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EPIGRAPH 

Caminante, son tus huellas 
el camino y nada más; 
caminante, no hay camino, 
se hace camino al andar. 
 
Al andar se hace camino 
y al volver la vista atrás 
se ve la senda que nunca 
se ha de volver a pisar. 
 
Caminante no hay camino 
sino estelas en la mar… 
 
Hace algún tiempo en ese lugar 
donde hoy los bosques se visten de espinos 
se oyó la voz de un poeta gritar 
“Caminante no hay camino, 
Se hace camino al andar…” 
 
Golpe a golpe, verso a verso… 

 
-- Antonio Machado, “Cantares” 
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ABSTRACT OF THE DISSERTATION 
 

Adaptations of the gastrointestinal tract to chronic viral infection 

 

by 
 

Lara Labarta Bajo 
 

Doctor of Philosophy in Biology 
 
 

University of California San Diego, 2020 
 
 

Professor Elina Zuniga, Chair  
 

Viral infections elicit host adaptations that can enable host-pathogen equilibrium. Here, we 

investigated adaptations of the gastrointestinal tract elicited by a persistent virus, their underlying 

mechanisms and their implications for the infected host. By using murine infection with 

lymphocytic choriomeningitis virus (LCMV) we demonstrated that infection with a persistent viral 

isolate led to long-term viral replication in hematopoietic and mesenchymal, but not epithelial cells 

(IEC) 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. IFN-I signaling caused tight junction dysregulation in IEC, 

promoted gut microbiome shifts and enhanced intestinal CD8 T cell responses. Notably, both IFN-

I receptor blockade and CD8 T cell depletion prevented infection-induced barrier leakage. Our 

results demonstrated that infection with a virus that persistently replicated in intestinal mucosa 
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increased epithelial barrier permeability and revealed IFN-I and CD8 T cells as causative factors 

of intestinal leakage during chronic infections. We further discovered that mouse infection with 

the fast-spreading and persistent (but not the slow-spreading acute) isolate of LCMV induced 

large-scale microbiome shifts characterized by increased Verrucomicrobia and reduced 

Firmicute/Bacteroidetes ratio. Remarkably, the most profound microbiome changes occurred 

transiently after infection with the fast-spreading persistent isolate, were uncoupled from sustained 

viral loads and were instead largely caused by CD8 T cell responses and/or CD8-T-cell-induced 

anorexia. Among the taxa enriched by infection with the fast-spreading virus, Akkermansia 

muciniphila, broadly regarded as a beneficial commensal, bloomed upon starvation and in a CD8-

T-cell-dependent manner. Strikingly, oral administration of Akkermansia muciniphila suppressed 

selected effector features of CD8 T cells in the context of both infections. Our findings define 

unique microbiome differences after chronic versus acute viral infections and identify CD8 T cell 

responses and downstream anorexia as driver mechanisms of microbial dysbiosis after infection 

with a fast-spreading virus. Our data also highlight potential context-dependent effects of 

probiotics and suggest a model in which changes in host behavior and downstream microbiome 

dysbiosis may constitute a previously unrecognized negative feedback loop that contributes to 

CD8 T cell adaptations after infections with fast-spreading and/or persistent pathogens. 
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Introduction 

Pathogenic chronic infections constitute a global health burden 

Human chronic viral infections are highly prevalent in the human population, with each 

one of us harboring an estimated average of 8-12 chronic viruses at a given time(1). It is indeed 

very hard to identify strict ‘uninfected’ individuals, as most chronic viral infections we are exposed 

to do not cause any perceptible symptoms. Such evidence has led to the proposition that these 

viruses, which includes Adeno-associated as well as several Herpesviruses among others, are 

actually part of our normal metagenome, and given that these rarely cause disease in 

immunocompetent individuals, we currently possess little knowledge about their biology. Instead, 

humanity has extensively focused research efforts on understanding the complex biology of 

viruses such as Hepatitis C virus (HCV), Hepatitis B virus (HBV) and Human Immunodeficiency 

Virus (HIV), among others, which cause remarkable health burden. In that regard, the World 

Health Organization (WHO) estimated that 257 million individuals were living with chronic HBV 

infection as of 2015(2), 71 million were afflicted with HCV as of 2016(3) and 37.9 million were 

living with HIV as of 2018(4).  

 

The lymphocytic choriomeningitis virus experimental mouse model 

Chronic infections, including those caused by viruses such as HCV and HIV, bacterial 

infection with Mycobacterium tuberculosis or with the protozoa Plasmodium falciparum are 

characterized by host adaptations that jointly facilitate long-term co-existence with the persistent 

pathogen. Such adaptations generally involve the suppression of the ensuing immune response (1, 

5, 6). Given the cellular and anatomical complexity of an immune response, the establishment of 

small animal models of chronic infection is key to study immune-pathogen interactions in vivo. In 
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addition, given the specificity of viruses for their target species, it is ideal to study immune 

responses in natural and immunocompetent hosts. 

Rodents have been identified as principal hosts of RNA viruses belonging to the 

Arenaviridae family, which includes an estimated total of 31 viral species(7) including Lassa, 

Junin or Machupo that can be transmitted to humans, where they cause severe (and often lethal) 

hemorrhagic fever.  These viruses are endemic in western Africa as well as in several South 

American regions(7). Lymphocytic choriomeningitis virus (LCMV) is, however, the only 

arenavirus known to be distributed worldwide, which is attributed to its ability to infect the 

ubiquitous species Mus musculus, its natural host and reservoir, where it vertically transmits from 

generation to generation(8). LCMV is a non-cytolytic, enveloped virus that contains a negatively 

stranded RNA genome that is split into two ‘L’ and ‘S’ segments(9, 10). The polymerase and a 

small RING finger protein Z are encoded in the ‘L’ segment(10, 11), whereas the viral 

nucleoprotein (NP) and the glycoprotein (GP) are both encoded in the ‘S’ segment(9). Importantly, 

GP undergoes post-translational cleavage into mature virion proteins GP1 and GP2(12), which are 

both present on the viral envelope, and of which GP1 is the determinant for viral tropism(13). Two 

main isolates are routinely used in the laboratory, the parental strain LCMV Armstrong 53b (ARM) 

and its derived variant clone 13 (Cl13) isolate(14, 15). Infection of WT C57BL/6 adult mice with 

ARM induces an acute infection that is cleared within 7-10 days(16). In contrast, high-titer 

intravenous infection allows the Cl13 isolate to establish long-term persistence in the serum, 

spleen, lymph nodes, lung and liver (i.e. 60-90 days)(16, 17), in the brain (~200-300 days)(8) and 

life-long persistence in the kidneys(18) of infected mice. One big advantage of the LCMV model 

is that both ARM and Cl13 isolates trigger T cell responses to shared epitopes, which allows side-
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by-side comparisons of T cell responses generated in the context of acute vs. chronic 

challenge(16). 

Immune adaptations ensure host-pathogen equilibrium during chronic infections 

Chronic infections, including those caused by human immunodeficiency virus (HIV), 

Mycobacterium tuberculosis, Plasmodium species and mouse infection with LCMV induce host 

adaptations that can facilitate long-term co-existence with the persistent pathogen(1, 5, 6). In this 

context, the best-studied host adaptations are the reprogramming of innate and adaptive immune 

cells that attenuate selected cellular functions while often remaining partially effective at 

maintaining some degree of pathogen control. Given that continuous pathogen replication or 

latency are often tolerated but an unrestrained immune response most often results in host death, 

organisms have evolved sophisticated and redundant mechanisms to avoid the latter even at risk 

of the former. Indeed, immune cell adaptations involve multiple layers of cell-intrinsic 

transcriptional, epigenetic, post-transcriptional and metabolic regulation(1, 6). These adaptations 

represent a response to cell-extrinsic changes, including continuous stimulation via antigen or 

pathogen recognition receptors, an inflammatory milieu, and altered nutrient and oxygen levels (1, 

6). Notably, immune cell adaptations appear to be conserved during chronic infections with distinct 

pathogens, as well as in other settings of chronic immune stimulation such as cancer, in a range of 

host species(19). Lastly, a hypo-functional or exhausted state of Type I Interferon producing cells 

was also described in chronically-infected mice and in multiple other murine and human settings 

of chronic immune stimulation(6, 20), although its implications for host-pathogen equilibrium 

have not been elucidated yet. 

 

CD8 T cell adaptations during chronic viral infection 
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One of the most extensively studied examples of immune adaptation to the presence of a 

chronic pathogen occurs in the CD8 T cell compartment. In this setting, CD8 T cells acquire a so-

called exhausted state, which is characterized by the progressive loss of effector functions (i.e. the 

capacity to produce IL-2, TNFa, IFNg)(16) and the reduced per-cell capacity to kill target cells(21) 

as a result of a high frequency of contacts between T cell receptor (TCR) and cognate 

antigen/major histocompatibility complexes I (MHC-I)(22). Clonal deletion of hyperreactive 

epitope-specificities(16), altered metabolism(23, 24), as well as the up-regulation of co-inhibitory 

receptors Programmed Cell Death Protein-1 (PD-1), Lymphocyte Activation Gene-3 (Lag3), T-

cell immunoglobulin and mucin-domain containing-3 (Tim-3) among others(25, 26) are also 

cardinal features of exhausted CD8 T cells. Acquisition of an exhausted phenotype is crucial for 

host-pathogen equilibrium. A clear depiction of this can be found in several independent studies 

whereby reversion of the exhaustion state accelerated viral control at the expense of host 

survival(27-30). Besides inhibitory circuitry, exhausted CD8 T cells as a bulk were shown to 

possess unique transcriptional(31), epigenetic(32, 33), metabolic(23, 24) and developmental 

programs(34-39) that differed from those of effector or memory cells generated in the context of 

acute infections. More recently, the advent of single cell RNA sequencing technologies has 

allowed the discovery of previously unappreciated transcriptional heterogeneity of the exhausted 

CD8 T cell pool. In this regard, expression of T-cell factor-1 (TCF-1) has been shown to skew 

cells toward a progenitor-like phenotype(37-39) in a MYB-dependent fashion early after infection, 

which ensures Bcl-2 expression and survival(36). Importantly, TCF-1+ precursor populations have 

been shown to originate as early as 4.5 days post-infection(40) and to give rise to both KLRG1+ 

terminal effector cells early, as well as to exhausted subsets with different degree of functionality 

throughout chronic viral infection(36). For instance, a transitional subset stemming from TCF-1+ 
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precursors (defined by CX3CR1 and Tim3 co-expression) was recently shown to possess high 

cytotoxic potential and to be essential for viral control(34, 35). Functionally, TCF-1 endows cells 

with the capacity to self-renew and to give rise to downstream developmental fates that seed the 

exhausted CD8 T cell pool during chronic infections(37-39). In addition, this population contains 

the TCF-1+ Tim3- subset of cells, which is responsible for the CD8 T cell proliferative burst after 

PD-1/PD-L1 checkpoint blockade therapy(38). Interestingly, coordinated expression of 

transcription factors Eomesodermin (Eomes), T-box transcription factor 21 (T-bet), thymocyte 

selection associated high mobility group box (Tox) and TCF-1 developmentally link functionally 

and epigenetically distinct exhausted CD8 T cell subsets, which have been shown to possess 

distinct effector functions and differential responsiveness potential upon checkpoint blockade 

therapy(41). Overall, compounding evidence from the different studies mentioned hereby 

demonstrates that CD8 T cell exhaustion is a complex cellular state that involves functionally and 

developmentally heterogeneous fates. Given the implications of CD8 T cell exhaustion for human 

chronic infections as well as in cancers(19), the mechanisms driving the different exhausted fates 

as well as their implications for host resistance or tolerance during chronic infections and/or 

cancers are an important future avenue of research.  

 

CD4 T cell adaptations during chronic viral infection 

CD4 T cell responses can also dictate host-pathogen equilibrium during chronic infections. 

For example, CD4 T cells play essential roles in terminating lytic replication and in establishing 

viral latency in both human and murine hosts infected with herpes viruses, which subsequently 

prevents host morbidity(42). In this context, CD4 T cells directly mediate viral clearance beyond 

their role as helpers for B cell and CD8 T cell responses. In contrast, increased CD4 T cell antigen-
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specific precursor pool frequencies and effector functions can drive immunopathology and 

subsequent host morbidity in the context of acute or persistent viral infections(43-46). Analogous 

to CD8 T cell exhaustion, CD4 T cells primed in the context of a persistent infection progressively 

lose their capability to produce IFNg, TNFa and IL-2, they up-regulate surface expression of co-

inhibitory receptors PD-1 and Lag3, among others, and they acquire a IFN-I transcriptional 

signature(47). However, whether CD4 T cells acquire a functionally exhausted state is debatable, 

as these cells can effectively provide help to CD8 T cells by producing IL-21 during chronic viral 

infection(48). In the same line, distinct patterns of transcription factor expression were shown for 

virus-specific CD4 T cells from persistently vs. acutely infected mice(47). For instance, antigen-

specific CD4 T cells isolated from persistently infected mice had markedly reduced T-bet 

expression, consistent with the loss of effector functions(47), but increased Bcl6, Ikaros family 

zinc finger 2 (Helios) and Eomes(47), which are typically expressed by T-follicular helper 

(TFH)(49), T regulatory cells (Treg)(50) and by CD4 T cells with cytotoxic phenotypes(51-53), 

respectively. Moreover, developmental skewing toward a TFH, rather than a T helper 1 (TH1) 

phenotype, has been observed among virus specific CD4 T cells during persistent viral infection. 

Intriguingly, our laboratory found that this process was favored by CD4 T-cell intrinsic sensing of 

the gp130 cytokine IL-6, which was produced by follicular dendritic cells and was required for 

viral control(54). Importantly, TFH responses were shown to be essential for the generation of 

neutralizing antibodies and for viral control of a persistent virus(55). Thus, adaptations of the CD4 

T cell compartment in this context consist on the functional attenuation of canonical TH1 effector 

functions in parallel with the functional specialization toward a TFH fate that sustains CD8 T cell 

and B-cell responses and promotes viral eradication after chronic viral infection. 
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Chapter 1: IFN-I and CD8 T cells increase intestinal barrier permeability after chronic viral 

infection 

1.1 Summary and graphical abstract 

Intestinal barrier leakage constitutes a potential therapeutic target for many inflammatory 

diseases and represents a disease progression marker during chronic viral infections. The causes 

of altered gut barrier remain, however, mostly unknown. By using murine infection with 

lymphocytic choriomeningitis virus we demonstrated that, in contrast to an acute viral strain, a 

persistent viral isolate led to long-term viral replication in hematopoietic and mesenchymal, but 

not epithelial (IEC), cells 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. IFN-I signaling caused tight junction 

dysregulation in IEC, promoted gut microbiome shifts and enhanced intestinal CD8 T cell 

responses. Notably, both IFN-I receptor blockade and CD8 T cell depletion prevented infection-

induced barrier leakage. Our study demonstrated that infection with a virus that persistently 

replicated in intestinal mucosa increased epithelial barrier permeability and revealed IFN-I and 

CD8 T cells as causative factors of intestinal leakage during chronic infections.
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Figure 1-1. IFN-I and CD8 T cells increase intestinal barrier permeability after chronic viral 
infection
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1.2 Introduction 

The gastrointestinal (GI) tract harbors the gut microbiota and food components as well as 

their derived metabolites and a large number of immune cells, which cross-talk ensures intestinal 

homeostasis(56, 57). In order to prevent pathology, gut luminal contents need to be 

compartmentalized away from the host(58). This is achieved by the intestinal epithelium, which 

acts as a physical, immunological and selectively permeable barrier(59) that enables bi-directional 

flux of ions, water, nutrients and waste (60). There are three described routes of solute transport 

across the intestinal epithelium; the size and charge-restricted pore pathway, which allows 

paracellular ion and water exchange and is regulated by claudin proteins(58). The leak pathway, 

which permits paracellular passage of solutes up to 90 Å in diameter and requires activated myosin 

light chain kinase (MLCK) activity(61-63). Lastly, the unrestricted pathway allows passage of 

particles bigger than 100Å in diameter at sites of epithelial damage(64, 65).   

Infections with chronic pathogens such as HIV or Plasmodium in humans and simian 

immunodeficiency virus (SIV) in rhesus macaques (RM) are associated with intestinal barrier 

dysfunction(66-68). 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(69). Epithelial barrier dysfunction was also described in SIV-infected RM, which 

develop immune activation and AIDS-related morbidity(69, 70). In spite of the prevalence of 

barrier dysfunction upon chronic viral infections, its underlying mechanisms remain largely 

undefined, in part due to the lack of small animal models in which interventional experiments can 

be performed. 
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In this study, we employed infection of mice with the acute (Armstrong, ARM) and 

persistent (Cl13) variants of LCMV to elucidate chronic infection-specific host adaptations in the 

GI tract. We found that chronic, but not acute LCMV, 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(64, 65). The transcriptional tight 

junction dysregulation associated with this barrier leakage required IFN-I signaling, which also 

influenced intestinal epithelial cell (IEC) proliferative capacity and glycolytic metabolism. In 

addition, IFN-I signaling increased IEC expression of the CXCR3+-effector-T-cell 

chemoattractants Cxcl9 and Cxcl10(71) and promoted CD8 T cell accumulation and effector 

functions within the small intestine. IFN-I 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 IFN-I receptor (IFNAR) blockade and CD8 T cell depletion fully abrogated the 

intestinal permeability increase after LCMV Cl13 infection. Lastly, we observed that viral 

persistence and increased barrier permeability associated with enhanced morbidity and mortality 

upon secondary chemical or microbial intestinal insults. Overall, our data established the existence 

of a previously unrecognized role for the IFN-I-CD8 T cell axis in the modulation of intestinal 

epithelial barrier function during chronic viral infection and raised the possibility that IFN-I may 

represent a cause, rather than a consequence, of microbial translocation during other chronic 

infections. Finally, our work put forward the usage of chronic LCMV infection in mice as a cost-

effective model to study the biology of leaky gut at the whole organism level.
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1.3 Results 

1.3.1 LCMV Cl13 persists in mesenchymal and hematopoietic cells, but not in epithelial cells 

within intestinal tissues. 

