (A and B) and survival curves (C) are shown.
Averages (C) or averages + SEM (A and B) are shown. Data are pooled from two (A) and representative of two (B and C) independent experiment with n = 3-5
mice/group. (A) One-way ANOVA with Tukey’s multiple comparisons correction on day 31 p.i. (B) One-way ANOVA with Dunnett’s multiple comparisons test
with ARM+C.rod and Cl13+C.rod versus Un+C.rod at every time point p.i. (C) Log-rank Mantel-Cox survival test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P <

0.0001.

pore, leak, and unrestricted pathways (Odenwald and Turner,
2017). Given that the causative mechanisms and implications of
each of these routes of solute transport can be different, it is
important to identify the specific pathway that is altered in a
given context. Claudin-2-mediated flux through the pore path-
way, for instance, accelerated bacterial clearance (Tsai et al.,
2017), while flux via the myosin light chain kinase-dependent
leak pathway exacerbated disease (Conlin et al., 2009) after C.
rodentium infection. Our work revealed that chronic, but not
acute, LCMV infection persistently enhanced intestinal barrier
permeability, selectively increasing the flux of small-molecular-
weight (~4 kD) molecules, which is consistent with alteration of
the leak pathway. We did not, however, detect increased leakage
of larger molecules (~40 kD) or macroscopic epithelial layer
disruption, indicating the absence of frank epithelial damage or
ulceration and an intact unrestricted transport route in this
setting. These results highlight chronic LCMV infection in mice
as an additional model system to study the causative factors,
implications and effects of potential drug therapies on the in-
testinal leak transport pathway in the context of persistent
inflammation. It is important to remark that, although the in-
testinal transport route that leads to increased microbial product
translocation during other chronic infections has not yet been
defined, previous studies documented the presence of entero-
bacterial DNA and bacterial lipopolysaccharide in plasma from
HIV-infected humans and SIV-infected RM (Brenchley et al.,
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2006; Marchetti et al., 2008). In addition, increased ratio of
lactulose-to-mannitol in urine, which is indicative of enhanced
paracellular solute transport (i.e., leak or pore pathway), were
observed in humans infected with P. falciparum (Wilairatana
et al., 1997). It should also be noted that LCMV ARM spreads at
a significant slower rate than LCMV Cl13 (Ahmed and Oldstone,
1988; Li et al., 2009) and that we detected the greatest intestinal
leakage as early as 8 d after Cl13 infection, raising the possibility
that infections with acute pathogens that sustain replication for
at least 1 wk may also increase intestinal permeability, likely in a
more transient manner.

By performing transcriptomic analysis of IECs from acutely
versus chronically infected mice, we found that the aforemen-
tioned intestinal leakage associated with down-regulation of
genes encoding for tight junction-related proteins. Among them,
PAT]J has been involved in the formation and polar distribution
of tight junction complexes (Shin et al., 2005), while claudin-23
expression is significantly reduced in tumors versus healthy
intestines during colorectal cancer (Cherradi et al., 2019),
whereby increased tight junction-dependent permeability as-
sociates with development of this disease (Soler et al., 1999).
Claudin-3, on the other hand, is recruited to the tight junction
(Lei et al., 2012), and its increased expression is associated with
intestinal barrier maturation in neonate mice (Patel et al.,
2012), while claudin-8 can limit Na* flux in kidney cell lines
(Yu et al., 2003). Overall, down-regulation of genes encoding
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for PAT]J, claudin-3, and claudin-23, which are involved in tight
junction modulation (Cherradi et al., 2019; Lei et al., 2012; Patel
et al., 2012; Shin et al., 2005; Soler et al., 1999), were consistent
with alteration of the leak pathway after chronic LCMV infec-
tion. On the other hand, decreased claudin-8 transcript levels in
IECs from chronically versus acutely infected mice suggested
that the pore pathway might also be altered after chronic LCMV
infection.

Our study further identified a type I IFN transcriptional
signature in IECs from chronically versus acutely infected mice.
Indeed, we found that signaling through IFNAR accounted for
34% of altered pathways and 37% of DEGs in IECs from LCMV
Cl13- versus ARM-infected mice. Type I IFN signaling not only
down-regulated the aforementioned genes encoding for claudin-8
and claudin-23 but also inhibited a xenobiotic-related transcrip-
tional signature. Interestingly, engagement of the xenobiotic
sensor pregnane X receptor prevented increase in intestinal per-
meability under homeostatic conditions (Venkatesh et al., 2014).
Type I IFN signaling also promoted expression of cell cycle-related
genes, consistent with enhanced type I IFN-mediated IEC prolif-
eration previously reported during latent murine cytomegalovirus
infection (Sun et al., 2015), and glycolysis-related metabolic sig-
natures, which are characteristic of proliferating cells (Lunt and
Vander Heiden, 2011).

Importantly, we demonstrated that type I IFN signaling was
essential for increasing intestinal permeability after chronic
LCMV infection. In the same line, an association between type I
IFN signaling and barrier dysfunction has been previously es-
tablished in chronic infections caused by HIV in humans and SIV
in RM (Ponte et al., 2016; Tincati et al., 2016). In addition, SIV
infection of sooty mangabeys, a natural viral reservoir, does not
induce a sustained type I IFN signature nor increases microbial
product translocation into the systemic circulation (Bosinger
et al., 2009; Brenchley et al., 2006; Estes et al., 2010; Harris
et al., 2010). These association studies led to the proposal that
increased intestinal permeability allows translocation of mi-
crobial products, which in turn causes downstream type I IFN
signaling and immune activation (Brenchley et al., 2006; Estes
et al., 2010). While our transcriptome data are consistent with
the previously reported association between type I IFNs and
increased intestinal permeability during chronic viral infection,
our type I IFN blocking experiments compellingly demonstrated
that type I IFNs can be a cause, and not necessarily a conse-
quence, of intestinal leakage. On the other hand, type I IFN
signaling was shown to preserve intestinal integrity during
chemically induced colitis (Canesso et al., 2018; Neil et al., 2019)
and to accelerate wound healing via increasing IEC proliferation
during latent viral infection (Sun et al., 2015). It is therefore
conceivable that type I IFNs may exert dual roles on the intes-
tinal barrier, on the one hand promoting IEC proliferation to
favor wound healing and opposing the unrestricted pathway
and, on the other hand, down-regulating tight junction-related
proteins, thereby increasing translocation of microbial products
via the leak pathway. Importantly, our results do not demon-
strate that IEC-intrinsic type I IFN signaling is required for the
induction of intestinal leakage after chronic viral infection, and
it is therefore possible that type I IFNs may act indirectly, via
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other cell types, to increase intestinal permeability. Interest-
ingly, a single-nucleotide polymorphism predicted to be in the
IFNARI1 gene was recently associated with humans afflicted by
Crohn’s disease (Jostins et al., 2012), further supporting potential
unappreciated roles for type I IFNs in modulating intestinal
barrier dysfunction.

We also demonstrated that type I IFN signaling promoted IEC
expression of Cxcl9 and Cxcll0, whose products can contribute to
the recruitment of CXCR3-expressing T cells to the intestine
(Groom and Luster, 2011). Consistently, IFNAR blockade in
chronically infected mice limited accumulation, effector fea-
tures, and the abundance of TCF-1!° populations of virus-specific
CD8 T cells in the small intestines. This is in line with previous
studies indicating that type I IFN signaling promotes clonal ex-
pansion and survival of CD8 T cells in secondary lymphoid or-
gans, liver, brain, and lung (Kolumam et al., 2005), as well as
their IFN-y production (Nguyen et al., 2002; Teijaro et al., 2013),
and is consistent with its role in repressing the generation of
TCF-1M virus-specific CD8 T cells (Wu et al., 2016) in the spleen.
On the other hand, we observed that type I IFNs limited (rather
than promoted) accumulation of virus-specific CD4 T cells in
small intestines from chronically infected mice, which is con-
sistent with the type I IFN inhibition of splenic CD4 T cell ac-
cumulation that was previously reported (Teijaro et al., 2013;
Wilson et al., 2013).

Importantly, we also demonstrated that CD8 (but not CD4)
T cell responses were essential to enhance intestinal leakiness
after chronic LCMYV infection. This is consistent with increased
CD8 T cells observed in the intestinal mucosa of SIV-infected RM
(Schmitz et al., 2001; Veazey et al., 1998) and HIV-infected in-
dividuals (Allers et al., 2016; Shacklett et al., 2003), as well as a
positive correlation of perforin-expressing CD8 T cells with
microbial translocation that was reported in acutely HIV-
infected individuals (Allers et al., 2017). Causal evidence link-
ing CD8 T cells and enhanced intestinal permeability in vivo
was, however, previously lacking. Instead, reduced numbers of
intestinal Th17 CD4* T cells have been extensively proposed as
the cause of barrier dysfunction in both SIV-infected RM and
HIV-infected humans (Ponte et al., 2016; Tincati et al., 2016).
While our results do not contradict a potential role for reduced
Th17 responses in causing microbial translocations during HIV
or SIV infections, they raise the possibility that infiltrating CD8
T cells may also play an essential role. Our CD8 T cell depletion
experiments further demonstrated that increased viral loads or
Ifnb levels are insufficient to increase intestinal permeability in
the absence of CD8 T cells. This suggests that CD8 T cells act
downstream of type I IFN signaling to induce intestinal leakage
after chronic infection and that the leaky gut does not result
from direct viral effects.

We also uncovered a causal role for type I IFNs in oppositely
modulating the abundance of two intestinal Firmicute taxa
(i.e., Erysipelatoclostridium and Roseburia) early after chronic
LCMV infection. Importantly, while the intestinal microbiome
as a whole provides tonic type I IFN signals to innate immune
cells and allows timely control of a chronic virus (Abt et al.,
2012), a bidirectional relationship between type I IFNs and mi-
crobiome composition had not been previously demonstrated in
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this context. Our rigorous analysis also provides a valuable re-
source that could guide future studies on the microbiome-
immune system crosstalk during viral infections.

Last but not least, our data indicated that chronic LCMV in-
fection enhanced susceptibility to chemically and C. rodentium-
induced intestinal colitis, which associated with increased
intestinal permeability via the leak pathway. It has previously
been shown that increased solute flux consistent with the leak
pathway promoted host morbidity in mouse models of immune-,
chemically, and bacterially induced colitis (Conlin et al., 2009;
Graham et al., 2019; Sturgeon et al., 2017) and that barrier
dysfunction preceded disease relapses in humans afflicted by
Crohn’s disease (D'Inca et al., 1999; Tibble et al., 2000; Wyatt
et al.,, 1993). Besides barrier dysfunction, factors such as diet, gut
microbiome composition, or preexisting immune deficiencies
can also confer susceptibility to experimental colitis (Desai et al.,
2016; Eichele and Kharbanda, 2017; Mullineaux-Sanders et al.,
2019). Along the same line, we found that the induction of
intestinal leakage associated with increased abundance of Er-
ysipelatoclostridium commensals and underrepresentation of Rose-
buria spp. in the intestinal microbiome, both of which are linked to
inflammatory bowel disease (Hedin et al., 2014; Machiels et al.,
2014; Mancabelli et al., 2017). Thus, while our data suggest a po-
tential role for the enhanced intestinal leakage as a promorbidity
factor in the context of colitis-inducing stressors in chronically
infected mice, a role for other virus-induced intestinal adaptations
in mediating this effect cannot be ruled out.