In order 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 (14, 16). Immunofluorescence with anti-

LCMV antibodies (Ab) revealed the presence of virus in the distal small intestines of Cl13- but 

not ARM-infected mice, on days 9 and 24 p.i. (Fig. 1-2A), consistent with a previous report (72). 

Importantly, plaque assays in ileum and colon homogenates indicated that the Cl13 (but not ARM) 

isolate productively replicated in this compartment at both day 9, 24 (Fig. 1-2B, left graph) and at 

day 300 p.i., after systemic viremia was cleared (Fig. 1-2B, right graph). We next investigated the 

cellular tropism of LCMV Cl13 in the intestine via immunofluorescence staining with anti-LCMV 

Ab in combination with Abs against CD45 or vimentin, which label hematopoietic and 

mesenchymal cells, respectively (73). We detected a significant overlap between LCMV signal 

and staining for both CD45 and vimentin at days 9 (Fig. 1-2C,E) and 24 (Fig. 1-2E and Fig. 1-3A) 

p.i. In contrast, co-staining of LCMV and EpCAM, a pan epithelial cell marker (74), did not 

overlap at any of the two time-points assessed (Fig. 1-2D-E and Fig. 1-3B). Overall, these results 

indicate that systemically inoculated LCMV Cl13 virus persistently replicated along the ileum and 

colon, even after systemic viremia was cleared, and that its cellular targets included hematopoietic 

and mesenchymal, but not epithelial, cells within the intestinal mucosa.  

 

1.3.2 LCMV Cl13 infection persistently increases intestinal permeability to small-sized 

molecules  



 

12 
 

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 non-human primates (67, 68). To test whether LCMV Cl13 infection 

also caused gut leakage, we performed an in vivo intestinal permeability assay with small 

molecular weight FITC-labeled 4 kDa dextran (FD4) (75) 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. 1-2F). 

The FD4 permeability increase was detected, and peaked, at day 8 after Cl13 infection and 

persisted until day 45 p.i. (Fig. 1-2F). In contrast, permeability of the bigger-sized FITC-labeled 

40 kDa dextran (FD40) was not increased in Cl13- versus ARM-infected or uninfected mice (Fig. 

1-4A). Consistent with this, histologic 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. 1-4B&C). 

Together, the lack of apparent epithelial cell damage and/or ulceration and the unchanged FD40 

permeability ruled out involvement of the unrestricted pathway of solute exchange (64, 65) 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 (64, 65).
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Figure 1-2. LCMV Cl13 persists in small intestinal mesenchymal and hematopoietic but not 
epithelial cells and increases intestinal permeability to small-sized molecules. C57BL/6 mice 
were infected with LCMV ARM, Cl13 or left uninfected and analyzed at indicated time points 
post-infection (p.i.). (A,C,D) Representative immunofluorescence staining of ileum sections with 
anti-LCMV antibodies (red) and DAPI (blue) as well as anti-Vimentin (green)  or anti-CD45.2 
(cyan) antibodies (C), or anti-EpCAM (green) antibody (D), are shown. Scale bars represent 
230μm (A) or 36μm (C,D). (B) LCMV plaque forming units (PFU) 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 4 kDa FITC-
dextran was measured in ARM- and Cl13-infected mice and normalized to levels in uninfected 
mice. Averages (E) and averages±standard error of the mean (S.E.M.) (B,F) are shown. Data are 
representative of 2 (A-E) or pooled of 2 (F) independent experimental repeats with n=3-8 
mice/group . Kolmogorov-Smirnov test (F); *p-val<0.05, **p-val<0.01, ***p-val<0.001, ****p-
val<0.0001.
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Figure 1-3. LCMV Cl13 infects intestinal mesenchymal and hematopoietic cells, but not 
epithelial cells. C57BL/6 mice were infected with LCMV ARM, Cl13 or left uninfected. 
Representative immunofluorescence staining of ileum sections with anti-LCMV antibodies (red) 
and DAPI (blue) as well as anti-Vimentin (green, A, top) or anti-CD45.2 (cyan A, bottom), or anti-
EpCAM (green) (B) antibodies at indicated time points p.i. All scale bars correspond to 36μm. 
Data are representative of two independent experimental repeats with n=4 mice/group.
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Figure 1-4. LCMV Cl13 infection neither increases intestinal permeability to 40 kDa FITC-
dextran nor causes epithelial layer disruption. C57BL/6 mice were infected with LCMV ARM, 
Cl13 or left uninfected and analyzed at indicated time points p.i. (A) In vivo intestinal permeability 
to 40 kDa FITC-dextran was measured in ARM- and Cl13-infected mice and normalized to levels 
in uninfected mice. (B-C) Hematoxylin/Eosin staining of small (B) and large (C) intestinal 
sections. (A) Averages ± S.E.M. are shown. (A) Data are pooled from two experimental repeats 
where statistical significance was achieved in one out of two experiments or upon pooling. (B,C) 
Data are representative of two independent experimental repeats. Kruskal-Wallis with Dunn’s 
multiple comparisons correction (A). *p-val<0.05.
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1.3.3 LCMV Cl13 infection induces dysregulation in tight junction gene expression as well 

as an IFN-I signature in IEC. 

To elucidate the mechanisms driving increased intestinal barrier permeability during 

LCMV Cl13 infection, we next performed transcriptomic analysis of FACS-purified IEC (CD45-

EpCAM+) from the small intestine of mice left uninfected or infected with ARM or Cl13 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 (16), Cl13 infection 

exerted much greater IEC-intrinsic transcriptional perturbations than ARM infection. Specifically, 

the number of differentially regulated genes (DEG) (with cut-offs at adjusted p-value<0.05 and 

minimal fold-change=2) was 41 in ARM-infected vs. uninfected, and 642 in Cl13-infected vs. 

uninfected mice (Fig. 1-5A and Dataset S1-1&1-2). In addition, Cl13-infected mice clustered more 

distantly from uninfected mice than ARM-infected mice by principal component 1 on a principal 

component analysis (PCA) plot (Fig. 1-5B). Given that size-selective increase in paracellular 

transport upon Cl13, but not ARM, infection were consistent with the engagement of the leak 

pathway that is caused by tight junction dysregulation (64, 65), we next assessed expression of 

several tight junction-related genes extracted from MSigDB or previous studies (76-78). We did 

not observe differences in any of the 29 genes analyzed in ARM-infected vs. uninfected mice 

(Dataset S1-3). In contrast, we detected significant downregulation in Cl13- vs. ARM-infected and 

uninfected mice of Cldn23 and Patj (Fig. 1-5C), which encode for claudin-23 and Pals-associated 

tight junction protein, respectively. We also observed significant downregulation of Cldn3 and 

Cldn8, in Cl13-infected vs. uninfected mice and observed the same tendency but without reaching 

significance when compared Cl13-infected to ARM-infected mice (Fig. 1-5C). Overall, these data 

indicated that LCMV Cl13 infection resulted in IEC- downmodulation of tight junction gene 
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expression, which was consistent with the aforementioned increase in intestinal 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 (76), KEGG (79) and Reactome (80) databases. 

This analysis identified positive enrichment for inflammatory pathways such as IFNg and IFNa 

responses as well as IL-6 and IL-2 signaling, among others (Fig. 1-5D, Table S1-4). Cl13-infected 

mice also up-regulated pathways related to cell cycle (Myc and E2F targets and G2M checkpoint) 

and metabolism (‘mTORC1 signaling’ and ‘pancreas beta cells’) compared to ARM-infected mice 

(Fig. 1-5D). We further detected down-modulation of pathways related to xenobiotic, bile acid and 

heme metabolism, estrogen signaling (Fig. 1-5D) and ‘Slc-mediated transmembrane transport’ or 

‘Digestion and absorption’ (Table S1-4). On the other hand, direct comparison of IEC 

transcriptomes from ARM- vs. Cl13-infected mice identified 394 DEG, 150 of which were down-

regulated and 244 were up-regulated by Cl13 infection (Fig. 1-5E and Table S1-5). Consistent 

with pathway analysis, a notable fraction of down-regulated genes were related to nutrient 

transport, such as solute carrier family genes Slc36a1, Slc2a2, Slc9a3, Slc46a1, or Slc15a1 (Fig. 

1-5E and Table S1-5), which encode for amino acid, glucose, ion, folate, and peptide transporters, 

respectively (81-85). Other down-regulated genes were related to immune defense, such as Reg3a 

and Reg3b, which encode for C-type lectins with bactericidal activity (86, 87) and Il33, which is 

involved in tissue repair responses (88) (Fig. 1-5E). In contrast the vast majority of genes and 

pathways up-regulated in IEC from Cl13- vs. ARM-infected mice were related to the antiviral 

immune response. Specifically, we observed increased expression of interferon-stimulated genes 

(ISG) Mx1, Isg15, Mx2, Tap1, Cxcl9 and Cxcl10, among others (Fig. 1-5E and Table S1-5).   
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Overall, our data demonstrated that, chronic LCMV replication in intestinal tissues 

associated with worse bactericidal response, tissue repair and transcellular nutrient transport 

capacities of the intestinal epithelium, which could have implications for limiting close contact 

with the microbiota, for protection against secondary insults and/or whole-body nutrition. Viral 

persistence also promoted an anti-viral transcriptional program in IEC consistent with enhanced 

IFN-I signaling that associated with tight junction dysregulation and induction of a leaky gut 

phenotype.
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Figure 1-5. LCMV Cl13 infection induces dysregulation in tight junction gene expression as 
well as an IFN-I signature in intestinal epithelial cells. C57BL/6 mice were infected with 
LCMV ARM, Cl13 or left uninfected (Un) and RNA sequencing analysis was performed on 
FACS-purified IEC on day 9 p.i. (A) Number of differentially-expressed genes (DEG) with 
adjusted p-value (p.adj)<0.05 and fold change (FC)≥2 between IEC from ARM- or Cl13-infected 
vs. uninfected mice. (B) Principal Component Analysis (PCA) plot with IEC transcriptomes from 
uninfected, ARM- and Cl13-infected mice. (C) Gene counts by DESeq2 for indicated genes were 
normalized to average counts in the uninfected group. (D) Differentially-enriched pathways (p-
val<0.05 and FDR<0.25) in ARM- vs. Cl13-infected mice by GSEA. (E) DEG in ARM- vs. Cl13-
infected mice. RNAseq was performed in a total of 3 independent experiments, in which each 
sequenced sample consists of IEC pooled from 3 mice. Averages ± S.E.M. are shown (C). (A,E) 
DEG, (B) PCA and (C) FDR-adjusted p-values were computed by DESeq2. *p.adj<0.05.
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1.3.4 IFN-I signaling increases intestinal permeability and immune cell recruitment genes 

while down-regulating tight junction-related genes in IEC from LCMV-Cl13-infected mice. 

To investigate the potential causal role of IFN-I in the enhancement of intestinal barrier 

permeability during chronic viral infection, we blocked signaling through its receptor via 

intraperitoneal (i.p.) injection of anti-IFNAR-1 or isotype control Ab from day -1 and through day 

9 p.i. with Cl13 (89, 90). While anti-IFNAR-1 Ab treatment did not alter FD4 translocation in 

uninfected mice (compared to isotype control mice), we observed a significant reduction in serum 

FD4 levels in anti-IFNAR-1- vs. 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. 1-6A). Thus, IFN-I signaling was essential to increase paracellular flux of small 

molecules through the intestinal epithelium during Cl13 infection.  

To identify the mechanism employed by IFN-I to increase intestinal barrier leakage, we 

next performed RNA sequencing analysis of FACS-purified IEC 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 IEC from 

isotype-treated mice clustered away from anti-IFNAR-1-treated Cl13-infected mice by PC1 (Fig. 

1-6B). In addition, antibody treatment readily reduced IFN-I signaling in IEC, since the hallmark 

IFNa response pathway and expression of several ISG was significantly enriched in isotype- vs. 

anti-IFNAR-1-treated Cl13-infected mice (Fig. 1-7A&B and Dataset S1-6&S1-7). By analyzing 

overlap of all differential pathways and DEG from the aforementioned Cl13 vs. ARM comparison 

(Fig. 1-6D-E and Dataset S1-4&S1-5) with those altered in isotype- vs. anti-IFNAR-1-treated 

Cl13-infected mice, we found that IFN-I signaling explained 34% and 37% of altered pathways 

and DEG in Cl13 infected mice, respectively (Fig. 1-6C-D). At the pathway level, we found that 
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IFN-I down-modulated xenobiotic metabolism but promoted mTORC1 metabolism, glycolysis, 

cell cycle and several pro-inflammatory pathways (Fig. 1-6C and Dataset S1-8). Among transcripts 

significantly down-regulated by IFN-I signaling, we found those encoding for proteins related to 

cellular metabolism (Acsm3 and Sord among others), solute transport (Abcg8, Abcg5, Slc9a3) 

immune defense (Il33, Tcim, Socs1) as well as several ISG (Fig. 1-6E and Dataset S1-9). Most 

importantly, we found that IFN-I signaling down-regulated expression of tight junction-encoding 

genes Cldn8, Cldn15 and Cldn23 (Fig. 1-6E and Table S1-7), two of which we found to be down-

regulated in Cl13- vs. ARM-infected and/or uninfected mice (Fig. 1-5C). In contrast, the vast 

majority of genes up-regulated by IFN-I (Fig. 1-6E and Table S1-9) were related to immune 

processes and included genes such as Cxcl10, Cxcl9, Icam1 or Csf1, whose products can contribute 

to T-cell recruitment (71) as well as adhesion (91) and maturation of innate immune cell types 

(92). 

Overall, our data indicated that IFN-I signaling was responsible for the increased intestinal 

permeability and for the induction of metabolic, proliferative and pro-inflammatory transcriptional 

pathways in IEC after chronic LCMV infection. Remarkably, IFN-I signaling was responsible for 

tight junction transcriptional dysregulation and promoted expression of immune cell recruitment 

genes Cxcl9 and Cxcl10 in IEC from chronically infected mice.
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Figure 1-6. IFN-I signaling increases intestinal permeability and immune cell recruitment 
genes while down-regulating tight junction-related genes in IEC from LCMV-Cl13-infected 
mice. C57BL/6 mice were infected with LCMV Cl13 or left uninfected (Un) and injected with 
isotype (IgG1) or anti-IFNAR-1 Ab (aIFNAR) intraperitoneally (i.p.), and analyzed at day 9 p.i. 
(A) In vivo intestinal permeability to 4 kDa FITC-dextran. (B-E) RNA sequencing was performed 
in IEC. (B) Principal Component Analysis plots showing individual samples from IgG1- vs. 
aIFNAR-treated Cl13-infected mice. Venn diagram overlapping (C) pathways or (D) DEG from 
Cl13 vs. ARM (data from Figure 2) and Cl13-infected plus IgG1 vs. aIFNAR treatment 
comparisons. (E) DEG in IEC transcriptomes from IgG1- vs. aIFNAR-treated Cl13-infected mice. 
Averages ± S.E.M. are shown (A). (A) Data are pooled from three independent experimental 
repeats with n=3-4 mice/group. (B-E) RNAseq was performed in a total of 2 independent 
experiments, in which each sequenced sample consists of IEC pooled from 3 mice. (B) PCA and 
(C-E) DEG were calculated by DESeq2. (A) Kruskal-Wallis test with Dunn’s correction for 
multiple comparisons. (C) Pathway enrichment was determined by GSEA (p-val<0.05 and 
FDR<0.25). *p-val<0.05, **p-val<0.01, ***p-val<0.001, ****p-val<0.0001.
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Figure 1-7. Antibody-mediated blockade of IFNAR-1 reduces interferon signaling in IEC 
after LCMV Cl13 infection. C57BL/6 mice were infected with LCMV ARM, Cl13 or left 
uninfected (Un) (A) or injected with isotype (IgG1) or anti-IFNAR-1 Ab (aIFNAR) 
intraperitoneally (i.p.) (A-B), and RNA sequencing analysis was performed on FACS-purified IEC 
at day 9 p.i. (A) Venn diagram (left) shows overlapping GSEA results from the ‘Interferon alpha 
hallmarks’ gene signature between IEC from Cl13- vs. ARM-infected mice and IEC from IgG1- 
vs. anti-IFNAR-1 treated Cl13-infected mice. 10 highly enriched, and overlapping, interferon-
stimulated genes (ISG) (i.e. Highest rank metric scores, FDR<0.1) were selected for Heatmap 
(right) depicting Z-scores computed from DESeq2 normalized counts (Table S2, S5, S7). (B) Fold 
reduction in the expression of selected ISG in IEC from IgG1-treated vs. anti-IFNAR-1-treated 
Cl13-infected is shown. (B) Averages ± S.E.M. are shown. FDR-adjusted p-values (p-adj) were 
computed by DESeq2.
 
1.3.5 Intestinal CD8 T cell responses are enhanced by IFN-I and are essential for barrier 

leakage during chronic LCMV Cl13 infection. 

IFN-I acts as a third signal to CD8 T cells during viral infections and promotes T cell 

accumulation and effector functions (93). In addition, IFN-I induces a cell-intrinsic antiviral state 

(93) and can modulate immune cell recruitment to mucosal tissues in response to infections (94-

97). We found that IEC from Cl13-vs. ARM-infected mice expressed higher levels of Cxcl9 and 

Cxcl10 in a IFN-I-dependent manner (Fig. 1-5E and 1-6E). Since CXCL9 and CXCL10 can be 

responsible for the recruitment of CXCR3-expressing effector CD4 and CD8 T cells (71), we 

hypothesized that IFN-I 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 GP67-77 LCMV epitope (I-AbGP67-77+) (98, 99) 
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revealed no differences in proportions, but increased numbers of I-AbGP67-77+ CD4 T cells 

infiltrating the intraepithelial lymphocyte (IEL) and lamina propria compartments (LP) of the 

small intestine in anti-IFNAR-1- vs. isotype-treated Cl13-infected mice at day 9 p.i (Fig. S4A). 