Overall, our findings propose a previously unrecognized
causal role for type I IFN signaling in driving intestinal barrier
leakage during viral infection, which could be explained by tight
junction dysregulation and enhanced intestinal CD8 T cell re-
sponses. Importantly, we also demonstrated an unappreciated
essential role for CD8 T cells as causative factors of increased
intestinal permeability and established an association between
enhanced leak pathway, specific intestinal microbiome pertur-
bations, and susceptibility to colitis during chronic viral infection.
These new mechanistic insights on intestinal barrier regulation
might have implications for other chronic infections (Ponte
et al.,, 2016; Tincati et al., 2016; Wilairatana et al., 1997), in-
flammatory diseases (Odenwald and Turner, 2013), and/or certain
cancers (Bindels et al., 2018; Puppa et al., 2011; Sundstrém et al.,
1998), where intestinal leakage has been reported. In addition, the
possibility that type I IFNs and/or CD8 T cells may induce in-
creased intestinal permeability after infections with acute patho-
gens that exhibit slow clearance should also be considered.

Materials and methods

Mice, infections, and Ab treatments

6- to 10-wk-old female C57BL/6 mice were purchased from The
Jackson Laboratory and housed under specific pathogen-free
conditions. Mice were infected i.v. with 2 x 10¢ PFUs of LCMV
ARM or Cl13. Viral stocks were grown, identified, and quantified
as reported previously (Ahmed et al., 1984). Viral loads were
determined by standard plaque assay of serum or tissue homo-
genates (Ahmed et al., 1984). For CD8 and CD4 T cell depletion
studies, mice were i.p. injected with anti-CD8a (53-6.72; BioXcell),
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anti-CD4 (GKL.5; BioXcell), or IgG2a (2A3; BioXcell) Abs on days
-2, -1, and 5 p.i. (250 pg/mouse) as well as on the day of in-
fection (200 pg/mouse). For IFNAR in vivo blockade, mice were
i.p. injected with IFNAR neutralizing Ab (MAR1-5A3; BioXCell)
or mouse IgGl isotype control (MOPC-21; BioXcell) on days
-1and O p.i. (500 pug/mouse) as well as on days 2, 4, and 6 p.i.
(250 pg/mouse) with Cli3 (Teijaro et al., 2013; Wilson et al.,
2013). Uninfected control mice were treated alongside.

For secondary infection experiments, C. rodentium DBS100
obtained from Dr. Lifan Lu’s laboratory (University of California,
San Diego [UCSD], La Jolla, CA) was streaked out from a frozen
stock on a Luria broth (LB; Sigma) plate supplemented with
nalidixic acid (50 ug/ml; Sigma) and incubated at 37°C overnight
(Bouladoux et al., 2017). An individual colony was then inocu-
lated into liquid LB + nalidixic acid media and grown overnight.
Mice were infected with 4 x 10° CFUs intraorally (i.o.; Bouladoux
et al., 2017).

For chemically induced colitis experiments, we supple-
mented mouse drinking water with 2% wt/vol DSS (MP Bio-
chemicals) and treated mice for 10 d consecutively.

Mice were maintained in a closed breeding facility at the
Biomedical Sciences Building, UCSD, and housed in ventilated
cages containing HEPA filters. Mouse handling conformed to the
requirements of the National Institutes of Health and the In-
stitutional Animal Care and Use Guidelines of UCSD.

Histopathological analysis and immunofluorescence

For histopathological analysis, mice were sacrificed, and tissues
were harvested and placed in 10% formalin solution within
5 min. Tissues remained in fixing solution for 24 h, after which
they were washed twice with deionized water and later placed in
70% ethanol. The Tissue Technology Shared Resource at UCSD
performed downstream paraffin embedding, sectioning, hema-
toxylin/eosin staining, and histopathological evaluation of in-
testinal tissues.

For immunofluorescence analysis, mice were individually
sacrificed and their intestines placed in optimal cutting tem-
perature compound (Akura) within 5 min. 10-pm sections were
cut, fixed in 4% paraformaldehyde for 10 min, washed three
times in 1x PBS (Fischer), blocked for 1 h in gelatin buffer (3%
normal donkey serum, 40 mg/ml BSA, 0.1% fishscale gelatin,
0.05% Tween20, and 0.1% Triton-X-100 in PBS 1x) plus Fc block,
and stained with primary Ab overnight in gelatin buffer. After
three washes, sections were stained with DAPI. Sections were
mounted and images were acquired with a Leica SP5 confocal
microscope at the Microscopy Core at UCSD. Primary Abs used
were EpCAM-APC (clone G8.8; Thermo Fisher Scientific),
CD45.2-FITC (clone 104; BioLegend), rabbit anti-Vimentin (clone
D21H3; CST), and guinea pig anti-LCMV polyclonal Ab (Tinoco
etal.,, 2009). Secondary Abs were goat anti-guinea pig-Rhodamine
Red-X Fab (polyclonal AB_2632433; Jackson ImmunoResearch)
and AffiniPure F(ab'), fragment goat anti-rabbit-APC (poly-
clonal AB_2337987; Jackson ImmunoResearch).

In vivo intestinal permeability assay
Mice were water-deprived for 4 h, followed by intraoral inoc-
ulation with FD4 (Sigma) or FD40 (Sigma) at 44 mg/100 g body
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weight (Volynets et al., 2016). 4 h later, mice were bled, and
serum was collected and stored at -80°C for future quantifica-
tion. Fluorescence at 488 nm was determined with a plate reader
(BMG Labtech). Background was subtracted using values from
serum samples belonging to uninoculated mice. Absolute FD4
or FD40 amounts per milliliter of blood were determined via
standard curve extrapolation.

Lymphocyte isolation from blood, spleen, and small intestine
Spleens were harvested, digested for 20 min at 37°C in 1 mg/ml
collagenase D (Roche) and mashed through a 100-pm filter. Cells
were then centrifuged at 1,500 rpm at 4°C for 5 min. RBCs were
lysed by incubating pellets in 1 ml RBC-lysis buffer (150 mM
NH,C], 10 mM KHCOs3, and 0.1 mM Na,EDTA in deionized water,
at pH 7.4) for 4 min at room temperature. After RBC lysis, 10 ml
FACS buffer (PBS 1x + 3% FBS) was added, followed by centrif-
ugation as stated above. Pellets were resuspended in 5 ml com-
plete RPMI (Gibco), which consisted of RPMI supplemented with
10% heat-inactivated FBS (Atlanta Biologicals), 2% penicillin/
streptavidin (P/S; BioWhittaker), 1 mM sodium pyruvate (Na-pyr;
Thermo Fisher Scientific), 1 mM L-glutamine (BioWhittaker), 20 mM
Hepes (Thermo Fisher Scientific), and 55 mM B-mercaptoethanol
(Life Technologies). Absolute leukocyte numbers were deter-
mined via forward scatter/side scatter gating in a Guava
Easycyte automated cell counter (MilliporeSigma).

Small intestines were harvested, cleaned from adipose tissue,
and flushed, and macroscopically visible Peyer’s patches were
excised. To isolate the epithelial layer, intestines were longitu-
dinally and transversely cut into 1- to 2-cm pieces, placed in
Pyrex conical flask containing a stirring magnet and 30 ml IEL
buffer, and stirred on a stirring plate (Scilogex) set at 37°C for a
total of 15 min. IEL buffer consisted of 1x PBS supplemented with
3% FBS, 2% P/S, 1 mM Na-pyr, 20 mM Hepes, and 10 mM EDTA
(Thermo Fisher Scientific). Soluble fraction was then collected,
diluted in RPMI supplemented with 3% FBS, and pelleted by
centrifugation at 1,500 rpm for 5 min at 4°C. Afterward, to ob-
tain LP, tissue pieces were minced and stirred at 37°C for 30 min
in 15 ml LPL enzyme media consisting of RPMI, supplemented
with 3% FBS, 2% P/S, 1 mM Na-pyr, 20 mM Hepes, 0.4 mg/ml
collagenase D (Roche), and DNase I 10 pg/ml (Roche). Suspen-
sion was then filtered through a 100-um strainer and pelleted by
brief centrifugation 1,500 rpm for 5 min at 4°C. Finally, epi-
thelial or LP pellets were resuspended in 5 ml 44% Percoll so-
lution, and 2.5 ml 67% Percoll solution were added underneath
with a Pasteur pipette. Tubes were then spun down at 2,000 rpm
(with no brake set) at room temperature for 20 min. Percoll
solution was prepared by adding 1 part of 10x PBS (Gibco) to 9
parts of Percoll (GE Healthcare Biosciences) and further mixed
with IEL buffer to obtain a 44% or 67% solution. The interphase
layers containing IELs or LPLs were collected after centrifu-
gation and resuspended in 1 ml complete RPMI, and leukocyte
counts were determined with a Guava Easycyte (MilliporeSigma)
as indicated above.

Quantitative PCR
For quantification of transcripts in the small intestine, tissues
were collected from sacrificed mice, snap frozen, and stored at
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-80°C. Later, tissues were thawed, bead homogenized in RLT
buffer (Qiagen) and centrifuged for 10 min at 10,000 rpm to
pellet debris. Supernatants were used for total RNA extraction
using RNeasy kits (Qiagen), digested with DNase I (RNase-free
DNase set; Qiagen), and reverse transcribed into cDNA using
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV
RT; Promega). The expression of various genes was quantified
using Fast SYBR Green Master Mix (Thermo Fisher Scientific)
or TagMan Fast Universal PCR Master Mix with probe sets from
the Universal Probe Library (Roche) in technical triplicates, fol-
lowed by real-time PCR using a CFX96 Touch Detection System
(Bio-Rad). Relative transcript levels were normalized against
murine Gapdh or Actb as indicated. Graphs depicting quanti-
tative RT-PCR analysis of murine genes represent biological
replicates of individual mice. SYBR Green quantitative PCR
primer sequences are as follows: LCMV nucleoprotein: forward
5'-GCATTGTCTGGCTGTAGCTTA-3’, reverse 5-CAATGACGT
TGTACAAGCGC-3'; LCMV glycoprotein: forward 5’-CATTCA
CCTGGACTTTGTCAGACTC-3', reverse 5'-GCAACTGCTGTGTTC
CCGAAA-3'; Actb: forward 5'-AGGGAAATCGTGCGTGACAT-3’,
reverse 5'-GAACCGCTCGTTGCCAATAG-3'. TagMan quantita-
tive PCR primer sequences are as follows: Ifnb: forward 5'-CTG
GCTTCCATCATGAACAA-3’, reverse 5 -AGAGGGGGTGGTGGA
GAA-3' (probe 18); Gapdh: forward 5'-TCCCACTCTTCCACCTTC
GA-3', reverse 5'-AGTTGGGATAGGGCCTCTCTT-3' (probe 9).