Expression levels of the co-inhibitory receptor PD-1 on LCMV-specific CD4 T cells were 

increased upon anti-IFNAR-1 treatment (Fig. 1-9B). Furthermore, we observed reduced 

proportions of IFNg-producing CD4 T cells upon ex vivo re-stimulation with Phorbol-Myristate-

Acetate (PMA) and Ionomycin or with GP67-77 peptide in the LP of anti-IFNAR-1- vs. isotype-

treated Cl13-infected mice (Fig. 1-9C,E), although the total numbers of IFNg-producing CD4 T 

cells (Fig. 1-9C,E) or their potential to co-produce TNFa (Fig. 1-9D) were unchanged by anti-

IFNAR-1 treatment. Contrary to our hypothesis, these data showed that IFN-I restricted (rather 

than enhancing) I-AbGP67-77+ CD4 T cell accumulation in the small intestine, uncoupling Cxcl9 

and Cxcl10 expression by IEC to CD4-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. 1-9F), even though this treatment 

was very efficient at reducing CD4 T cell accumulation in spleen and small intestine (Fig. 1-9G). 

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 GP33-41 (DbGP33-41+) (16) in both IEL and LPL from anti-IFNAR-1- vs. 

isotype-treated mice, although frequencies were only reduced in the IEL compartment (Fig. 1-8A). 

DbGP33-41tetramer+ cells from anti-IFNAR-1- vs. isotype-treated mice expressed higher levels of 
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PD-1 (Fig. 1-8B), which might be related to a tendency (albeit not statistically significant) towards 

higher viral loads in the anti-IFNAR-1 treated group (Fig. 1-8C). In addition, lower frequencies of 

the DbGP33-41tetramer+ cells were positive for inhibitory killer cell lectin-like receptor G1 

(KLRG1), a cytolytic-associated molecule that marks CD8 T cells with an effector fate (100) (Fig. 

1-8D). We detected higher proportion and number of stem-like TCF-1hiTim3lo DbGP33-41+ cells 

(37-39) in the IEL of anti-IFNAR-1 vs. isotype-treated mice (Fig. 1-8E), which was remarkable as 

this stem-like subset is typically absent from this tissue compartment (38). Conversely, frequencies 

and numbers of TCF-1lo DbGP33-41+, which includes cells with increased cytolytic potential (34, 

35), were reduced in anti-IFNAR-1-treated Cl13-infected mice (Fig. 1-8E). At the functional level, 

we detected significantly lower frequencies and numbers of CD8 T cells with the capacity to co-

produce IFNg/TNFa upon ex vivo re-stimulation with PMA/Ionomycin and with cognate antigens 

in anti-IFNAR-1- vs isotype-treated Cl13-infected mice (Fig. 1-8F&H). Also, CD8 T cells from 

anti-IFNAR-1-treated mice produced lower levels of IFNg on a per-cell basis after 

PMA/Ionomycin re-stimulation (Fig. 1-8G).  

Since IFN-I-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. This 

treatment was highly efficient at reducing CD8 T cells from both the spleen and the small intestine 

(spleen: 3.2-fold±1.1, LP:6.6-fold±0.01, IEL: 4.7-fold±3.9), and it significantly reduced FD4 

permeability, reaching uninfected levels in CD8-depleted Cl13-infected mice (Fig. 1-5I), in spite 

of increased intestinal viral loads and Ifnb levels (Fig. 1-8J&K).  



 

26 
 

Together, these data demonstrated that CD8 T cell responses, whose effector functions, 

accumulation and TCF-1lo phenotype were reinforced by IFN-I, 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 permeability in the absence of CD8 T cells during 

chronic LCMV infection.
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Figure 1-8. Intestinal CD8 T cell responses are enhanced by IFN-I and are essential for 
barrier leakage during chronic LCMV Cl13 infection. (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 
(aIFNAR, white) intraperitoneally (i.p.). (A-B,D-H) FACS analysis of the small intestinal 
intraepithelial lymphocyte (IEL) or lamina propria lymphocyte (LPL) compartments was done on 
day 9 p.i. (A) Frequencies and numbers of DbGP33-41+ CD8 T cells as well as (B) PD1 mean 
fluorescence intensity (MFI), (D) frequency of KLRG1+ and (E) frequencies and numbers of 
Tim3loTCF-1hi or TCF-1lo, within DbGP33-41+ CD8 T cells, and their corresponding representative 
FACS plots, are shown. (C) Viral RNA in ileum was quantified by q-PCR. (F-H) Frequencies, 
numbers (F-H) and representative FACS plots (F) as well as IFNg MFI (G) of LPL CD8 T cells 
upon 5h of ex vivo PMA/Ionomycin stimulation (F-G) or with GP33-41, GP276-286, NP396-404 peptides 
(H) are shown. (I-K) C57BL/6 mice were infected with LCMV Cl13 or left uninfected (Un) and 
injected with isotype ((IgG2a) or CD8 depleting antibodies (aCD8) i.p. In vivo intestinal 
permeability to 4 kDa FITC-dextran (I) as well as levels of viral RNA (J) and Ifnb (K) in the small 
intestine were determined on day 9 p.i. Averages ± S.E.M. are shown (A-K). Data are (A-E, J-K) 
pooled from two, (I) pooled from three or representative of three (F-G) or two (H) independent 
experimental repeats. (A-E,G-H,J-K) Mann-Whitney t-test, (F,I) Kruskal-Wallis with Dunn’s 
multiple comparisons correction; *p-val<0.05, **p-val<0.01, ***p-val<0.001, ****p-val<0.0001.
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Figure 1-9. IFN-I signaling restricts small intestinal virus-specific CD4 T cell accumulation 
and CD4 T cells are dispensable for barrier dysfunction during LCMV Cl13 infection. 
C57BL/6 mice were infected with LCMV Cl13 and treated with isotype (IgG1) or anti-IFNAR-1 
Ab (aIFNAR) (A-E) or with anti-CD4 (aCD4) or isotype Ab (IgG2a) i.p. on days -2, -1, 0 and 5 
p.i. (F-G), and analyzed on day 9 p.i. (A-F) FACS analysis of the small intestinal intraepithelial 
lymphocyte (IEL) or lamina propria lymphocyte (LPL) compartments was done on day 9 p.i. (A-
B) Frequencies and numbers (A), PD1 mean fluorescence intensity (MFI) (B) of I-AbGP67-77+ CD4 
T cells. (C-E) Cytokine production upon ex vivo PMA/Ionomycin (C-D) or GP67-77 peptide (E) 
stimulation of LPL cells. (F) In vivo intestinal permeability to 4 kDa FITC-dextran. (G) Numbers 
of I-AbGP67-77+ in indicated organs. (A-G) Averages ± S.E.M. are shown. Data are pooled of two 
(A,B), pooled of three (F,G) or representative (C-E) of two independent experimental repeats with 
n=3-5 mice/group. Although a tendency was consistently observed in all independent experiments, 
statistical significance was reached in 1 out of 2 experiments in A (right) and E (left, white v.s. 
pink squares). Statistical significance between Cl13+IgG2a and Cl13+aCD4 was only reached in 
1 out of 3 experiments (F). Two-tailed t-test (A,B,C), Mann-Whitney test (G) and Kruskal-Wallis 
test with Dunn’s multiple comparisons’ correction (E-G). *p-val<0.05, **p-val<0.01, ***p-
val<0.001, ****p-val<0.0001.
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1.3.6 IFN-I 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 (101-103). To investigate whether the induction of intestinal leakage was 

coupled with microbiome shifts after Cl13 infection, we performed two independent experiments 

where we treated 10 mice per group with isotype or anti-IFNAR-1 Ab followed by 16S rRNA 

amplicon (Fig. 1-10) or shotgun metagenomic (Fig. 1-11) sequencing, of DNA obtained from 

colonic and caecal contents on day 9 p.i. Sampling of caecal and colonic contents was chosen over 

stool pellets, as it allows detection of taxa abundant inside the large intestine, which may not 

necessarily be eliminated in stools (104). As shown in Fig. 1-10A and Fig. 1-11A, we observed no 

significant differences in intra-individual alpha-diversity between isotype-treated and anti-

IFNAR1-treated Cl13-infected mice, as determined by the Shannon diversity index, which 

combines richness and evenness (105). We next assessed intra-group taxonomic diversity via 

phylogenetic and non-phylogenetic beta-diversity computation followed by principal coordinates 

analysis (PCoA). Phylogenetic and non-phylogenetic 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. 1-10B). This difference was, however, not confirmed by a non-

phylogenetic shotgun metagenomics analysis of an independent cohort of mice from the same 

vendor (Fig. 1-11B&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- vs. anti-IFNAR-1-treated Cl13-infected mice in both cohorts, 

despite the biological and technical differences in these analyses (Fig. 1-10C-E and Fig. 1-11D-
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F). Taken together, these data demonstrated that IFN-I-dependent intestinal leakage did not 

associate with large-scale microbiome shifts early after Cl13 infection.  

We next performed Songbird multinomial regression analysis (106) to identify specific 

taxa perturbed by IFNAR-1 blockade. Among the taxa with cut-off ranks at 0.5 and -0.5, which 

indicate a moderate to high degree of perturbation, we found that IFN-I signaling decreased the 

relative abundance of Roseburia (rank 1.14) (Fig. 1-10F and Dataset S1-10) and one of its species 

(i.e. Roseburia hominis, rank 0.54) (Fig. 1-11G and Dataset S1-10). Conversely, IFN-I signaling 

promoted the overrepresentation of Erysipelatoclostridium (rank -1.79) (Fig. 1-10F and Dataset 

S11) and one of its species (i.e. Clostridium cocleatum, rank -1.60) (Fig. 1-11G and Dataset S1-

10).  

Overall, these data demonstrated that IFN-I signaling drove overrepresentation of 

Erysipelatoclostridium commensals as well as reductions in Roseburia after chronic viral 

infection. Although these data do not demonstrate a causal relationship between intestinal barrier 

leakage and microbiome composition, they do increase our understanding of the role of IFN-I in 

modulating the composition of the intestinal microbiome after chronic viral infection and provide 

an association between the induction of intestinal leakage and specific taxa perturbations.
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Figure 1-10. IFN-I signaling promotes overrepresentation of Erysipelatoclostridium and 
reduces Roseburia 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 (aIFNAR) 
intraperitoneally (i.p.) and sacrificed at day 9 p.i. 16S rRNA gene amplicon sequencing was 
performed on colonic and caecal 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,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 (MR) analysis of genera in 
IgG1-treated vs. aIFNAR-treated Cl13-infected mice. X-axes correspond to individual taxa. Taxa 
highlighted in red were consistently perturbed, in the same direction and with rank cut-offs of -0.5 
and 0.5, after shotgun metagenomics analysis of an independent cohort of mice. (A-F). Data are 
representative of one independent repeat by 16S rRNA amplicon sequencing, with n=9-10 
mice/group. (A,C-E) Averages ± min/max (A) or ± S.E.M. (C-E). (B) Significance was computed 
with PERMANOVA (999 permutations).
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Figure 1-11. IFN-I 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 
(aIFNAR) intraperitoneally (i.p.) and shotgun metagenomic sequencing was performed on colonic 
and caecal contents on day 9 p.i. (A) Alpha diversity by the Shannon diversity index. (B-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,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 (MR) analysis of species in IgG1-
treated vs. aIFNAR-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 cut-
offs of -0.5 and 0.5, after 16S shotgun metagenomics analysis of an independent cohort of mice. 
Data are representative of one independent repeat by shotgun metagenomics with n=9-10 
mice/group. (A,D-F) Averages ± min/max (A) or ± S.E.M. (D-F). (B-C) Significance was 
computed with PERMANOVA (999 permutations).
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1.3.7 LCMV Cl13 infection enhances susceptibility to colitis induced by chemical or 

secondary pathogen insults 

Barrier dysfunction precedes disease relapses in humans afflicted by Crohn’s disease (107-

109) and, in mouse models of immune-, chemically- and bacterially-induced colitis, increased 

solute flux consistent with the leak pathway promotes host morbidity (61, 110, 111). In addition, 

overrepresentation of Erysipelatoclostridium commensals and reductions in Roseburia spp. are 

associated with human IBD (112-114) and with the induction of intestinal leakage after Cl13 

infection (Fig. 1-6). 

To test the effects of chronic viral infection on host tolerance to chemically-induced colitis 

we performed a 10-day course of treatment with 2% dextran sulfate sodium (DSS) (115) between 

days 21 and 31 p.i. with Cl13, ARM and in uninfected mice. As expected with the low dose of 

DSS used (116), we did not observe any perceptible effects on the body weight of uninfected and 

ARM-infected treated mice compared to untreated controls (Fig. 1-12A). In contrast, Cl13-

infected mice suffered reductions in body weight of 7% on average after 10 days of treatment, 

which was significantly lower from that of ARM-infected and uninfected treated mice (Fig. 1-

12A), 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 tolerance to bacterially-induced 

colitis with the rodent-borne enteropathogen Citrobacter rodentium (117). As expected, C. 

rodentium challenge caused mild weight loss and no effect in survival in the absence of LCMV 

co-infection (118) and similar effects were observed 10 days after C. rodentium was inoculated in 

mice previously infected with ARM (ARM+C.rod) (Fig. 1-12B). In contrast, we detected profound 
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body weight loss (up to 20% of initial weight) that preceded 100% mortality when C. rodentium 

was inoculated into Cl13-infected mice (Fig. 1-12B-C). 

In summary, we found that viral persistence rendered Cl13-infected mice more susceptible 

to intestine-specific stressors, such as colitis induced by chemicals and 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 1-12. LCMV Cl13 infection enhances susceptibility to colitis induced by chemical or 
secondary pathogen insults. C57BL/6 mice were infected with LCMV Cl13, ARM or left 
uninfected. At days 21 or 30 p.i. mice were treated with 2% w/v DSS for 10 consecutive days (A) 
or intraorally infected with 3.5x109 colony-forming units (c.f.u.) of C. rodentium (+C.rod), or left 
untreated (untx) (B-C). Percentage of initial body weight (A-B) and survival curves (C) are shown. 
Averages (C) or averages ± S.E.M. are shown (A,B). Data are (A) pooled from two and (B-C) 
representative of two 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 vs. Un+C.rod at every time-point 
p.i. (C) Log-rank Mantel-Cox survival test. *p-val<0.05, **p-val<0.01, ***p-val<0.001, ****p-
val<0.0001.
1.4 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 continuously 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 alteration associated 
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with IFN-I-mediated downregulation of genes encoding tight junction related proteins in IEC. IFN-

I signaling also promoted cell cycle, glycolytic metabolism and inflammation-associated 

transcriptional pathways on IEC, including increased expression of CXCR3+-effector-T-cell 

chemoattractants (i.e. Cxcl9 and Cxcl10) in chronically infected mice. Importantly, IFN-I receptor 

blockade restricted CD8 T cell accumulation, effector functions and the abundance of TCF-1lo vs 

TCFhi CD8 T cell subsets within the small intestine, and both IFN-I signaling blockade and CD8 

T cell depletion prevented intestinal leakage after chronic infection. IFN-I 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 

chemical and bacterially induced colitis in the chronic infection setting.  

Our study demonstrated that systemic inoculation with persistent, but not acute, LCMV 

isolates 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 macrophages, but 

not T cells or B cells, are targeted by LCMV in intestinal mucosa as these cells are productively 

infected by Arenaviruses in other tissues (119-122). On the other hand, the most likely targets 

among mesenchymal cells may include vimentin-expressing fibroblasts, myofibroblasts, pericytes 

and stromal stem cells (123, 124). Intriguingly, while LCMV and other Old World Arenaviruses 

productively infect human intestinal epithelial cell lines in vitro (125), 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 discrepancies between in vitro and in vivo LCMV 

infection and suggest that infection of intestinal epithelial cell lines may not necessarily reflect 

Arenavirus tropism in vivo.  
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As mentioned in the introduction, there are three described routes of solute transport across 

the intestinal epithelium; the pore, the leak and the unrestricted pathways (58). 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 pathway, for instance, accelerated bacterial clearance (77), while 

flux via the MLCK-dependent leak pathway exacerbated disease (111) after Citrobacter 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 kDa) 

molecules, which is consistent with alteration of the leak pathway. We did not, however, detect 

increased leakage of bigger molecules (~40 kDa) 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 intestinal leak transport pathway in the context of persistent inflammation. It is important 

to note that, although the intestinal transport route that leads to increased microbial product 

translocation during other chronic infections has not yet been defined, previous studies 

documented the presence of enterobacterial DNA and bacterial lipopolysaccharide (LPS) in 

plasma from HIV-infected humans and SIV-infected rhesus macaques (69, 126). 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 Plasmodium 

falciparum (66).  

By performing transcriptomic analysis of IEC from acutely vs. chronically infected mice, 

we found that the aforementioned intestinal leakage associated with down-regulation of genes 
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encoding for tight junction related proteins. Among them, PATJ has been involved in the formation 

and polar distribution of tight junction complexes (127) while claudin-23 expression is 

significantly reduced in tumors vs. healthy intestines during colorectal cancer (128), whereby 

increased tight junction-dependent permeability associates with development of this disease (129). 

Claudin-3, on the other hand, is recruited to the tight junction (130) and its increased expression 

is associated with intestinal barrier maturation in neonate mice (131), while claudin-8 can limit 

Na+ flux in kidney cell lines (132). Overall, down-regulation of genes encoding for PATJ, claudin-

3 and claudin-23, which are involved in tight junction modulation (127-131), were consistent with 

alteration of the leak pathway after chronic LCMV infection. On the other hand, decreased claudin-

8 transcript levels in IEC from chronically vs. acutely infected mice suggested that the pore 

pathway might also be altered after chronic LCMV infection.  

Our study further identified an IFN-I transcriptional signature in IEC from chronically vs. 

acutely infected mice. Indeed, we found that signaling through IFNAR accounted for 34% of 

altered pathways and 37% of DEG in IEC from LCMV Cl13- vs. ARM-infected mice. IFN-I 

signaling not only down-regulated the aforementioned genes encoding for claudin-8 and claudin-

23 but also inhibited a xenobiotic-related transcriptional signature. Interestingly, engagement of 

the xenobiotic receptor PXR prevented increase in intestinal permeability under homeostatic 

conditions (133). IFN-I signaling also promoted expression of cell cycle-related genes, consistent 

with enhanced IFN-I-mediated IEC proliferation previously reported during latent murine 

cytomegalovirus infection (134), and glycolysis-related metabolic signatures, which are 

characteristic of proliferating cells (135).  