Flow cytometry

Cells were stained at a maximal concentration of 2 x 108 cells/ml
in FACS buffer or as indicated below. For surface staining of
splenocytes, IELs and LP cells were first stained with a fixable
viability dye (Ghost Dye; Tonbo) in 1x PBS for 10 min at 4°C
followed by staining with MHC class I tetramer H2-D/GP33_y;-
BV421 (provided by National Institutes of Health Tetramer Core
Facility, Atlanta, GA) in FACS buffer for 1h at room temperature,
followed by staining for 20 min at 4°C with remaining surface
Abs. Alternatively, cells already stained with the viability dye
were stained with MHC class II tetramer I-AP/GP; ,,-APC
(provided by National Institutes of Health Tetramer Core Fa-
cility) in FACS buffer for 2 h at 37°C followed by staining for
20 min at 4°C with Abs against cell surface markers. For intra-
cellular staining after ex vivo peptide restimulation, cells were
fixed in 1% paraformaldehyde for 10 min at room temperature
and stained with Abs in 1x perm/wash buffer (Thermo Fisher
Scientific) for 30 min at 4°C. Alternatively, for intranuclear
staining, cells were fixed with the Foxp3 Transcription Factor
Staining Buffer Set Kit (Thermo Fisher Scientific) per the
vendor’s recommendation and stained with Abs in 1x perm/
wash buffer for 1 h at room temperature. The following Abs
used in this study were purchased from Thermo Fisher Sci-
entific, BD Biosciences, or BioLegend: CD8a BV786 or APC
efluor 780 (53-6.7), CD4 BV650 or BV711 (RM4-5), PD-1 BV650
(29F.1A12), IFN-y APC (XMG1.2), TNF-a FITC (MP6-XT22),
IL-2 PE (JES6-5H4), KLRG1 PeCy7 or PE-TR (2F1), and TIM3
PeCy7 (RMT3-23). Anti-TCF-1 (C63D9) conjugated with Alexa
Fluor 647 or Alexa Fluor 488 was purchased from Cell Sig-
naling Technologies. Cells were acquired using a Digital LSR
II flow cytometer (Becton Dickinson) or ZE5 Cell Analyzer
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(Bio-Rad). Flow cytometric data were analyzed with Flow]Jo
software v9.9.6 and v10.

Ex vivo T cell stimulation

Small intestinal LPLs were cultured at 2.5 x 10° cells/ml in
round-bottom 96-well plates for 5 h in complete RPMI supple-
mented with brefeldin A (1 pg/ml; Sigma), PMA (50 ng/ml;
Sigma) combined with ionomycin (1 pg/ml; Sigma), or 1 ug/ml of
the MHC class I-restricted LCMV NPso6_404, GP33_41, GP276.256,
and 10 pg/ml of the MHC class II-restricted peptide GPg;_77 (all
>99% pure; Synpep). Cells were then stained with a fixable
viability dye (Tonbo Ghost Dye) and surface staining with the
anti-CD4 or anti-CD8 mAbs described above, fixed in 1% para-
formaldehyde, permeabilized, and stained with the aforemen-
tioned Abs against IFN-y, TNF-a, and IL-2 in 1x perm/wash
buffer for 30 min at 4°C. Unstimulated controls in which cells
were cultured without peptide or PMA/ionomycin were per-
formed in parallel and showed background levels of cytokine
staining (data not shown).

IEC isolation, FACS purification, and RNA extraction

We obtained the intestinal epithelial pellets by separating the
epithelial layer in IEL buffer, as described above for lymphocyte
isolation. Pellets were resuspended and digested by stirring in
10 ml IEC enzyme media, which consisted of RPMI supple-
mented with 5% FBS, 1% P/S, 0.4 mg/ml collagenase D (Roche),
0.3 U/ml Dispase (Roche), and 10 pg/ml DNasel (Roche) for
20 min at 37°C. Suspension was filtered through a 100-um
strainer and spun down at 1,500 rpm for 5 min at 4°C. Three
mice per group were pooled and stained with Abs against
EpCAM-APC (clone G8.8; Thermo Fisher Scientific) and CD45.2-
FITC (clone 104; BioLegend) as well as propidium iodide (Sigma)
before FACS purification in FACSAria ITI (BD). 50,000 cells were
sorted, washed with PBS 1x, resuspended in RLT (Qiagen) +
B-mercaptoethanol (10 pl/ml; Life Technologies), and stored at
-80°C. The following day, RNA was extracted with RNAeasy
Micro Kit (Qiagen) by following the manufacturer’s protocol and
resuspended in molecular grade distilled H,O and stored at
--80°C until library preparation.

mRNA library preparation and RNA sequencing

Total RNA was extracted from 50,000 IECs and downstream
processing was performed by the UCSD Institute for Genomic
Medicine. mRNA stranded libraries were constructed by using
TruSeq RNA Library Prep Kit v2 (Illumina) followed by single-
end sequencing of 75 base-pair fragments with a HiSeq 4000
(Illumina). Raw sequencing files were processed with CASAVA
1.8.2 (Illumina) to generate .fastq files.