Importantly, we demonstrated that IFN-I signaling was essential for increasing intestinal 

permeability after chronic LCMV infection. In the same line, an association between IFN-I 
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signaling and barrier dysfunction has been previously established in chronic infections caused by 

HIV in humans and SIV in rhesus macaques (67, 68). In addition, SIV-infection of sooty 

mangabeys, a natural viral reservoir, does not induce a sustained IFN-I signature nor increases 

microbial product translocation into the systemic circulation (69, 70, 136, 137). These association 

studies led to the proposal that increased intestinal permeability allows translocation of microbial 

products, which in turn causes downstream IFN-I signaling and immune activation (69, 70). While 

our transcriptome data are consistent with the previously reported association between IFN-I and 

increased intestinal permeability during chronic viral infection, our IFN-I blocking experiments 

compellingly demonstrated that IFN-I can be a cause, and not necessarily a consequence, of 

intestinal leakage. On the other hand, IFN-I signaling was shown to preserve intestinal integrity 

during chemically-induced colitis (97, 138) and to accelerate wound healing via increasing IEC 

proliferation during latent viral infection (134). It is therefore conceivable that IFN-I may exert 

dual roles on the intestinal 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 demonstrate that IEC-intrinsic IFN-I signaling is required 

for the induction of intestinal leakage after chronic viral infection, and it is therefore possible that 

IFN-I may act indirectly, via other cell types, to increase intestinal permeability. Interestingly, a 

SNP predicted to be in the IFNAR1 gene was recently associated with humans afflicted by Crohn’s 

disease (139), further supporting potential unappreciated roles for IFN-I in modulating intestinal 

barrier dysfunction. 

We also demonstrated that IFN-I signaling promoted IEC expression of Cxcl9 and Cxcl10 

whose products can contribute to the recruitment of CXCR3-expressing T cells to the intestine 
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(71). Consistently, IFN-I receptor blockade in chronically infected mice limited accumulation, 

effector features and the abundance of TCF-1low populations of virus-specific CD8 T cells in the 

small intestines. This is in line with previous studies indicating that IFN-I signaling promotes 

clonal expansion and survival of CD8 T cells in secondary lymphoid organs, liver, brain and lung 

(140) as well as their IFNg production (90, 141) and is consistent with its role in repressing the 

generation of TCF-1hi virus-specific CD8 T cells (39) in the spleen. On the other hand, we observed 

that IFN-I limited (rather than promoting) accumulation of virus-specific-CD4 T cells in small 

intestines from chronically infected mice, which is consistent with the IFN-I inhibition of splenic 

CD4 T cell accumulation that was previously reported (89, 90).  

Importantly, we also demonstrated that CD8 (but not CD4) T cell responses were essential 

to enhance intestinal leakiness after chronic LCMV infection. This is consistent with increased 

CD8 T cells observed in the intestinal mucosa of SIV-infected rhesus macaques (142, 143) and 

HIV-infected individuals (144, 145) as well as a positive correlation of perforin-expressing CD8 

T cells with microbial translocation that was reported in acutely-HIV infected individuals (146). 

Causal evidence linking CD8 T cells and enhanced intestinal permeability, 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 (67, 68). 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 suggest that CD8 T cells act 
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downstream of IFN-I signaling and uncoupled to viral loads to induce intestinal leakage after 

chronic infection. 

Furthermore, we uncovered a causal role for IFN-I in oppositely modulating the abundance 

of two intestinal Firmicute taxa (i.e. Erysipelatoclostridium and Roseburia) after chronic LCMV 

infection. Importantly, while the intestinal microbiome as a whole provides tonic IFN-I signals to 

innate immune cells and allows timely control of a chronic virus (147), a bi-directional relationship 

between IFN-I and microbiome composition had not been previously demonstrated in this context. 

Our rigorous analysis also provides a valuable resource that could guide future studies on the 

microbiome-immune system crosstalk during chronic viral infection.  

Last but not least, our data indicated that chronic LCMV infection 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 (61, 110, 111) and that barrier dysfunction preceded 

disease relapses in humans afflicted by Crohn’s disease (107-109). Besides barrier dysfunction, 

factors such as diet, gut microbiome composition or pre-existing immune deficiencies can also 

confer susceptibility to experimental colitis (116, 148, 149). Along the same line, we found that 

the induction of intestinal leakage associated with increased abundance of Erysipelatoclostridium 

commensals and underrepresentation of Roseburia spp. in the intestinal microbiome, both of which 

are linked to IBD (112-114). Thus, while our data suggest a potential role for the enhanced 

intestinal leakage as a pro-morbidity 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.  
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Overall, our findings propose a previously unrecognized causal role for IFN-I signaling in 

driving intestinal barrier leakage during chronic viral infection, which could be explained by tight 

junction dysregulation and enhanced intestinal CD8 T cell responses. 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 perturbations and susceptibility to colitis during chronic viral infection. 

These new mechanistic insights on intestinal barrier regulation might have implications for other 

chronic infections (66-68), inflammatory diseases (150) and/or certain cancers (151-153), where 

intestinal leakage has been reported.
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1.7 Materials and methods 

Mice, infections and antibody treatments 

Six to ten-week-old female C57BL/6 mice were purchased from The Jackson Laboratory 

and housed under specific-pathogen-free conditions. Mice were infected intravenously (i.v.) with 

2x106 plaque forming units (PFU) of LCMV ARM or Cl13. Viral stocks were grown, identified 

and quantified as reported previously (14). Viral loads were determined by standard plaque assay  

of serum or tissue homogenates (14). For CD8 and CD4 T cell depletion studies, mice were 

intraperitoneally (i.p.) injected with anti-CD8α (53-6.72, BioXcell), anti-CD4 (GK1.5, BioXcell) 

or IgG2a (2A3, BioXcell) antibodies on day -2, -1, and 5 p.i. (250 µg/mouse) as well as on the day 

of infection (200 µg/mouse). For IFNAR in vivo blockade, mice were i.p. injected with IFNAR 

neutralizing antibody (MAR1-5A3; BioXCell) or mouse IgG1 isotype control (MOPC-21; 

BioXcell) on days -1 and 0 p.i. (500 µg/mouse) as well as on days 2, 4 and 6 p.i. (250 µg/mouse) 

with Cl13 (89, 90). Uninfected control mice were treated alongside. 

For secondary infection experiments, Citrobacter rodentium DBS100 obtained from Dr. 

Lifan Lu’s laboratory (UCSD) was streaked out from a frozen stock on a Luria Broth (LB, Sigma) 

plate supplemented with nalidixic acid (Nal; 50µg/ml, Sigma) and incubated at 370C overnight 

(118). An individual colony was then inoculated into liquid LB+Nal media and grown overnight. 

Mice were infected with 4x109 colony-forming units (CFU) intraorally (i.o.) (118).  

For chemically induced colitis experiments, we supplemented mouse drinking water with 2% w/v 

dextran sulfate sodium (DSS, MP Biochemicals) and treated mice for 10 consecutive days.  

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 
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requirements of the National Institutes of Health and the Institutional Animal Care and Use 

Guidelines of UCSD. 

 

Histopathological analysis and immunofluorescence 

For histopathological analysis, mice were sacrificed, tissues were harvested and placed in 

10% formalin solution within 5min. Tissues remained in fixing solution for 24h, after which they 

were washed twice with deionized water and later placed in 70% ethanol. Tissue Technology 

Shared Resource at UCSD performed downstream paraffin embedding, sectioning, 

hematoxylin/eosin staining and histopathological evaluation of intestinal tissues.  

For immunofluorescence analysis, mice were individually sacrificed and their intestines 

placed in optimal cutting temperature compound (OCT, Akura) within 5min. 10µm sections were 

cut, fixed in 4% paraformaldehyde for 10min, washed 3 times in 1x Phosphate Buffered Saline 

(PBS, Fischer), blocked for 1h in gelatin buffer (3% normal donkey serum, 40mg/ml BSA, 0.1% 

fishscale gelatin, 0.05% Tween20, 0.1% Triton-X-100 in PBS1x) plus Fc block and stained with 

primary Ab overnight in gelatin buffer. After 3 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 antibodies used: EpCAM-APC (clone G8.8, Thermo Fisher Scientific), 

CD45.2-FITC (clone 104, Biolegend), rabbit anti-Vimentin (clone D21H3, CST), guinea pig anti-

LCMV polyclonal Ab (27). Secondary antibodies: goat anti-guinea pig-Rhodamine Red-X Fab 

(polyclonal AB_2632433, Jackson ImmunoResearch), AffiniPure F(ab’)2 fragment goat anti-

rabbit-APC (polyclonal AB_2337987, Jackson ImmunoResearch). 

 

In vivo intestinal permeability assay 
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Mice were water-deprived for 4h, followed by intraoral inoculation with Fluorescein 

isothiocyanate conjugated dextran 4 kDa (FD4, Sigma) or 40 kDa (FD40, Sigma) at 44mg/100g 

of body weight (75). 4h after, mice were bled, serum collected and stored at -80 oC for future 

quantification. Fluorescence at 488nm 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 ml 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 oC in 1mg/ml collagenase D (Roche) 

and mashed through a 100 μm filter. Cells were then centrifuged at 1500 rpm at 40C for 5 min. 

Red blood cells (RBC) were lysed by incubating pellets in 1ml of RBC-lysis buffer (150mM 

NH4Cl, 10mM KHCO3, 0.1mM Na2EDTA in deionized water, at pH 7.4) for 4 min at room 

temperature (RT). After RBC lysis, 10ml of FACS buffer (PBS1x + 3%FBS) were added followed 

by centrifugation as stated above. Pellets were resuspended in 5ml of complete Roswell Park 

Memorial Institute (RPMI, Gibco), which consisted of RPMI supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS, Atlanta Biologicals) , 2% Penicillin/Streptavidin (P/S, 

BioWhittaker), 1 mM Sodium Pyruvate (Na-pyr, Thermo Scientific), 1mM L-Glutamine (L-Gln, 

BioWhittaker), 20 mM HEPES (Thermo Scientific) and 55 mM beta-mercaptoethanol (Life 

Technologies). Absolute leukocyte numbers were determined via FSC/SSC gating in a Guava 

Easycyte automated cell counter (MilliporeSigma, MA).  

Small intestines were harvested, cleaned from adipose tissue, flushed and macroscopically 

visible Peyer’s Patches were excised. To isolate the epithelial layer, intestines were longitudinally 

and transversely cut into 1-2 cm pieces, placed in Pyrex conical flask containing a stirring magnet 
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and 30 mL of ‘IEL buffer’, and stirred on a stirring plate (Scilogex) set at 37 oC for a total of 15 

min. IEL buffer consisted of 1xPBS supplemented with 3% FBS, 2% P/S, 1mM Na-pyr, 20 mM 

HEPES and 10 mM Ethylenediaminetriacetic Acid (EDTA, Thermo Fisher Scientific). Soluble 

fraction was then collected, diluted in RPMI supplemented with 3% FBS and pelleted by 

centrifugation at 1500 rpm for 5min at 40C. Afterwards, to obtain lamina propria (LP), tissue pieces 

were minced and stirred at 37 oC for 30min in 15 ml of ‘LPL enzyme media’ consisting of RPMI, 

supplemented with 3% FBS, 2% P/S, 1mM Na-pyr, 20mM HEPES, 0.4mg/ml Collagenase D 

(Roche) and DNAse I 10μg/ml (Roche). Suspension was then filtered through a 100 μm strainer 

and pelleted by brief centrifugation 1500 rpm for 5 min at 40C. Finally, epithelial or LP pellets 

were resuspended in 5 ml of ‘44% Percoll solution’ and 2.5 ml of ‘67% Percoll solution’ were 

added underneath with a Pasteur pipette. Tubes were then spun down at 2000 rpm  (with no brake 

set) at RT 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 IEL or LPL were collected after centrifugation, 

resuspended in 1ml of complete RPMI and leukocyte counts were determined with a Guava 

Easycyte (MilliporeSigma, MA) as indicated above. 

  

Quantitative PCR 

For quantification of transcripts in the small intestine: tissues were collected from 

sacrificed mice, snap frozen and stored at -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 M-MLV RT (Promega). The 
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expression of various genes was quantified using Fast SYBR Green Master Mix (Thermo Fisher 

Scientific) or TaqMan Fast Universal PCR Master Mix with probe sets from the Universal Probe 

Library (Roche) in technical triplicates, followed 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 qRT-PCR analysis of murine genes represent biological 

replicates of individual mice. SYBR Green Q-PCR primer sequences are the following: LCMV 

nucleoprotein F 5′-GCATTGTCTGGCTGTAGCTTA-3′, R 5′-CAATGACGTTGTACAAGCGC-

3′; LCMV glycoprotein F 5’- CATTCACCTGGACTTTGTCAGACTC-3′ R 5′-

GCAACTGCTGTGTTCCCGAAA-3′; Actb F 5’-AGGGAAATCGTGCGTGACAT-3’, R 5’-

GAACCGCTCGTTGCCAATAG-3’. Taqman Q-PCR primer sequences are the following:  Ifnb 

F 5’-CTGGCTTCCATCATGAACAA-3’, R 5’- AGAGGGGGTGGTGGAGAA-3’; Probe#18. 

Gapdh F 5’- TCCCACTCTTCCACCTTCGA, R 5’- AGTTGGGATAGGGCCTCTCTT-3’, 

Probe#9.   

 

Flow cytometry 

Cells were stained at a maximal concentration of 2x108 cells/ml in FACS buffer or as 

indicated below. For surface staining of splenocytes, IEL and LP cells were first stained with a 

fixable viability dye (Ghost dye, Tonbo) in 1xPBS for 10 min at 4 oC followed by staining with 

MHC-I tetramer H2-Db/GP33–41-BV421 provided by NIH Tetramer Core Facility (Atlanta, GA) in 

FACS buffer for 1h at RT followed by staining for 20min at 4oC with remaining surface antibodies. 

Alternatively, cells already stained with the viability dye were stained with MHC-II tetramer I-

Ab/GP67-77-APC provided by NIH Tetramer Core Facility (Atlanta, GA) in FACS buffer for 2h at 

370C followed by staining for 20min at 4oC with antibodies against cell surface markers. For 



 

49 
 

intracellular staining after ex vivo peptide restimulation, cells were fixed in 1% paraformaldehyde 

(PFA) for 10min at RT and stained with antibodies in 1x perm/wash buffer (Thermo Scientific) 

for 30 min at 4 oC. Alternatively, for intranuclear staining, cells were fixed with the Foxp3 

Transcription Factor Staining Buffer Set Kit (Thermo Scientific) per vendor’s recommendation 

and stained with antibodies in 1x perm/wash buffer  for 1h at RT. Antibodies used in this study 

were purchased from Thermo Fisher Scientific (Waltham, MA), BD Biosciences or Biolegend 

(San Diego, CA): CD8a BV786 or APC efluor 780 (53-6.7), CD4 BV650 or BV711 (RM4-5), PD-

1 BV650 (29F.1A12), IFNγ APC (XMG1.2), TNFα FITC (MP6-XT22), IL-2 PE (JES6-5H4), 

KLRG1 PeCy7 or PE-TR (2F1), TIM3 PeCy7 (RMT3-23). Anti-TCF-1 (C63D9) conjugated with 

Alexa Fluor 647 or Alexa Fluor 488 was purchased from Cell Signaling Technologies (Danvers, 

MA). Cells were acquired using a Digital LSR II flow cytometer (Becton Dickinson, San Jose, 

CA) or a ZE5 Cell Analyzer (Bio-Rad, Hercules, CA). Flow cytometric data were analyzed with 

FlowJo software v9.9.6 and v10.  

  

Ex vivo T cell stimulation 

Small intestinal lamina propria lymphocytes were cultured at 2.5x106 cells/ml in round-

bottom 96-well plates for 5h in complete RPMI supplemented with Brefeldin A (1 �g/ml, Sigma), 

phorbol myristate acetate (PMA) (50 ng/ml, Sigma) combined with Ionomycin (1 μg/ml, Sigma), 

or with 1 μg/mL of the MHC class-I-restricted LCMV NP396–404, GP33–41, GP276-286 and 10 μg/ml 

of the MHC class-II-restricted peptide GP67-77 (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% PFA, permeabilized and stained with the aforementioned 

antibodies against IFNγ, TNFα and IL-2 in 1x perm/wash buffer for 30 min at 40C. Unstimulated 
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controls in which cells were cultured without peptide or PMA/Ionomycin were performed 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 re-suspended and digested by 

stirring in 10ml of IEC enzyme media, which consisted of RPMI supplemented with 5% FBS, 1% 

P/S, 0.4 mg/ml Collagenase D (Roche), 0.3 U/ml Dispase (Roche) and 10 µg/ml DNaseI (Roche), 

for 20min at 37 oC. Suspension was filtered through a 100µm strainer and spun down at 1500 rpm 

for 5 min at 40C.  Three mice per group were pooled and stained with antibodies 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 III (BD). 50,000 cells were 

sorted, washed with PBS1x, re-suspended in RLT (Qiagen) + beta-mercaptoethanol (10 �l/ml, 

Life Technologies) and stored at -80 oC. The following day, RNA was extracted with RNAeasy 

Micro Kit (Qiagen) by following the manufacturer’s protocol and re-suspended in molecular grade 

distilled H2O and stored at -80C until library preparation. 

  

mRNA library preparation and RNA sequencing 

Total RNA was extracted from 50,000 IEC 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.   
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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 Spliced Transcripts Alignment to a Reference (STAR) (154) to align RNA-

seq reads to the mouse genome with the following parameters: mm10, GRCm38, 75bp 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-seq alignments 

into potential transcripts and to obtain gene abundance estimation files, we used StringTie (155) 

with mouse .gtf file (https://www.gencodegenes.org/mouse/) as reference to guide assembly. 

Default parameters were used with Minimum isoform fraction: 0.15, Minimum anchor length for 

junctions:10, Minimum junction coverage: 1, Minimum bundle reads per bp coverage to consider 

for assembly: 2, Gap between read mappings triggering a new bundle: 50, Fraction of bundle 

allowed to be covered by multi-hit reads: 0.95, trimming of predicted transcripts based on 

coverage: disabled, multi-mapping correction: disabled. Next, differentially expressed features 

were determined by DESeq2 (156). We defined differentially expressed genes (DEG) by false 

discovery rate (FDR)-adjusted p.value<0.05 and fold-change ≥2 throughout the manuscript. Gene 

Set Enrichment Analysis (GSEA) was performed through the software version 4.0.3 (76). We 

defined differentially enriched pathways with p.value<0.05 and FDR<0.25 cut-offs. 

 

DNA extraction for 16S rRNA V4 amplicon sequencing and shotgun metagenomic sequencing 
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We followed the protocol described in (157). Briefly, to extract DNA from colonic and 

caecal contents, frozen samples were thawed and transferred into 96-well plates containing garnet 

beads. DNA was extracted using Qiagen PowerSoil DNA kit adapted for magnetic bead 

purification and eluted in 100 µL of Qiagen elution buffer. DNA quantification was performed via 

Quant-iT PicoGreen Assay (Invitrogen).  

 

Library generation and sequencing 

Sequencing was done following standard protocols from the Earth Microbiome Project 

(158, 159). 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 Illumina MiSeq or HiSeq 

(La Jolla, CA).  

 

16S rRNA gene amplicon data analysis  

All 16S rRNA gene amplicon data are publicly available on Qiita (https://qiita.ucsd.edu/) 

(160) under study ID 11043. Processing of our 16S rRNA raw data involved splitting of FASTQ 

libraries, demultiplexing, trimming of sequences to 150bp of length (161) followed by deblur 1.1.0 

(162) with Qiita default parameters as follows: indel probability of 0.01, mean per nucleotide error 

rate of 0.005, minimum per-sample read threshold of 2, Greengenes_13.8 as reference phylogeny 

for SEPP and 1 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 

alpha-rarefaction curves (163). To assign taxonomy, we used the pre-fitted sklearn-based 

taxonomy classifier (‘classify_sklearn’) with the Green Genes classifier (gg-13-8-99-515-806-nb-
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classifier) (164, 165). Beta-diversity was computed with the ‘beta_phylogenetic’ module using 

Unweighted UniFrac. This was followed by principal coordinate analysis (‘pcoa’ module) and 

significance was calculated for ‘infection’ with the ‘beta_group_significance’ module using 

PERMANOVA test with 999 permutations. Alpha diversity was computed using the ‘alpha’ 

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 (106) with default 

parameters (epochs of 10000, differential prior of 0.5) (https://github.com/biocore/songbird). We 

applied cut-off rank values of 0.5 and -0.5 to focus our analysis on moderately to highly perturbed 

genera. Validation of the model was performed for all analyses with tensor board. 

  

Shotgun metagenomic data analysis 

All shotgun metagenomic data are publicly available on Qiita (https://qiita.ucsd.edu/) (160) 

under study ID 11043. To pre-process these data we performed adapter trimming with Atropos 

v1.1.15 (166), followed by quality control filtering (QC_Filter) to bowtie2/Mus_musculus, 

followed by genome alignment of adapter-trimmed files with bowtie2 (with Rep94 database) (167) 

by running SHOGUN 0.1.5.(168) via Qiita (160). A table in .biom format with taxonomic 

predictions at the species level was then rarefied to a depth of 200,000 or 450,000 counts. Alpha-

diversity was computed using the Shannon Diversity Index, as above, while beta-diversity was 

computed with the ‘beta’ 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 
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used Songbird multinomial regression analysis (106) with parameters described above for 16S 

rRNA gene amplicon data analysis.   

Statistical analysis 

Unpaired two-tailed t-Student test was used to compare two groups. If variances were not 

equal by F-test, data were tested using the non-parametric 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, non-parametric 

Kruskal-Wallis test with Dunn’s multiple comparison correction. Statistical tests were performed 

using GraphPad Prism v8. 
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Chapter 2: CD8 T cells drive anorexia, dysbiosis and blooms of a commensal with 

immunosuppressive potential after viral infection 

 

2.1 Summary 

Infections elicit immune adaptations to enable pathogen resistance and/or tolerance and are 

associated with compositional shifts of the intestinal microbiome. However, a comprehensive 

understanding of how infections with pathogens that exhibit distinct capability to spread and/or 

persist differentially change the microbiome, the underlying mechanisms and the relative 

contribution of individual commensal species to immune cell adaptations is still lacking. Here, we 

discovered that mouse infection with a fast-spreading and persistent (but not a slow-spreading 

acute) isolate of lymphocytic choriomeningitis virus induced large-scale microbiome shifts 

characterized by increased Verrucomicrobia and reduced Firmicute/Bacteroidetes ratio. 

Remarkably, the most profound microbiome changes occurred transiently after infection with the 

fast-spreading persistent isolate, were uncoupled from sustained viral loads and were instead 

largely caused by CD8 T cell responses and/or CD8-T-cell-induced anorexia. Among the taxa 

enriched by infection with the fast-spreading virus, Akkermansia muciniphila, broadly regarded as 

a beneficial commensal, bloomed upon starvation and in a CD8-T-cell-dependent manner. 

Strikingly, oral administration of Akkermansia muciniphila suppressed selected effector features 

of CD8 T cells in the context of both infections. Our findings define unique microbiome 

differences after chronic versus acute viral infections and identify CD8 T cell responses and 

downstream anorexia as driver mechanisms of microbial dysbiosis after infection with a fast-

spreading virus. Our data also highlight potential context-dependent effects of probiotics and 

suggest a model in which changes in host behavior and downstream microbiome dysbiosis may 



 

56 
 

constitute a previously unrecognized negative feedback loop that contributes to CD8 T cell 

adaptations after infections with fast-spreading and/or persistent pathogens.  
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 2.2 Introduction 

Adaptability, the capacity to adjust or adapt to improve fitness in the face of environmental 

changes is a trait shared among all forms of life (169). Such adaptations occur at the single cell, 

organismal and population levels and involve mechanisms with different time requirements to be 

implemented and exhibiting distinct degree of reversibility (169). Mammalian hosts and their 

immune systems often adapt to the presence of pathogens and engage different coping mechanisms 

depending on their virulence (170). In this regard, infections with fast-spreading and/or persistent 

pathogens elicit potent inflammatory responses that contribute to pathogen control, but can also 

undermine host survival, if unrestrained (1, 6, 170-172). Immune adaptations that attenuate the 

magnitude or amplitude of anti-pathogen responses are therefore necessary to allow pathogen 

clearance during acute infections, and/or partial pathogen control during chronic infections, while 

avoiding host death due to excessive immunopathology. Such adaptations encompass the innate 

and adaptive immune system, involve multiple layers of cell-intrinsic transcriptional, epigenetic, 

post-transcriptional and metabolic regulation, and are triggered in response to environmental 

changes (e.g. abundant pathogen associated molecular patterns and antigens, an inflammatory 

milieu, and altered nutrient and oxygen levels) (6, 19). Among the most studied adaptations that 

attenuate immune responses, CD8 T cell exhaustion, a unique cellular state characterized by 

diminished effector functions and expression of inhibitory receptors, is highly conserved not only 

among persistent infections in mice and humans, but also in tumor settings (19).  

More recently, it has become evident that the character and strength of immune responses 

can be regulated by the microbiome (173). In particular for chronic pathogens, the intestinal 

microbiome has been shown to regulate host resistance to infections caused by persistent LCMV 

(147), Plasmodium yoelii (174) and Mycobacterium tuberculosis (175, 176). It has also been 
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shown that persistent pathogens such as HIV (177), Hepatitis C virus (HCV) (178) and Hepatitis 

B virus (HBV) (179) in humans as well as Simian Immunodeficiency Virus (SIV) (180) in 

macaques and Plasmodium species (181, 182) in mice induce significant changes in the intestinal 

microbiome composition or dysbiosis. On the other hand, acute infections caused by respiratory 

viruses (183-185) or enteropathogenic bacteria (186, 187) can also alter the composition of the gut 

microbiome. Notably, some of these studies have drawn a number of correlations between specific 

bacterial taxa and diverse disease parameters (177-179) that suggest important roles for the 

microbiome changes after infections. Studies addressing the mechanisms that dictate dysbiosis 

and/or the functional effects of specific taxa are, however, scarce. 

In the present study, we use the well-established LCMV mouse model system to compare side-by-

side microbiome changes induced at different times after infection with a fast-replicating persistent 

vs. a slow-replicating acute isolate. We found that the most profound microbiome alterations 

occurred after infection with the persistent, but not acute, LCMV isolate and were mostly transient 

(i.e. at day 8 but not at day 20 p.i) despite continuously high viral titers at the latter time-point. 

The microbiome changes unique to the infection with the fast-replicating persistent virus involved 

transiently increased Verrucomicrobia and reduced Firmicute/Bacteroidetes ratio at the phylum 

level as well as overrepresentation of Akkermansia, Bacteroides and Sutterella among other taxa. 

We also detected reductions in Lactobacillus and Turicibacter, the latter of which was maintained 

at day 20 p.i. Intriguingly, CD8 T-cells were responsible for modulating over half of the dysbiotic 

taxa after infection with the fast-replicating persistent LCMV isolate, thus revealing a novel key 

role for CD8 T cells in promoting intestinal dysbiosis. Coincidently, and only early after infection 

with the fast-replicating persistent isolate, CD8 T cells induced a profound anorexic behavior and 

a significant fraction of the taxa uniquely changed after this infection were commonly altered in 
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other fasting conditions. Among these fasting-associated taxa, we validated (at the species level) 

that the commensal Akkermansia muciniphila bloomed after infection with the fast-replicating 

persistent LCMV, and its abundance was remarkably increased by lack of food consumption in 

the absence of infection. We further observed a significant decrease in the levels of A. muciniphila 

in infected mice in which anorexia was reverted via CD8 T cell depletion. These observations 

supported the conclusion that anorexia induction was one of the means via which CD8 T cells 

caused intestinal dysbiosis after infection with persistent, fast-replicating, LCMV. On the other 

hand, experimental enrichment of A. muciniphila after LCMV infection suppressed Granzyme B 

(GrzB) and T-BET expression, and H3K27 trimethylation in distal virus-specific CD8 T cells. 

Together, these data contrast the specific microbiome changes that occur after infection with two 

closely-related viral isolates, uncoupling dysbiosis from sustained viral loads and instead relating 

it to both CD8 T cell responses and downstream anorexia occurring during the early phase of 

infection with a fast-replicating, persistent, virus. In addition, our data support a novel potential 

role for a CD8-T-cell-driven, fasting-associated commensal, A. muciniphila, in regulating CD8 T 

cells and attenuating selected aspects of their effector responses.  
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2.3 Results 

2.3.1 Infection with a fast-spreading persistent LCMV isolate induced profound intestinal 

dysbiosis that was mostly transient and uncoupled from sustained viral loads  

To investigate side-by-side alterations in intestinal microbiome composition after infection 

with a fast-replicating persistent vs. a slow-replicating acute virus, we performed 16S rRNA gene 

amplicon sequencing of caecal and colonic contents from mice infected with two closely-related 

LCMV isolates: Armstrong53b (ARM), which spreads more slowly and is cleared in a week, and 

clone13 (Cl13), which is fast-spreading and capable of persisting in C57BL/6 mice (15, 172). Two 

independent repeats with uninfected, ARM- and Cl13- infected mice (10 mice/group) were 

performed at days 8 and 20 p.i. Sampling of caecal and colonic contents was chosen over stool 

pellets, as it allows detection of taxa abundant inside the large intestine, which may not necessarily 

be eliminated in stools (104, 188). Alpha diversity determined by the Shannon diversity index, 

which combines richness and evenness (105), was selectively decreased upon Cl13 infection at 

day 8, but not at day 20 p.i. (Fig. 2-1A). We next identified specific differences in microbial 

composition by computing beta-diversity using the phylogenetic unweighted UniFrac metric or 

non-phylogenetic Jaccard and Bray-Curtis indexes followed by principal coordinates analysis 

(PCoA). Although ARM-infected and uninfected mice appeared to be significantly distant by 

permutational ANOVA (PERMANOVA) analysis with at least two of the aforementioned metrics 

on day 8 and 20 p.i. (Fig. 2-2A-C), there was no clear separation by any of the three main principal 

coordinates (PC) at the two time points studied (Fig. 2-1B and Fig.2-2D-F). On the other hand, the 

intestinal microbiome from day-8-Cl13-infected mice formed a prominent cluster by PC1 and/or 

2 (Fig. 2-1B left & 2-2E&F left top) which was significantly distant from both uninfected and 

ARM-infected mice (Fig. 2-2A-C). No separation was observed along PC3 (Fig. 2-2D-F left 
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bottom). Remarkably, despite sustained viral loads in circulation and intestinal tissues (16, 72), at 

day 20 p.i. the microbiome of Cl13-infected mice segregated closer (Fig. 2-1B &2-2D-F right), 

albeit still significantly different (Fig. 2-2A-C), to the samples from uninfected or ARM-infected 

mice. Note that in all cases the PCoA clustering was consistent in different cages (Fig. 2-2G) and 

could not be explained by reproducible differences in dispersion (Fig. 2-2A-C, PERMDISP).  

Importantly, when analyzing bacterial phylum composition at day 8 p.i., we detected 

profound reduction of the Firmicutes-to-Bacteroidetes ratio (Fig. 2-1C-D), concomitant with 

increases in the relative abundance of phylum Verrucomicrobia over Firmicutes and Bacteroidetes 

in Cl13-infected vs uninfected mice (Fig. 2-1C&E) that were specific for Cl13-infected mice. In 

contrast, alterations in the Firmicutes-to-Bacteroidetes ratio or phylum-level changes in 

Verrucomicrobia were not detected upon ARM infection (Fig. 2-1C-E) and were not maintained 

at day 20 after Cl13 infection (Fig. 2-1C-E). We next performed multinomial regression (MR) 

analysis with Songbird (106), with cut-offs at rank values of 1 and -1, to identify the most perturbed 

taxa at days 8 and 20 after the different infections. We restricted our analysis to taxa that were 

reproducibly perturbed in both independent experimental repeats. With these rigorous criteria, we 

defined biomarkers for each infection type and time point as taxa that were highly and reproducibly 

perturbed vs. uninfected controls processed in parallel. We identified 8 biomarkers at day 8 after 

Cl13 infection, and 2 different ones at the same time point after ARM infection (Fig. 2-1F and 

Dataset 2-1&2-2). Dysbiosis in day-8-Cl13-infected mice was characterized by reductions in the 

relative abundance of Lactobacillus and Turicibacter as well as enrichment of Bacteroides, 

Sutterella, Akkermansia, and Erysipelatoclostridium (i.e. Clostridium within the 

Erysipelotrichaceae family), among others (Fig. 2-1F and Dataset S2-1). In contrast, ARM 

infection promoted increases of unclassified genera within the Peptostreptococcaceae family, 
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while decreasing genera within the Clostridiaceae family (Fig. 2-1F and Dataset S2-2). By day 20 

p.i., a total of 5 taxa were selectively perturbed by Cl13 infection while no genus was highly 

affected in ARM-infected mice (Fig. 2-1G and Dataset S2-3,2-4). This late dysbiosis in day-20-

Cl13 infected mice included decreased relative abundance of Turicibacter and unclassified genera 

within the Clostridiaceae family concomitant with overrepresentation of unclassified genera 

within the Erysipelotrichaceae and Ruminococcaceae families, and Clostridium (Clostridiaceae 

family) (Fig. 2-1G and Dataset S2-3). Intriguingly, only Turicibacter was persistently altered in 

the same direction during both the early and the chronic phase of Cl13 infection (Fig. 2-1H). It 

should be noted that it is possible that the highly stringent criteria that we have chosen to identify 

the most reliable infection biomarkers have left out taxa that might still be biologically significant, 

such as Roseburia, which was reduced at day 8 and 20 p.i. in one experiment (rank day 8 p.i. -

2.66; rank day 20 p.i. -1.53) (Dataset S2-1&2-3) but could not be validated in the second repeat, 

likely due to very low basal amounts of this taxon in uninfected controls from different cohorts 

(e.g. 0.29% ± 0.25 in cohort 1; 0.07% ± 0.12 in cohort 2). 

 Overall, these data are the first defining specific intestinal microbiome perturbations 

occurring after infection with two closely related viral isolates that exhibit contrasting capability 

to spread and persist, revealing that: i) infection with a fast-spreading persistent virus caused large-

scale microbial dysbiosis that did not occur upon infection with a closely-related slow-spreading 

acute virus, ii) the most dramatic microbiome alterations after chronic infection were uncoupled 

from sustained pathogen loads and, instead, occurred transiently during the early phase of the 

infection, iii) transient microbiome alterations early after infection with the fast-spreading 

persistent virus were characterized by reduced Firmicutes-to-Bacteroidetes ratios (e.g. increased 

Bacteroides as well as reduced Lactobacillus and Turicibacter) and increased Verrucomicrobia 
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(i.e. Akkermansia), and iv) reductions in Turicibacter were sustained during the chronic phase of 

infection. 
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Figure 2-1. LCMV Cl13 infection induced intestinal dysbiosis that was mostly transient, 
uncoupled from viral loads and characterized by reduced Firmicutes-to-Bacteroidetes ratio 
and increased Verrucomicrobia. C57BL/6 mice were infected with LCMV ARM, Cl13 or left 
uninfected (Un) and 16S rRNA gene amplicon sequencing was performed on colonic and caecal 
contents from days 8 and 20 (p.i.). (A) Alpha-diversity by the Shannon diversity index at indicated 
time-points. (B) Beta-diversity PCoA with unweighted Unifrac distance at indicated time-points. 
PC1 was omitted for PCoA from the day 20 p.i. time point as it captured the basal differences of 
the cohorts used in the two experiments, rather than infection type. (C) Frequency of sequences at 
the phylum level at indicated time-points. (D,E) Frequency of phylum Firmicutes divided by 
Bacteroidetes (D) or Verrucomicrobia divided by Firmicutes and Bacteroidetes (E) for each 
individual mouse at indicated time-points. (F&G) Songbird multinomial regression (MR) analysis 
of genera in mice infected with ARM or Cl13 vs. Un on day 8 p.i. (F) or day 20 p.i. (G). Taxa with 
microbial ranks higher than 1 or lower than -1 in two independent repeats are considered highly 
perturbed (i.e. biomarkers). Left: Total number of genera highly perturbed by Cl13 or ARM 
infections. Right: X-axes correspond to individual taxa, taxa highly perturbed are indicated by text 
and colored in red (F) or violet (G) for Cl13 infection and black (F) for ARM infection. (H) Venn 
diagram overlapping biomarkers identified in F&G for day 8 (red) and day 20 (violet) after Cl13 
infection. (A,C,D) Graphs show averages plus min and max (A) or ± standard error of the mean 
(S.E.M.) (C-E). (A-E) Data are represented by pooling n=8-10 mice/group from two independent 
experiments. (F-H) Data are representative of two independent experimental repeats. (A) Pairwise 
Kruskal-Wallis with false discovery rate (FDR) (Benjamini & Hochberg) correction. (D,E) 
Kruskal-Wallis with Dunn’s correction; *p-val<0.05, **<0.01, ****<0.0001.
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Figure 2-2. Intestinal microbiomes of ARM infected and Cl13-infected mice (but not mice 
housed in different cages) formed significantly distant clusters compared to uninfected mice. 
Related to Figure 1. C57BL/6 mice were infected with LCMV ARM, Cl13 or left uninfected (Un) 
and 16S rRNA gene amplicon sequencing was performed on colonic and caecal contents on day 8 
and 20 p.i. (A-C) Beta-diversity with unweighted UniFrac distance (A), Bray-Curtis dissimilarity 
(B) or Jaccard similarity index (C) followed by beta group significance were calculated with 
PERMANOVA (999 permutations) for each experimental repeat (Exp1&Exp2). Differences in 
dispersion were calculated with PERMDISP (999 permutations). Q-values (q-val) were adjusted 
for multiple tests with the false discovery rate (Benjamini & Hochberg) correction. R-square 
values were computed with Adonis PERMANOVA (999 permutations). (D,G) PCoA plot 
generated with unweighted UniFrac distances and comparing PC1 vs PC3 (left) and PC2 vs PC4 
(right) (D) or with each color representing individual cages (G). (E,F) PCoA plots comparing 
PC1,2 & 3 (left) or PC2, 3 and 4 (right) generated with Jaccard (E) or Bray-Curtis (F) metrics. 
Data represent individual experimental repeats (A-C) or are pooled from two experiments with 
n=8-10 mice/group (D-G). 
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2.3.2 CD8 T cells drove great part of the intestinal dysbiosis identified after infection with 

LCMV Cl13 

Given that microbial dysbiosis coincided with peak CD8 T cell responses at day 8 p.i. (16), 

we next investigated the role of CD8 T cells in driving the microbiome changes uniquely identified 

after LCMV Cl13 infection. For that, we performed two independent experiments shown in Fig. 