RNA-sequencing processing and data analysis

FASTQ files were uploaded onto the Galaxy project portal
(https://usegalaxy.org/). We first obtained read quality reports
by running the Fastqc module (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), which gave us overall high-
quality scores. Next, we used STAR (Spliced Transcripts Align-
ment to a Reference; Dobin et al., 2013) to align RNA-sequencing
reads to the mouse genome with the following parameters:
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mml0, GRCm38, 75 bp length of the genomic sequence around
annotated junctions and STAR Galaxy version 2.7.2b default
parameters for seed, alignment, limits, and chimeric alignment.
To assemble RNA-sequencing alignments into potential tran-
scripts and to obtain gene abundance estimation files, we used
StringTie (Pertea et al., 2015) with mouse GTF file (https://
www.gencodegenes.org/mouse/) as reference to guide assem-
bly. The following default parameters were used: minimum
isoform fraction, 0.15; minimum anchor length for junctions, 10;
minimum junction coverage, 1; minimum bundle reads per base
pair coverage to consider for assembly, 2; gap between read
mappings triggering a new bundle, 50; fraction of bundle al-
lowed to be covered by multihit reads, 0.95; trimming of pre-
dicted transcripts based on coverage, disabled; multimapping
correction, disabled. Next, differentially expressed features were
determined by DESeq2 (Love et al., 2014). We defined DEGs by
false discovery rate (FDR)-adjusted P < 0.05 and fold change
= 2 throughout the manuscript. GSEA was performed through the
software version 4.0.3 (Subramanian et al., 2005). We defined dif-
ferentially enriched pathways with P < 0.05 and FDR < 0.25 cutoffs.

Sample collection for microbiome studies

Mice were sacrificed and the peritoneal cavity opened with one
set of tools. A new sterile set of tools was then used to retrieve
colonic and cecal contents, which were placed in sterile tubes,
frozen on dry ice, and stored at -80°C. Both sets of tools were
submerged in 70% ethanol between animals belonging to the
same group, and a new set of sterile tools was used when
changing experimental groups.

DNA extraction for 16S rRNA V4 amplicon sequencing and
shotgun metagenomic sequencing

We followed the protocol described previously (Marotz et al.,
2017). Briefly, to extract DNA from colonic and cecal contents,
frozen samples were thawed and transferred into 96-well plates
containing garnet beads. DNA was extracted using Qiagen Pow-
erSoil DNA kit adapted for magnetic bead purification and eluted
in 100 pl Qiagen elution buffer. DNA quantification was per-
formed via Quant-iT PicoGreen Assay (Invitrogen).

Library generation and sequencing

Sequencing was done following standard protocols from the
Earth Microbiome Project (Caporaso et al., 2012; Gilbert et al.,
2014). Extracted DNA was amplified by using barcoded primers.
Each sample was PCR amplified in triplicate and V4 pair-end
sequencing or whole-genome sequencing using a miniaturized
version of the KAPA HyperPlus kit was performed using Illu-
mina MiSeq or HiSeq.

16S rRNA gene amplicon data analysis

Processing of our 16S rRNA raw data was done with Qiita
(https://qiita.ucsd.edu/; Gonzalez et al, 2018) and involved
splitting of FASTQ libraries, demultiplexing, and trimming of
sequences to 150 bp of length (Caporaso et al., 2010), followed
by deblur 1.1.0 (Amir et al., 2017) with the following Qiita
default parameters: indel probability, 0.01; mean per nucle-
otide error rate, 0.005; minimum per-sample read threshold,
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2; Greengenes_13.8 as reference phylogeny for SATe-enabled
phylogenetic placement; and one thread per sample. Features
with a minimum frequency of 10 were retained and reference
hit table obtained was rarefied to 10,000 counts, which was in the
plateau region of a-rarefaction curves (Gotelli and Colwell, 2001).
To assign taxonomy, we used the prefitted sklearn-based taxon-
omy classifier (classify_sklearn) with the Green Genes classifier
(gg-13-8-99-515-806-nb-classifier; Bokulich et al., 2018; DeSantis
et al., 2006). Beta diversity was computed with the “B_phyloge-
netic” module using Unweighted UniFrac. This was followed by
PCoA (“pcoa” module), and significance was calculated for “in-
fection” with the “B_group_significance” module using a PER-
MANOVA test with 999 permutations. Alpha diversity was
computed using the a module for Shannon diversity index. All the
aforementioned analyses were done with Qiita platform version
052020 5f09f46.

To identify differentially abundant genera among groups, we
collapsed our rarefied .biom tables to the genus level and used
songbird multinomial regression analysis (Morton et al., 2019)
with default parameters (epochs of 10,000, differential prior of
0.5; https://github.com/biocore/songbird). We applied cutoff
rank values of 0.5 and -0.5 to focus our analysis on moderately
to highly perturbed genera. Validation of the model was per-
formed for all analyses with tensor board.

Shotgun metagenomics data analysis

To preprocess shotgun metagenomics sequencing data, we per-
formed adapter trimming with Atropos v1.1.15 (Didion et al.,
2017), followed by quality control filtering (QC_Filter) to bow-
tie2/Mus_musculus, followed by genome alignment of adapter-
trimmed files with bowtie2 (with Rep94 database; Langmead and
Salzberg, 2012) by running SHOGUN 0.L5 (Hillmann et al., 2018)
via Qiita (https://qiita.ucsd.edu/; Gonzalez et al., 2018). A table in
Jbiom format with taxonomic predictions at the species level was
then rarefied to a depth of 200,000 or 450,000 counts. Alpha di-
versity was computed using the Shannon diversity index, as above,
while B-diversity was computed with the  module using Jaccard
and Bray-Curtis metrics. PCoA representation and PERMANOVA
were calculated as for the 16S rRNA gene amplicon data. To identify
differentially abundant species between groups, we collapsed our
rarefied .biom tables to the species level and used songbird mul-
tinomial regression analysis (Morton et al., 2019) with parameters
described above for 16S rRNA gene amplicon data analysis.

Statistical analysis

An unpaired two-tailed Student’s t test was used to compare two
groups. If variances were not equal by F-test, data were tested
using the nonparametric Mann-Whitney U test. Significant
differences among more than two groups were determined
based on one-way ANOVA with Tukey’s multiple comparison
correction or, in the case of unequal variances, nonparametric
Kruskal-Wallis test with Dunn’s multiple comparison correc-
tion. Statistical tests were performed using GraphPad Prism v8.

Data availability
All RNA-sequencing data have been deposited to the Gene Ex-
pression Omnibus (accession no. GSE155120) and the Sequence
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Read Archive (accession no. PRINA648708). All 16S rRNA gene
amplicon and shotgun metagenomics sequencing data are publicly
available on the European Nucleotide Archive (https://ebi.ac.uk/
ena; accession no. ERP123227) and Qiita (https://giita.ucsd.edu,
study ID 11043). On Qiita, processed 16S .fastq and metagenomics
fastq files can be found under preparation ID 31428 and prepa-
ration ID 92095, respectively. Detailed metadata for all samples
can be found under the “Sample Information” tab.

Online supplemental material

Fig. S1 shows LCMV Cl13 infects vimentin* and CD45" cells in
the small intestine at day 24 p.i., but not EpCAM* cells at day 9
p.i. Fig. S2 shows that LCMV Cl13 infection does not increase
intestinal permeability to FD40 or causes epithelial layer dis-
ruption. Fig. S3 shows that Ab-mediated blockade of IFNAR-
1reduces IFN signaling in IECs after LCMV Cl13 infection. Fig. S4
shows that type I IFN signaling restricts small intestinal virus-
specific CD4 T cell accumulation and shows that CD4 T cell re-
sponses are dispensable for the induction of intestinal barrier
leakage during LCMV Cl13 infection. Fig. S5 shows that type I
IFN signaling promotes overrepresentation of Erysipelatoclostri-
dium and reduces Roseburia species in the intestinal microbiome
after LCMV Cl13 infection. Table S1 and Table S2 list all DEGs in
IECs between ARM-infected or Cl13-infected versus uninfected
mice, respectively. Table S3 compares the expression levels of
tight junction-related genes among uninfected, ARM-infected,
and Cli3-infected mice. Table S4 and Table S5 list enriched
pathways and DEGs, respectively, in IECs from ClI3 versus
ARM-infected mice. Table S6 and Table S7 list enriched path-
ways and DEGs, respectively, in IECs from isotype-treated ver-
sus anti-IFNAR-1-treated Cl13 infected mice. Table S8 and Table
S9 list pathways and DEGs, respectively, regulated by type I IFNs
among those significantly altered in Cl13-infected versus ARM-
infected mice. Table S10 shows songbird multinomial regression
results comparing microbiomes from Cl13-infected mice treated
with isotype control versus anti-IFNAR-1-blocking Abs.
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Supplemental material

Figure S1. LCMV Cl13 infects intestinal mesenchymal and hematopoietic cells, but not epithelial cells. Related to Fig. 1. C57BL/6 mice were infected
with LCMV ARM or Cl13 or left uninfected. (A and B) Representative immunofluorescence staining of ileum sections with anti-LCMV Abs (red) and DAPI (blue)
as well as anti-Vimentin (green; A, top), anti-CD45.2 (cyan; A, bottom), or anti-EpCAM (green; B) Abs at indicated time points p.i. Arrowheads highlight regions
of overlap between markers. All scale bars correspond to 36 pm. Data are representative of two independent experimental repeats with n = 4 mice/group.

Labarta-Bajo et al. Journal of Experimental Medicine
Type | IFNs and CD8 T cells increase intestinal leakage https://doi.org/10.1084/jem.20192276

S1

620z Jequiede( €0 uo 3senb Aq 4pd-9/22610Z Wel/9682281/9.2261029/2)/L1Z/pd-8lomie/wal/Bi0"sseidni//:dny woly pepeojumoq


https://doi.org/10.1084/jem.20192276

2.0 2.0 N

[ ] BR Uninfected (exp1&2)
1.5 = 1.5+ o X LCMV ARM (exp182)

1.0 i. k":‘ ? 1.0 ?

BE | CMV CI13 (exp1&2)

FD40 ng/ml
(normalized to uninfected)

d9 p.i.

d24 p.i.

d9 p.i.

d24 p.i.