2-3 and 2-4, respectively, where we treated 10 Cl13-infected mice per group with anti-CD8 or 

isotype control antibodies, followed by shotgun metagenomics sequencing of caecal and colonic 

contents at day 8 p.i. As expected, treatment with anti-CD8 antibody significantly reduced the 

number of total and virus-specific CD8 T cells (Fig. 2-4A). Remarkably, Cl13-infected mice 

treated with anti-CD8 depleting antibodies formed a distinct cluster via beta-diversity PCoA when 

compared to their isotype-treated counterparts (Fig. 2-3A, Fig. 2-4B). This treatment also 

increased gut microbial alpha-diversity in one out of the two independent experiments (Fig. 2-3B, 

2-4C), which, as described above (Fig. 2-1A), was selectively reduced at day 8 after Cl13 but not 

ARM infection. We also detected overrepresentation of Firmicutes upon CD8 T cell depletion 

(Fig. 2-3C, 2-4D), which explained an elevation of the Firmicutes-to-Bacteroidetes ratio (Fig. 2-

3D, 2-4E) towards the value described above for uninfected and ARM-infected mice (Fig. 2-1D). 

As shown in Fig. 2-3E, 2-4F, blue bars, and Dataset S2-5, subsequent MR analysis with Songbird 

and with rank cut-offs of 0.5 and -0.5, to include moderately to highly perturbed taxa, indicated 

that treatment with anti-CD8 antibodies reverted the changes of commensal species belonging to 

3 of the most increased (i.e. Bacteroides, Akkermansia and Erysipelatoclostridium) and 2 of the 

most decreased (i.e. Lactobacillus and Turicibacter) genera described above as biomarkers for 

day-8 Cl13 infected mice (Fig. 2-1F). Overall, CD8 T cells modulated (in a moderate and/or high 

degree) the abundance of 63% of the biomarkers selectively altered upon Cl13 infection (Fig. 2-
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3F and 2-1F) including Turicibacter, which was underrepresented at both day 8 and 20 after Cl13 

infection (Fig. 2-1H).  

These data indicated that, despite their exhausted state (16, 25, 189), CD8 T cells are 

responsible for great part of the dysbiosis observed after infection with a fast-spreading persistent 

virus. Specifically, CD8 T cells were, at least partially, responsible for the transient reduction in 

Firmicutes-to-Bacteroidetes ratio (i.e. enriching Bacteroides and Erysipelatoclostridium while 

reducing Lactobacillus and Turicibacter), as well as for the overrepresentation of Akkermansia. 

These findings situate CD8 T cells as novel and key drivers of the microbial changes that take 

place early after infection with a virus capable of spreading quickly and/or establishing persistence.



 

68 
 

 

 

 

Figure 2-3. CD8 T cells drove great part of the intestinal dysbiosis identified after LCMV 
Cl13 infection. C57BL/6 mice were infected with LCMV Cl13, injected intraperitoneally (i.p.). 
with isotype control (IgG2a) or CD8-depleting antibodies (aCD8) followed by shotgun 
metagenomics sequencing of colonic and caecal contents on day 8 p.i. (A) Beta-diversity PCoA 
with Jaccard distance. (B) Alpha diversity by the Shannon diversity index. (C) Frequency of 
sequences at the phylum level. (D) Frequency of phylum Firmicutes over Bacteroidetes for each 
mouse. (E) Songbird MR analysis of species in IgG2a- vs. aCD8-treated Cl13-infected mice. Taxa 
with rank cut-off values of -0.5 and 0.5 that were perturbed in the same direction in two 
independent experimental repeats are highlighted in blue and indicated by name. (F) Overlap 
between Cl13-specific biomarkers at day 8 p.i. (as defined in Fig. 1F) and altered genera upon 
CD8-T-cell depletion as defined in E. (B-D) Averages and min or max (B) or ± S.E.M. (C, D). (A-
F) Representative data from one independent experiment with n=9-10 mice/group. (A) 
PERMANOVA with 999 permutations, (B) Kruskal-Wallis test, (D) Mann-Whitney test; *p or q-
val<0.05, **<0.01.
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Figure 2-4. Anti-CD8 antibodies efficiently depleted CD8 T cells and shifted the composition 
of the intestinal microbiome after LCMV Cl13 infection. C57BL/6 mice were infected with 
LCMV Cl13, injected intraperitoneally (i.p.). with isotype control (IgG2a) or CD8-depleting 
antibodies (aCD8). (A) Numbers of splenic total CD8+ and Db/GP33-41+CD8+ cells. Numbers 
indicate the fold-change between groups. (B-F) Shotgun metagenomics sequencing was performed 
on colonic and caecal contents on day 8 p.i. (B) Beta-diversity PCoA with Jaccard distance. (C) 
Alpha diversity by the Shannon diversity index. (D) Frequency of sequences at the phylum level. 
(E) Frequency of phylum Firmicutes over Bacteroidetes for each mouse. (F) Perturbed species in 
IgG2a- vs. aCD8-treated Cl13-infected mice via Songbird MR analysis. Taxa with rank cut-off 
values of -0.5 and 0.5 that were perturbed in the same direction in two independent experimental 
repeats are highlighted in blue and indicated by name. (A,C-E) Averages ± S.E.M. (A,D,E) or  
min or max (C). (A-F) Representative data from one independent experiment with n=9-10 
mice/group. (A,E) Mann-Whitney test, (B) PERMANOVA with 999 permutations, (C) pairwise 
Kruskal-Wallis with FDR correction; *p or q-val<0.05, **<0.01, ***<0.001, ****<0.0001



 

70 
 

2.3.3 CD8-driven anorexia is associated with a fasting-related microbiome early after LCMV 

Cl13 infection 

We next sought to investigate the mechanisms via which CD8 T cells promoted transient 

(and profound) dysbiosis after infection with the fast-spreading persistent LCMV Cl13 isolate. We 

considered that, among the day-8-Cl13 taxa biomarkers altered in a CD8-T-cell-dependent 

manner, the phylum Verrucomicrobia (i.e. Akkermansia genus), has been previously reported to 

increase in anorexic human patients (190) as well as in calorie-restricted rodents, some fish and 

snakes (191). We, therefore, investigated potential changes in eating behavior by comparing food 

consumption in ARM vs. Cl13 infected mice. We observed that Cl13, but not ARM infection, 

induced profound anorexia spanning from day 6 through 9 p.i. (Fig. 2-5A), that was accompanied 

by 18% ± 3.5 weight loss at day 9 p.i. (Fig. 2-6A). Importantly, continuous CD8 T cell depletion 

completely restored food consumption (Fig. 2-5B) and attenuated weight loss (Fig. 2-6B), which 

provided the first causal evidence that CD8 T cells can drive anorexic behavior. Intriguingly, 

efficient CD4-T-cell depletion (Fig. 2-6C) or IFN-I receptor (IFNAR) blockade did not prevent 

the induction of anorexia, even though IFNAR blockade (but not CD4 T cell depletion) 

consistently ameliorated its magnitude (Fig. 2-6D&E) and attenuated weight loss (Fig. 2-6F&G).  

To investigate whether such anorexic behavior may explain some of the transient changes 

in the intestinal microbiome of Cl13-infected mice, we next compared the Cl13-driven microbiome 

to recently proposed microbiome biomarkers of colon carcinoma-bearing mice, which suffer from 

anorexia (151, 192). We observed that 3 out of the 8 Cl13-infection-specific biomarkers at day 8 

p.i., as defined in Fig. 2-1F, overlapped with those from colon carcinoma, including reductions in 

Lactobacillus as well as enrichment in Bacteroides and Akkermansia (Fig. 2-5C red vs. blue 

circles). Of note, perturbation of these three taxa was reverted when anorexia was corrected, via 
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CD8-T-cell-depletion, in Cl13-infected mice (Fig. 2-5B and 2-3E&F). To elucidate which of these 

taxa biomarkers were common to anorexia, independent of inflammation, we applied Songbird 

MR analysis using rank cut-off values of 1 and -1 on publicly-available 16S rRNA gene amplicon 

data from uninfected mice under a caloric restricted diet (193) and compared the identified fasting-

biomarkers (Dataset S2-6) with the Cl13-infection-driven microbiome. We observed that 2, 

Sutterella and Akkermansia, of the 8 microbial alterations detected during the early phase of Cl13 

infection were commonly perturbed, in the same direction, during calorie restriction (Fig. 2-5C, 

red vs. yellow circles) and Akkermansia was overrepresented in the three juxtaposed conditions 

(Fig. 2-5C).  

These data indicated that infection with a fast-spreading, and potentially persistent, virus 

induces a profound, CD8-T cell dependent anorexic behavior. Our results also demonstrated that 

a significant fraction of the taxa uniquely altered during the anorexic phase, including 

overrepresentation of Bacteroides and Akkermansia as well as reductions in Lactobacillus, were 

commonly perturbed in non-infectious fasting conditions and were no longer altered when 

anorexia was reverted, via CD8-T-cell depletion during infection. Thus, these findings situated 

anorexia as one possible mechanism via which CD8-T cell responses may induce dysbiosis after 

viral infection. 
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Figure 2-5. CD8-T-cell-driven anorexia is associated with a fasting-related microbiome, including 
natural blooming of Akkermansia muciniphila, early after LCMV Cl13 infection. C57BL/6 mice were 
infected with LCMV ARM, Cl13 or left uninfected (Un) (A,D,E) or infected with LCMV Cl13 and injected 
intraperitoneally (i.p.). with isotype control (IgG2a) or CD8-depleting antibodies (aCD8) (B,G). (A,B) 
Grams (g) of food consumed per g of body weight (bw) over-time in indicated groups. Dotted lines mark 
the healthy range of food consumption determined in uninfected mice as described in the methods section. 
(C) Taxa overlap of Cl13 day 8 p.i. biomarkers defined as in Fig. 1E (red), mouse colon carcinoma 
biomarkers defined by linear discriminant analysis effect size (194) of mice subcutaneously transplanted 
with colon cancer cells (blue), as reported in (192), and caloric restriction biomarkers defined after MR 
analysis with Songbird of the stools of mice after 3 weeks on a calorie-restricted diet, from a previous study 
(193) (yellow). (D, F, G) Absolute A. muciniphila genomes in colonic and caecal contents were quantified 
by qPCR in uninfected mice or mice infected with LCMV ARM or Cl13 at day 8 p.i. (D), in uninfected 
mice fed ad libitum or fasted for 24 hrs (F) and in Cl13-infected mice treated with CD8-depleting or isotype 
control antibodies (G). DNA from a food pellet was used as a negative control (food control). (E) 
Fluorescence In Situ Hybridization (FISH) images with Eubacteria (Eub338, green) or A. muciniphila 
(A.muc.1437, red)-specific probes on colon sections from Un, ARM- and Cl13-infected mice at day 8 p.i. 
One uninfected mouse was intraorally- (i.o.) inoculated with ~1.2x108 colony-forming units (cfu) of live A. 
muciniphila 24 hrs prior to necropsy and was used as positive control (A.muc. control). (A,B,D,F,G) 
Averages ± S.E.M. Data are representative of one out of three (A,B), two (E,G) or pooled from two (F) or 
three (D) independent experiments with n=3-10 mice/group. (A,B) Unpaired two-tailed t-Student’s test per 
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time-point, (F,G) Mann-Whitney test, (D) one-way ANOVA with Tukey’s correction; *p-val<0.05, 
**<0.01, ***<0.001, ****<0.0001.
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Figure 2-6. Weight loss after LCMV Cl13-infection was profoundly reverted by anti-CD8 antibody 
treatment while weight loss and anorexia were partially or not attenuated by anti-IFNAR or anti-
CD4 antibodies, respectively. C57BL/6 mice were left uninfected (Un), infected with LCMV ARM (A) 
or Cl13 (A-G) and treated with isotype control IgG2a or CD8-depleting antibodies (aCD8, B), with isotype 
control IgG2b or CD4-depleting antibodies (aCD4, C,D,F) or with isotype control IgG1 or anti-IFNAR1 
antibodies (aIFNAR-1, E,G) i.p. (A,B,F,G) Percentage of initial weight over-time. (C) Numbers of splenic 
CD4+ cells at day 8 p.i. (D,F) Grams (g) of food consumed per g of body weight (bw) over-time in indicated 
groups. Dotted lines mark the healthy range of food consumption determined in uninfected mice as 
described in the methods section. (A-G) Average ± S.E.M. (A-G) Data are representative of three (B), two 
(C) or pooled from two (A, D-G) independent experiments with n=4-10 mice per group. (A,B,F,G) One-
way ANOVA with Tukey’s multiple comparisons correction for each timepoint with Cl13 vs. ARM (red 
*), Cl13 vs. Un (red #) and ARM vs. Un (black #) (A); aCD8 vs. IgG2a (blue *), aCD8 vs. Un (blue #) 
and IgG2a vs. Un (black #) (B); aCD4 vs. Un (pink #) and IgG2b vs. Un (black #) (F); aIFNAR-1 vs. IgG1 
(red *), aIFNAR-1 vs. Un (black #) and IgG1 vs. Un (red #) (G). (C) Mann-Whitney test, (D,E) unpaired 
two-tailed Student’s t-test. (D) Increased food consumption by the aCD4 group was significantly increased 
in one out of two experiments and after pooling. * or # p-val<0.05, ** or ## p-val<0.01, ***or ### p-
val<0.001, **** or #### p-val <0.0001.
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2.3.4 Akkermansia muciniphila blooms in a CD8-T-cell-dependent manner after LCMV Cl13 

infection and is enriched upon lack of food consumption  

Because the Akkermansia genus emerged as a common fasting biomarker in the 

inflammatory and non-inflammatory conditions that we compared in our analysis (Fig. 2-5C) we 

selected it for further validation and follow-up studies. Notably, within the genus Akkermansia, 

the commensal Akkermansia muciniphila (A. muciniphila) is the only species that colonizes the 

human gut (195). We therefore evaluated whether A. muciniphila was uniquely increased in Cl13 

vs. ARM-infected mice. Quantification of A. muciniphila genomes by qPCR in colon and caecal 

contents from Cl13-infected vs. both uninfected and ARM-infected mice demonstrated its 

selective enrichment upon Cl13 infection (Fig. 2-5D). We next evaluated the localization of A. 

muciniphila by performing Fluorescence In Situ Hybridization (FISH) with an A. muciniphila-

specific probe. This analysis further supported overrepresentations of A. muciniphila in Cl13-

infected vs. ARM-infected and uninfected mice and mapped A. muciniphila to colon and caecal 

compartments (Fig. 2-5E and Fig. 2-7).  

Finally, we sought to investigate a causal link between the blooming of A. muciniphila and 

the CD8-T-cell-induced anorexia after Cl13 infection. For that, we first quantified A. muciniphila 

genomes in colon and caecal contents from uninfected mice fed ad libitum or starved for 24 hrs. 

We observed that such a short interruption in food consumption alone, without viral infection, 

significantly increased the amount of A. muciniphila genomes by ~20 fold (Fig. 2-5F). Moreover, 

reversion of the anorexic behavior via CD8 T cell depletion in Cl13-infected mice (Fig. 2-5B) was 

accompanied with a significant reduction in intestinal A. muciniphila genomes (Fig. 2-5G).  