Figure S2. LCMV Cl13 infection neither increases intestinal permeability to FD40 nor causes epithelial layer disruption. Related to Fig. 1. C57BL/6 mice
were infected with LCMV ARM or Cl13 or left uninfected (Un) and analyzed at indicated time points p.i. (A) In vivo intestinal permeability to FD40 was
measured in ARM- and Cl13-infected mice and normalized to levels in uninfected mice. (B and C) Hematoxylin and eosin staining of small (B) and large (C)
intestinal sections. All scale bars correspond to 72 pm. (A) Averages + SEM are shown. Data in A are pooled from two experimental repeats where statistical
significance was achieved in one out of two experiments or upon pooling. Data in B and C are representative of two independent experimental repeats. *, P <
0.05; Kruskal-Wallis with Dunn’s multiple comparisons correction (A).
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Figure S3. Antibody-mediated blockade of IFNAR-1 reduces IFN signaling in IECs after LCMV Cl13 infection. C57BL/6 mice were infected with LCMV
ARM or Cl13 or left uninfected (Un; A) or injected with isotype (IgG1) or anti-IFNAR-1Ab (alFNAR) i.p. (A and B), and RNA-sequencing analysis was performed on
FACS-purified IECs at day 9 p.i. (A) Venn diagram (left) shows overlapping GSEA results from the “interferon a hallmarks” gene signature between IEC from
Cl13- versus ARM-infected mice and IECs from IgG1- versus anti-IFNAR-1-treated Cl13-infected mice. 10 highly enriched and overlapping ISGs (i.e., highest rank
metric scores, FDR < 0.1) were selected for the heatmap (right) depicting Z-scores computed from DESeq2 normalized counts (Table S2, Table S5, and Table
S7). (B) Fold reduction in the expression of selected ISG in IECs from IgGl-treated versus anti-IFNAR-1-treated Cl13-infected mice is shown. Averages + SEM
are shown. FDR-adjusted P values (p-adj) were computed by DESeq2.
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Figure S4. Type I IFN signaling restricts small intestinal virus-specific CD4 T cell accumulation and CD4 T cells are dispensable for barrier dys-
function during LCMV Cl13 infection. Related to Fig. 4. C57BL/6 mice were infected with LCMV Cl13 and treated with isotype (IgG1) or anti-IFNAR-1 Ab
(alFNAR; A-E) or anti-CD4 (aCD4) or isotype Ab (IgG2a) i.p. on days -2, -1, 0, and 5 p.i. (F and G) and analyzed on day 9 p.i. (A-F) FACS analysis of the small
intestinal IEL or LPL compartments was done on day 9 p.i. (A and B) Frequencies and numbers (A) and PD1 mean fluorescence intensity (MFI; B) of I-APGPg;_77*
CDA4 T cells. (C-E) Cytokine production upon ex vivo PMA/ionomycin (C and D) or GPg;_77 peptide (E) stimulation of LPL cells. (F) In vivo intestinal permeability
to FD4. (G) Numbers of I-APGPg;_* in indicated organs. (A-G) Averages + SEM are shown. Data are pooled from two (A and B) or three (F and G) independent
experimental repeats or representative of two independent experimental repeats (C-E) with n = 3-5 mice/group. Although a tendency was consistently
observed in all independent experiments, statistical significance was reached in one out of two experiments in A (right) and E (left, white versus pink squares).
Statistical significance between Cl13 + IgG2a and Cl13 + aCD4 was only reached in one out of three experiments (F). *, P < 0.05; **, P < 0.03; ***, P < 0.00;
**%% P < 0.0001; two-tailed t test (A-C), Mann-Whitney test (G), and Kruskal-Wallis test with Dunn’s multiple comparisons’ correction (E-G).
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Figure S5. Type | IFN signaling promotes overrepresentation of Erysipelatoclostridium and reduces Roseburia species in the intestinal microbiome
after LCMV Cl13 infection. C57BL/6 mice were infected with LCMV Cl13 and injected with isotype (IgG1) or anti-IFNAR-1 Ab (alFNAR) i.p., and shotgun
metagenomic sequencing was performed on colonic and cecal contents on day 9 p.i. (A) Alpha diversity by the Shannon diversity index. (B and C) Beta diversity
PCoA with Jaccard (B) and Bray-Curtis (C) distances. (D) Frequency of sequences at the phylum level at indicated time points. (E and F) Frequency of phylum
Firmicutes divided by Bacteroidetes (E) or phylum Verrucomicrobia divided by Firmicutes and Bacteroidetes (F) for each individual mouse. (G) Songbird
multinomial regression analysis of species in IgGl-treated versus alFNAR-treated Cl13-infected mice. X axes correspond to individual taxa. The genera of the
taxa highlighted in red were consistently perturbed, in the same direction and with rank cutoffs of -0.5 and 0.5, after 16S shotgun metagenomics analysis of an
independent cohort of mice. UP indicates taxa up-regulated in alFNAR-treated versus IgGl-treated Cl13-infected mice. Data are representative of one in-
dependent repeat by shotgun metagenomics with n = 9-10 mice/group. Data are shown as averages + minimum/maximum (A) or + SEM (D-F). Significance in
B and C was computed with PERMANOVA (999 permutations). ns, not significant; PC, principal component.

Tables S1-S10 are provided online as separate Excel files. Table S1 shows DEGs in IECs between ARM-infected and uninfected mice
on day 9 p.i. Table S2 shows DEGs in IECs between Cl13-infected and uninfected mice on day 9 p.i. Table S3 shows tight
junction-related genes in IECs from Cl13-infected, ARM-infected, and uninfected mice on day 9 p.i. Table S4 shows pathways
enriched in IEC transcriptomes from Cl13- versus ARM-infected mice on day 9 p.i. Table S5 shows DEGs in IECs between Cl13- versus
ARM-infected mice on day 9 p.i. Table S6 shows pathways enriched in IEC transcriptomes from isotype-treated versus anti-IFNAR-
1-treated Cl13-infected mice on day 9 p.i. Table S7 shows DEGs in IECs between isotype-treated versus anti-IFNAR-1-treated
Cl13-infected mice on day 9 p.i. Table S8 shows differentially enriched pathways regulated by type I IFNs from IECs obtained
from Cl13- versus ARM-infected mice on day 9 p.i. Table S9 shows DEGs regulated by type | IFNs among DEGs by IECs from Cl13-
versus ARM-infected mice on day 9 p.i. Table S10 shows songbird multinomial regression ranks by comparing microbiomes
from Cl13-infected mice treated with isotype controls (IgG1) versus IFNAR-1-blocking Abs (anti-IFNAR-1).
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