Together, these results demonstrated that an absolute increase of A. muciniphila is part of 

the profound dysbiosis that occurred downstream of CD8 T cell responses during the early phase 
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of infection with a fast-spreading and persistent virus, and causally linked the lack of food 

consumption with A. muciniphila blooming in the intestinal compartment. Importantly, these 

findings further support a role for anorexia as one mechanism via which CD8 T cells may promote 

microbial dysbiosis, including enrichment of the Akkermansia genus, after viral infection.
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Figure 2-7. Increased A. muciniphila detection by FISH in caecums from Cl13-infected vs. 
ARM-infected and uninfected mice on day 8 p.i. Related to Figure 3.  C57BL/6 mice were 
infected with LCMV ARM, Cl13 or left uninfected. Representative fluorescence In Situ 
Hybridization (FISH) images using specific probes for Eubacteria (Eub338, green) and A. 
muciniphila (A.muc.1437, red) along with nuclear DAPI staining, from caecums of respective 
mice on day 8 p.i. One uninfected mouse was intra-orally inoculated with ~1.2x108 cfu of live A. 
muciniphila 24 hrs prior to necropsy and served as positive control (A.muc. control). Images are 
representative of 2 experiments with n=3 mice per group.
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2.3.5 Oral administration of Akkermansia muciniphila attenuated anti-viral CD8 T cell 

responses after LCMV infection 

To investigate the potential bi-directional modulation of A. muciniphila and CD8 T cells, 

we experimentally induced A. muciniphila enrichment in ARM-infected mice, which neither 

become anorexic nor exhibit intestinal blooms of this commensal (Fig. 2-5A&D-E). We chose to 

inoculate ARM-infected mice with live A. muciniphila or vehicle control from days 3.5 to 7.5 p.i. 

to maintain comparable innate immune responses and CD8 T cell priming between the two groups. 

We next evaluated the impact on CD8 T cell responses within the small intestinal intraepithelial 

lymphocyte (IEL) compartment, which is in closest proximity to the intragastrically administered 

bacteria, and spleen, as a representative distal lymphoid organ. Analysis of LCMV-specific CD8 

T cell responses from IEL demonstrated similar percentages and numbers (Fig. 2-8A) as well as 

equivalent expression of the cytotoxic molecule GrzB (Fig. 2-8B) and frequencies of killer cell 

lectin like receptor G1 (KLRG1) positive or CD103+ cells (Fig. 2-8C), which mark cells with 

effector and tissue-resident phenotypes, respectively (196-198). We also observed equivalent 

accumulation of splenic LCMV-specific CD8 T cell populations (Fig. 2-9A) as well as their 

cytokine production (Fig. 2-9B) and proportions of short-lived, memory precursor and early 

effector cells (SLEC, MPEC, and EEC) (198-200), in both groups (Fig. 2-9C). Strikingly, 

however, we observed a significant reduction in GrzB levels among splenic CD8 T cells specific 

for the immunodominant LCMV epitope GP33-41 (Db/GP33-41+), and to lesser extent among CD8 T 

cells specific for NP396-404, in ARM-infected mice inoculated with A. muciniphila vs. control mice 

(Fig. 2-10A). We also found reduced levels of the transcription factor (TF) T-BET among Db/GP33-

41+ CD8 T cells (Fig. 2-10B), which is known to promote GrzB expression and CD8 T cell effector 

fate (198, 201). Given that trimethylation of Lysine 27 residue on histone 3 (H3K27me3) has been 
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shown to reinforce effector CD8 T cell differentiation (202, 203) we next evaluated the potential 

effect of A. muciniphila on CD8 T cell H3K27me3 marks. As shown in Fig. 2-10C, A. muciniphila-

inoculated mice exhibited reduced H3K27me3 in virus-specific-CD8 T cells compared to control 

mice. Importantly, A. muciniphila inoculation did not increase splenic Treg accumulation (Fig. 2-

9D). Of note, reduced GrzB and T-BET were also observed in splenic CD8 T cells after Cl13 

infected mice were inoculated with A. muciniphila (Fig 2-10D, E), indicating that the effects of 

this commensal on CD8 T cell responses were conserved in the context of functional (acute 

infection) or exhausted (chronic infection) CD8 T cells. Finally, although A. muciniphila 

inoculation into ARM or Cl13 infected mice did not alter weight loss (Fig 2-11A&B), eating 

behavior (Fig. 2-11C&D), or the amount of infectious virus in liver, lung and/or blood (Fig 2-11E-

I), it did cause a significant delay in the clearance of LCMV ARM genomes from the livers (Fig. 

2-10F).  

Together, these data indicated that A. muciniphila inoculation attenuated splenic, but not 

small intestinal, CD8 T cell responses, specifically diminishing expression of GrzB and T-BET as 

well as reducing H3K27me3 marks. Such CD8 T cell suppression seemed to be accompanied with 

a delayed clearance of the acute infection in mice receiving A. muciniphila. Interpretation of these 

results should take into consideration that, consistent with a previous report that used a similar 

dose of this bacterium (204), qPCR in caecal and colonic compartments did not detect significant 

enrichment of A. muciniphila after its oral administration (Fig. S2-12). Such low levels of A. 

muciniphila in the experimentally treated mice raises the possibility that the phenotypes we 

observed after inoculation of this commensal into infected mice may represent an underestimation 

of the effects caused by the profound A. muciniphila blooming that naturally arises after Cl13 

infection.
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Figure 2-8. A. muciniphila inoculation into LCMV ARM-infected mice did not alter 
accumulation, effector features or differentiation of small intestinal IEL CD8 T cells. 
C57BL/6 mice were infected with LCMV ARM and intraorally inoculated with vehicle (veh) or 
~1.2x108 cfu of live A. muciniphila (A.muc.) once daily on days 3.5 through 7.5 p.i. Small intestine 
IEL FACS analysis was done on day 8 p.i. (A) Frequencies, numbers and representative FACS 
plots of Db/GP33-41+ and Db/NP396-404+ CD8 T cells. (B) Granzyme B (GrzB) MFI normalized to 
the average of the vehicle control and representative FACS plots within gates for Db/GP33-41+ and 
Db/NP396-404+ CD8 T cells. (C) Frequencies of KLRG1+ (left) or CD103+ (right) of Db/GP33-41+ and 
Db/NP396-404+ CD8 T cells and representative FACS plots within gates for Db/GP33-41+ and 
Db/NP396-404+ CD8 T cells. (A-C) Average ± S.E.M. (A-C) Data are pooled from three independent 
experimental repeats with 3-5 mice/group. (A-C) Unpaired two-tailed Student’s t-test. 
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Figure 2-9. A. muciniphila inoculation into ARM-infected mice did not alter accumulation, 
cytokine-production or differentiation of spleen CD8 T cells nor accumulation of 
CD4+Foxp3+ T cells. Related to Figure 4. C57BL/6 mice were infected with LCMV ARM and 
administered vehicle (veh) or ~1.2x108 cfu of live A. muciniphila (A.muc.) i.o. once daily on days 
3.5 through 7.5 p.i. Spleen FACS analysis was done on day 8 p.i. (A)  Frequencies, numbers and 
representative FACS plots of Db/GP33-41+ and Db/NP396-404+ CD8 T cells. (B) Frequencies of IFN�-
producing, IFNg and TNFa- or IFNg and IL-2- co-producing CD8 T cells upon ex vivo 
restimulation with indicated peptides; and representative FACS plots for IFNg and TNFa staining. 
(C) Frequencies of EEC, MPEC, SLEC or CD127+KLRG1+ subsets defined by KLRG1 and 
CD127 expression among Db/GP33-41+ and Db/NP396-404+ CD8 T cells; and representative FACS 
plots. (D) Percentages and numbers of CD4+ Foxp3+ Treg. (A-D) Average ± S.E.M. (A-D) Data 
are pooled from two (D), three (A, C) independent experimental repeats with 3-5 mice/group or 
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are representative of one out of three independent experiments that showed equivalent results (B). 
(A-D) Unpaired two-tailed Student’s t-test. 
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Figure 2-10. Oral administration of Akkermansia muciniphila into LCMV ARM or Cl13-
infected mice attenuated selected CD8 T cell effector features. See also Figures S5-8. C57BL/6 
mice were infected with LCMV ARM (A-C,F) or LCMV Cl13 (D,E) and inoculated i.o. with 
vehicle (veh) or ~1.2x108  cfu of live A. muciniphila (A.muc.) daily from day 3.5-7.5 p.i. All 
analyses were done at day 8 p.i. (A,B,D,E) Mean fluorescence intensity (MFI) for  Granzyme B 
(GrzB) (A,D) and T-BET (B,E) among gated LCMV tetramer Db/GP33-41+ CD8+ cells from the 
spleen. (C) Frequency of H3K27me3int/hi cells among Db/GP33-41 or Db/NP396-404 tetramer+ CD8+ in 
the spleen, as indicated. (A-E) Values are normalized to the average of the vehicle control group. 
(A-E) Representative FACS histograms are shown for the indicated groups; grey histogram was 
gated on CD8+ from Un mice. (F) Liver levels of LCMVnp normalized to Actb. (A-F) Pooled data 
from three (A-C,F) or two (D,E) experiments with n=3-5 mice/group. Individual experiments are 
indicated with different shapes (i.e. circles, squares, triangles). (A-F) Averages ± S.E.M. (A-F) 
Unpaired two-tailed t-Student’s test. Statistically significant differences were detected in 3 out of 
3 (B,C), 2 out of 3 (A, for Db/GP33-41), 2 out of 2 (D) or 1 out of 2 (E) independent experiments. 
Even when not reaching statistical significance, individual experiments showed a consistent trend 
that, in all cases, reached significance after pooling data from independent repeats. For A 
(Db/NP396-404 ) and F, differences only reached statistical significance after pooling independent 
experimental repeats; *p-val<0.05, **<0.01, ***<0.001, ****<0.0001.
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Figure 2-11. A. muciniphila inoculation into LCMV ARM- or Cl13-infected mice did not alter 
weight loss, eating behavior or titers of infectious viral particles at the time points assessed. 
Related to Figure 4. C57BL/6 mice were left uninfected (Un) (A-B), infected with ARM (A,C,E-
G) or with Cl13 (B,D,H,I) and administered vehicle (veh) or ~1.2x108 cfu of live A. muciniphila 
(A.muc.) i.o. once daily on days 3.5 through 7.5 p.i. (A,B) Percentage of initial weight over-time. 
(C,D) Grams (g) of food consumed per g of body weight (bw) over-time in indicated groups. 
Dotted lines mark the healthy range of food consumption determined in uninfected mice as 
described in the methods section. (E-I) Infectious viral particles were quantified by plaque assay 
in liver (E,F), lung (G) and serum (H,I) at time points indicated. (A-I) Average ± S.E.M. Data are 
pooled from three (A,C) or two (B,D,E-I) independent experiments with n=4-8 mice/group. (A,B) 
One-way ANOVA with Tukey’s multiple comparisons correction with vehicle vs. Un (black #) 
and A. muciniphila vs. Un (green #). (C-I) Unpaired two-tailed Student’s t-test; # p-val <0.05, ### 
p-val <0.001.
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Figure 2-12. Intestinal A. muciniphila levels were not significantly increased after oral 
inoculation of live cultures of this commensal into LCMV ARM-infected mice. Related to 
Figure 4. C57BL/6 mice were infected with ARM and administered vehicle (veh) or ~1.2x108 cfu 
of live A. muciniphila (A.muc.) i.o. once daily on days 3.5 through 7.5 p.i. Absolute A. muciniphila 
genomes in colonic and caecal contents were quantified by qPCR at day 8 p.i. Average ± S.E.M. 
Data are pooled from three independent experiments with n=3-5 mice/group. Unpaired two-tailed 
Student’s t-test.



 

86 
 

2.4 Discussion 

Host adaptations to fast spreading and/or persistent pathogen replication are often required 

to ensure host survival in various host species and include mechanisms such as the attenuation of 

both innate and adaptive arms of the immune system (1, 6, 170). Here, we found that infection 

with a fast-spreading persistent virus induced profound microbiome alterations, which were 

different from the ones induced by a closely-related acute virus that spreads at a slower rate. 

Interestingly, most microbiome alterations induced by the fast-spreading persistent virus were 

restricted to the early phase of infection and did not associate with continuous viral replication into 

the chronic phase. Instead, such microbiome dysbiosis was driven by CD8 T cell responses and 

partially associated with CD8 T-cell-induced anorexia. Remarkably, among the most enriched taxa 

detected early after infection with the fast-spreading persistent virus, we identified the fasting-

associated commensal A. muciniphila, which bloomed in a CD8 T-cell-dependent manner and was 

able to suppress selected aspects of distal CD8 T cell responses. Our results are the first 

demonstrating that the endogenous intestinal microbiome of an infected host differentially changes 

after infection with closely-related viruses that exhibit distinct capacity to spread and persist, and 

suggest that infection-induced changes in eating behavior and microbiome could act as both 

regulators and targets of CD8 T cell responses.  

It is remarkable that the intestinal microbiome was more profoundly and transiently altered 

during the early vs. late phase of persistent LCMV infection, despite comparable viral replication 

at both time-periods. Furthermore, our data demonstrated that such early dysbiosis was caused, in 

great part, by CD8 T cell responses. Importantly, while the intestinal microbiome has been 

previously shown to modulate CD8 T cell responses (205-208) a role for CD8 T cells in modulating 

gut microbiome composition has never been reported. In this regard, the transitory 
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Verrucomicrobia and Akkermansia overrepresentation that we observed on day 8 (but not day 20) 

p.i. and its connection to fasting across several species (191) led us to identify a profound anorexic 

behavior that was restricted to the early phase of LCMV Cl13 infection. This result is in agreement 

with an independent study that showed anorexia in the same LCMV model system (209). Here we 

validated these findings and expanded them by demonstrating that the aforementioned anorexia 

observed early after infection with the fast-spreading LCMV isolate is dependent on CD8 T cells. 

Given that anorexia has been observed at time points when strong CD8 T cell responses are 

detected after other chronic and acute infections (210-214), it is tempting to speculate that CD8-

T-cell-induced anorexia may represent a conserved response to tissue damage or excessive 

inflammation upon infection with pathogens that overwhelmingly replicate in vital organs and/or 

are still present at high titers when CD8 T cell responses peak.  

Consistent with the aforementioned anorexic behavior in LCMV infection, we observed 

that a significant fraction of the microbiome changes were commonly detected in other 

inflammatory and/or non-inflammatory fasting conditions. Among them, we demonstrated that the 

species A. muciniphila naturally bloomed in the caecum and colon during the early phase of 

infection with the LCMV Cl13 isolate, it was rapidly boosted in response to lack of food 

consumption and was significantly reduced when anorexia was reverted by CD8 T cell depletion. 

Given that fiber-deprived diets promote blooms of A. muciniphila (149), it is possible that the lack 

of dietary fiber intake early after LCMV Cl13 infection may have provided a niche for the 

outgrowth of A. muciniphila. Regardless, our observations linked A. muciniphila blooming with 

CD8-T-cell driven anorexia and supported the conclusion that anorexia is one means via which 

CD8 T cells induce intestinal dysbiosis after chronic infection. It should be noted, however, that 

not all taxa modulated by CD8 T cells during LCMV Cl13 infection were commonly altered in the 
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non-infectious fasting conditions that we analyzed here, suggesting the existence of alternative, 

anorexia-independent mechanisms employed by CD8 T cells to modulate gut microbial 

composition. On the other hand, the phylum Verrucomicrobia is also augmented after infection 

with influenza virus (215), which induces anorexia with a similar kinetic as LCMV Cl13 (216), 

suggesting that A. muciniphila and possibly other fasting associated commensals may bloom, 

perhaps also in a CD8-T-cell dependent manner, during some acute respiratory infections. 

While it was previously demonstrated that the intestinal microbiome as a whole promotes 

pre-infection, tonic, expression of genes related to antiviral immunity in macrophages and 

enhances resistance to a subsequent chronic infection (147), the potential impact of the changes in 

specific commensal species that are induced after a chronic infection has been initiated remained 

unknown. In this regard, we found that enrichment of A. muciniphila via oral administration into 

specific pathogen free (SPF) LCMV-infected mice (that had unmanipulated microbial 

communities) suppressed selected effector features (i.e. GrzB, T-BET and/or H3K27me3) in virus-

specific CD8 T cells and appeared to delay viral control in the liver. These observations were 

particularly unexpected given the beneficial effects that A. muciniphila has been ascribed during 

checkpoint blockade therapy (217). We speculate that the differential microbial communities into 

which A. muciniphila is introduced may account for some of these discrepancies, as individual 

bacterial species are heavily influenced by the complex microbial environments surrounding them 

(218). Alternatively, given that different CD8 T cell subsets are present at early vs. late timepoints 

after chronic infections (35, 36) and in tumors (34, 41), it is possible that the effect of A. 

muciniphila on CD8 T cell responses may vary depending on the time of administration. In spite 

of that, the effects we observed in virus-specific CD8 T cells upon early inoculation of A. 

mucinipihila, were consistent in the context of LCMV infections with any of the two isolates 
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studied, and were particularly impressive in the light of a previous report where modulation of 

CD8 T cell responses was only achieved after combined administration of 11 different taxa (207). 

Thus, our data support the possibility that the natural enrichment of A. muciniphila that we 

uncovered in the early phase after chronic viral infection may contribute to the attenuation of the 

initial virus-specific CD8 T cell responses, most likely in conjunction, and possibly in a redundant 

fashion, with other fasting-associated commensals and with previously described T-cell-inhibitory 

mechanisms (1, 6). 

Interestingly, we observed that A. muciniphila attenuated distal CD8 T cells in the spleen 

but did not seem to have an effect on IEL CD8 T cells from the small intestine, despite their closer 

proximity to intestinal bacteria. Even though we cannot rule out effects in the large intestine, this 

is particularly unexpected since A. muciniphila has been recently shown to induce bacteria-specific 

immune responses in the small intestine (219). Given that A. muciniphila is known to strongly 

influence whole-body metabolism (204, 220, 221), it is possible that it suppresses CD8 T cell 

effector features by changing the nutrients available to fuel ensuing immune responses, which in 

turn can affect functional capacity and epigenetics in a cell-type or tissue- specific manner (222). 

Indeed, nutrient requirements may vary among tissues, providing a possible explanation for the 

differential effects of A. muciniphila in spleen vs. small intestinal IEL CD8 T cells. Regardless of 

the mechanism underlying A. muciniphila effects in distal vs. local tissues, our findings describe a 

commensal regulating distal, virus-specific CD8 T cell responses, without causing similar 

phenotypes in the small intestine IEL, broadening our current understanding of microbiome-

mediated immune system regulation.  

In conclusion, by revealing CD8-T-cell-dependent anorexia, CD8-T-cell-mediated 

blooming of A. muciniphila and CD8-T-cell attenuation by this commensal, our study suggests a 
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potential new way of CD8-T cell autoregulation that involves changes in host behavior and 

microbiome. In this context, we propose a model in which the blooming of A. muciniphila that we 

described here may be part of a whole-organism negative feedback loop initiated by CD8-T-cell-

driven changes in eating behavior, that can lead to microbiome alterations, which may, in turn, 

contribute to the attenuation of CD8 T cell responses. Suppression of CD8 T cell responses through 

previously described inhibitory mechanisms (6, 19) along with the contribution of the 

aforementioned negative feedback loop may explain the recovery from the CD8-T-cell-dependent 

anorexic behavior alongside with the mostly transient nature of the CD8-T-cell-dependent 

dysbiosis, as the host transitions from the acute into the chronic phase of a persistent 

infection.  Last but not least, it is important to emphasize that there is great interest in A. 

muciniphila as a potential probiotic (223-225), that is reflected by recently finalized (220) and 

ongoing clinical trials (NCT02086110; NCT03547440; NCT03749291; NCT04038619; 

NCT04058392). Our work unveils additional effects of this potential new-generation probiotic in 

regard to its capacity to attenuate ensuing CD8 T cell responses. As non-FDA regulated probiotics 

are being consumed by 3.9 million individuals in the US alone (226) increased understanding of 

context-dependent consequences of probiotic administration is needed to maximize their beneficial 

properties while preventing undesired side effects.
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2.7 Materials and Methods 

Mice, infections and antibody treatments 

All of our studies were performed with six to ten-week-old female C57BL/6 mice bred at 

the Jackson Laboratories. For microbiome studies, purchased mice were randomly distributed in 

cages containing 5 mice each and housed in that way for 3 weeks before the day of infection per 

guidelines of the Earth Microbiome Project (227). Mice were infected intravenously (i.v.) with 

2x106 plaque forming units (PFU) of LCMV ARM or Cl13. Viral stocks were grown, identified 

and quantified as reported previously (14). Viral loads were determined by standard plaque assay 

(14) of serum or tissue homogenates. For CD8 T cell depletion studies, mice were intraperitoneally 

(i.p.) injected with anti-CD8α (53-6.72, BioXcell) or IgG2a (2A3, BioXcell) antibodies on day -2, 

-1, and 5 p.i. (250 µg/mouse) as well as on the day of infection (200 µg/mouse). For CD4 T cell 

depletion studies we used anti-CD4 (GK1.5, BioXcell) or IgG2b (LTF-2, BioXcell) antibodies at 

the same doses and times as described for CD8 T cell depletion. For IFNAR in vivo blockade, mice 

were i.p. injected with IFNAR neutralizing antibody (MAR1-5A3; BioXCell) or mouse IgG1 

isotype control (MOPC-21; BioXcell) on days -1 and 0 p.i. (500 µg/mouse) as well as on days 2, 

4 and 6 p.i. (250 µg/mouse) with Cl13 (89, 90). 

For food consumption measurements, food pellets from cages containing four or five mice 

were weighed every 24 hrs. Grams of food consumed in each cage were then divided by the number 

of mice housed within the cage, normalized to the body weight of each mouse and multiplied by 

100. In this way, we obtained the amount of food consumed per gram of body weight in the form 

of a percentage. Note that we chose to normalize by body weight to account for the differences in 

body weight among uninfected, ARM-infected and Cl13-infected mice (Fig. S3A). To establish a 

‘healthy range’ of daily food consumption, food consumption measurements were taken every 24 



 

93 
 

hrs, for 30 consecutive days and from 10 uninfected female mice that were housed in two different 

cages containing 5 mice each. To estimate the healthy range, we computed the average daily food 

consumption ± one standard deviation from all measurements taken during the 30 days (i.e. 17 g 

of food/g of body weight ± 5). For acute starvation experiments, food pellets were removed from 

cages containing three uninfected mice for a total of 24 hrs. Mice were maintained in a closed 

breeding facility located at the Biomedical Sciences Building or Pacific Hall at UCSD, where mice 

were housed in ventilated cages containing HEPA filters. Mouse handling conformed to the 

requirements of the National Institutes of Health and the Institutional Animal Care and Use 

Guidelines of UCSD. 

 

Lymphocyte isolation from spleen and small intestinal IEL 

Spleens were harvested, digested for 20 min at 37 oC in 1mg/ml collagenase D (Roche) 

and mashed through a 100 μm filter. Cells were then centrifuged at 1500 rpm at 40C for 5 min. 

Red blood cells (RBC) were lysed by incubating pellets in 1ml of RBC-lysis buffer (150mM 

NH4Cl, 10mM KHCO3, 0.1mM Na2EDTA in deionized water, at pH 7.4) for 4 min at room 

temperature (RT). After RBC lysis, 10ml of FACS buffer (PBS1x + 3%FBS) were added followed 

by centrifugation as stated above. Pellets were resuspended in 5ml of complete Roswell Park 

Memorial Institute (RPMI, Gibco), which consisted of RPMI supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS, Atlanta Biologicals), 2% Penicillin/Streptavidin (P/S, 

BioWhittaker), 1 mM Sodium Pyruvate (Na-pyr, Thermo Scientific), 1mM L-Glutamine (L-Gln, 

BioWhittaker), 20 mM HEPES (Thermo Scientific) and 55 mM beta-mercaptoethanol (Life 

Technologies). Absolute leukocyte numbers were determined via FSC/SSC gating in a Guava 

Easycyte automated cell counter (MilliporeSigma, MA).  
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Small intestines were harvested, cleaned from adipose tissue, flushed and macroscopically 

visible Peyer’s Patches were excised. To isolate the epithelial layer, intestines were longitudinally 

and transversely cut into 1-2 cm pieces, placed in Pyrex conical flask containing a stirring magnet 

and 30 mL of ‘IEL buffer’, and stirred on a stirring plate (Scilogex) set at 37 oC for a total of 15 

min. IEL buffer consisted of 1xPBS supplemented with 3% FBS, 2% P/S, 1mM Na-pyr, 20 mM 

HEPES and 10 mM Ethylenediaminetriacetic Acid (EDTA, Thermo Fisher Scientific). The soluble 

fraction was then collected, diluted in RPMI supplemented with 3% FBS and pelleted by 

centrifugation at 1500 rpm for 5min at 40C. Epithelial pellets were resuspended in 5 ml of ‘44% 

Percoll solution’ and 2.5 ml of ‘67% Percoll solution’ were added underneath with a Pasteur 

pipette. Tubes were then spun down at 2000 rpm (with no brake set) at RT 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 a 67% solution. The interphase 

layer containing IEL was collected after centrifugation, resuspended in 1ml of complete RPMI and 

leukocyte counts were determined with a Guava Easycyte (MilliporeSigma, MA) as indicated 

above. 

 

Quantitative PCR 

To quantify A. muciniphila genomes, previously frozen colonic and caecal contents were 

thawed, weighed, and DNA was extracted with DNeasy PowerSoil Kit (Qiagen) by following the 

manufacturer’s protocol. Quantitative PCR (qPCR) was performed using Fast SYBR Green Master 

Mix (Thermo Fisher Scientific) and the following A. muciniphila-specific primers: F 5’-

CAGCACGTGAAGGTGGGGAC-3’, R 5’-CTTGCGGTTGGCTTCAGAT-3’ with 10 ng of 

input DNA in triplicate. The qPCR reaction was ran following this protocol: 95 °C for 15 min, 40 
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cycles of 95 °C for 15 s, 66°C for 40 s, and 72°C for 30 s, as in (195), followed by melt curve 

analysis on a CFX96 Touch Detection System (Bio-Rad). DNA extracted from a food pellet was 

used as a negative control. To obtain an A. muciniphila qPCR standard, we extracted DNA from 

colonic and caecal contents from an uninfected mouse, as described above, and performed a regular 

PCR on a Veriti Thermal Cycler (Thermo Fischer Scientific) with the same A. muciniphila-specific 

primers as the ones used for qPCR and following this protocol: 95 °C for 15 min, 25 cycles of 95 

°C for 15 s, 66°C for 40 s, and 72°C for 30 s. The resulting PCR reaction was ran on a 1% agarose 

gel and the 328 base pair (bp)-long PCR product was purified with a QIAquick Gel Extraction kit 

(Qiagen). The DNA concentration of the purified PCR product was determined with a NanoDrop 

One (Thermo Fisher Scientific) and serial dilutions of the standard were ran in parallel to all qPCR 

reactions described above and resulting Cq were used to create a standard curve. To estimate the 

amount of A. muciniphila genomes we applied the following formula: number of molecules 

(genomes) = [DNA weight (ng) * 6.022x1023 (molecules/mole)] / [328bp * 650 (g/mol/bp) * 1x109 

(ng/g)], where 6.022x1023 corresponds to Avogadro’s Number and 650 corresponds to the average 

mass of 1 bp double-stranded DNA.  

For quantification of transcripts in liver, tissues were collected from sacrificed mice, snap 

frozen and stored at -80 °C. Later, tissues were thawed, bead homogenized in RLT buffer (Qiagen) 

and centrifuged for 10 min 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 M-MLV RT (Promega). The expression of LCMV 

nucleoprotein was quantified, in triplicates, using Fast SYBR Green Master Mix (Thermo Fisher 

Scientific) followed by CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Relative 

transcript levels were normalized against murine Actb. Graphs depicting qRT-PCR analysis of 
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murine genes represent biological replicates of individual mice from one representative experiment 

or pooled experiments as indicated in figure legend. Q-PCR primer sequences are the following: 

LCMV nucleoprotein F 5′-GCATTGTCTGGCTGTAGCTTA-3′, R 5′-

CAATGACGTTGTACAAGCGC-3′; Actb F 5’-AGGGAAATCGTGCGTGACAT-3’, 5’-

GAACCGCTCGTTGCCAATAG-3’. 

 

Flow cytometry 

Cells were stained at a maximal concentration of 2x108 cells/ml in FACS buffer or as 

indicated below. For surface staining of splenocytes and IEL cells were first stained with a fixable 

viability dye (Ghost dye, Tonbo) in 1xPBS for 10 min at 4 oC followed by staining with MHC-I 

tetramers H2-Db/GP33–41-BV421 and H2-Db/NP396-404-PE provided by NIH Tetramer Core Facility 

(Atlanta, GA) in FACS buffer for 1h at RT followed by staining for 20min at 4oC with remaining 

surface antibodies. For intracellular staining after ex vivo peptide restimulation, cells were fixed in 

1% paraformaldehyde (PFA) for 10min at RT and stained with antibodies in 1x perm/wash buffer 

(Thermo Scientific) for 30 min at 4 oC. Alternatively, for intranuclear staining, cells were fixed 

with the Foxp3 Transcription Factor Staining Buffer Set Kit (Thermo Scientific) per vendor’s 

recommendation and stained with antibodies in 1x perm/wash buffer for 1h at RT. Antibodies used 

in this study were purchased from Thermo Fisher Scientific (Waltham, MA), BD Biosciences or 

Biolegend (San Diego, CA): GrzB PE-TR (GB11), T-BET PE (4B10), CD103 FITC (2E7), CD44 

BV570 (IM7), CD127 Alexa Fluor 488 (A7R34), Foxp3 FITC (FJK-16s), CD8a BV786 or APC 

efluor 780 (53-6.7), CD4 BV650 or BV711 (RM4-5), IFNγ APC (XMG1.2), TNFα FITC (MP6-

XT22), IL-2 PE (JES6-5H4), KLRG1 PeCy7 or PE-TR (2F1). Anti-H3K27me3 conjugated to 

Alexa Fluor 488 (C36B11) and anti-TCF1 (C63D9) conjugated to Alexa Fluor 647 were purchased 
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from Cell Signaling Technologies (Danvers, MA). Cells were acquired using a Digital LSR II flow 

cytometer (Becton Dickinson, San Jose, CA) or a ZE5 Cell Analyzer (Bio-Rad, Hercules, CA). 

Flow cytometric data were analyzed with FlowJo software v9.9.6 and v10.  

 

Ex vivo T cell stimulation 

Splenocytes were cultured at 1x107 cells/ml in round-bottom 96-well plates for 5 h in 

complete RPMI supplemented with Brefeldin A (1 μg/mL; Sigma) and 1 μg/mL of the MHC class-

I-restricted LCMV NP396–404 or GP33–41 peptides (all >99% pure; Synpep). Cells were then stained 

with a fixable viability dye (Tonbo Ghost Dye) and surface staining with the anti- CD8 mAbs 

described above, fixed in 1% PFA, permeabilized and stained with the aforementioned antibodies 

against IFNγ, TNFα and IL-2 in 1x perm/wash buffer for 30 min at 40C. Unstimulated controls in 

which cells were cultured without peptide were performed in parallel and showed background 

levels of cytokine staining.   

 

Culture and inoculation of Akkermansia muciniphila 

Akkermansia muciniphila (ATTC BAA-835) was purchased from ATCC. To make 

glycerol stocks, lyophilized A. muciniphila was re-suspended in liquid medium composed of Brain 

Heart Infusion (BHI) (Sigma) supplemented with 0.25% v/v type III mucin from porcine stomach 

(Sigma) and 100μM L-Cysteine (BHI+mucin media) that was previously sterilized and removed 

of oxygen, as in (195), and cultured in an anaerobic chamber (H2 7.5%, CO2 10%, O2 < 10 ppm 

and N2 as balance, Coy Lab) for 7 days, after which cultures were mixed with sterile glycerol at a 

final concentration of 25% w/v. To prepare mucin stocks, lyophilized mucin was solubilized in 0.1 

M acetate buffer at pH 5 to make a 5% w/v mucin solution, autoclaved, aliquoted and kept at -
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80oC until further use. To sterilize and to remove oxygen from the liquid medium, we injected CO2 

at 35 psi and N2 at 50 psi for 35 min into the liquid medium while it was being stirred at 1500 rpm 

with a magnet. After that, we injected CO2 at 50 psi and N2 at 60 psi into the air space between the 

medium and the top of the media bottle for 5 min, after which the bottle was tightly sealed with a 

rubber stopper (DWK Life Sciences) and autoclaved for 15 min.  

To initiate A. muciniphila cultures for oral inoculation, glycerol stocks were brought into 

the anaerobic chamber on dry ice, scraped with a sterile tip that was then placed in 3-5 mL of 

BHI+mucin media in 15 ml stopper cap falcon tubes and cultured at 37 0C in the anaerobic chamber 

for three to four days. Control tips with no A. muciniphila and media alone were cultured in parallel 

as a control for contamination and to be inoculated as vehicle control, respectively. Initially, it was 

determined that after three to four days of A. muciniphila glycerol stock culture in these conditions, 

the optical density at 600nm was 0.5-0.6, which after plating at serial dilutions corresponded to 

5.5-6 x 108 colony forming units (cfu)/ml. 200µl of these cultures (i.e. ~1.2x108 cfu) or vehicle 

control were inoculated per mouse at indicated time-points. Note that very similar amounts of 

bacteria per dose have been used previously (204). A. muciniphila cultures were routinely plated 

in BHI+mucin media and 1% agar to confirm the homogeneity of the culture and to rule out 

potential contamination. 

 

Bacterial Fluorescence in Situ Hybridization (FISH) 

Caecal and colonic tissue samples from respective experimental groups were harvested and 

fixed in Carnoy’s fixative (60% ethanol, 30% chloroform, 10% glacial acetic acid) and processed 

further as previously described (228). Tissue sections (5μM) were deparaffinized followed by 

hybridization for 4 hours at 46°C in the presence of 20% formamide utilizing the following probes 
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as reported earlier (229): pan-bacterial EUB338 (5′-GCTGCCTCCCGTAGGAGT-3′), non-EUB 

(5′-ACATCCTACGGGAGGC-3′) and species-specific A.MUC-1437 (5′-

CCTTGCGGTTGGCTTCAGAT-3′). Probes were labeled at the 5′ and 3′ ends with fluorescein 

isothiocyanate (FITC), Cy5 or Cy3 Berlin (BioTez, Berlin, Germany). After washing, slides were 

counterstained and cover-slipped using ProLong® Gold Antifade Reagent including 4',6-

diamidino-2-phenylindole (DAPI, Life Technologies, Grand Island, NY). Samples were viewed 

and imaged on an Olympus IX81 inverted microscope in combination with a FV1000 confocal 

laser scanning system. 

 

Sample collection for microbiome studies 

Mice were sacrificed, and peritoneal cavity opened with one set of tools. A new sterile set 

of tools was then used to retrieve colonic and caecal 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 in (157). Briefly, to extract DNA from colonic 

and caecal contents, frozen samples were thawed and transferred into 96-well plates 

containing garnet beads. DNA was extracted using Qiagen PowerSoil DNA kit adapted for 

magnetic bead purification and eluted in 100 µL of Qiagen elution buffer. DNA 

quantification was performed via Quant-iT PicoGreen Assay (Invitrogen).  

 



 

100 
 

Library generation and sequencing 

Sequencing was done following standard protocols from the Earth Microbiome Project 

(158, 159). 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 Illumina MiSeq or HiSeq 

(La Jolla, CA).  

 

16S rRNA gene amplicon data analysis  

All 16S rRNA gene amplicon data are publicly available on Qiita 

(https://qiita.ucsd.edu/)(160) under study ID 11043. Processing of our 16S rRNA raw data 

involved splitting of FASTQ libraries, demultiplexing, trimming of sequences to 150bp of length 

(161) followed by deblur 1.1.0 (162) with Qiita default parameters as follows: indel probability of 

0.01, mean per nucleotide error rate of 0.005, minimum per- sample read threshold of 2, 

Greengenes_13.8 as reference phylogeny for SEPP and 1 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 alpha-rarefaction curves (163). To assign taxonomy, 

we used the pre-fitted sklearn-based taxonomy classifier (‘classify_sklearn’) with the Green Genes 

classifier (gg-13-8-99-515-806-nb-classifier) (164, 165). Raw 16S rRNA sequencing data from 

the stools of mice fed a calorie-restricted diet for 3 weeks (193) was obtained from NCBI Short 

Read Archive (SRA: PRJNA480387), uploaded to Qiita and processed as described above. Beta-

diversity was computed with the ‘beta_phylogenetic’module using Unweighted UniFrac or the 

‘beta’ module using Jaccard and Bray-Curtis metrics. This was followed by principal coordinates 

analysis (‘pcoa’ module) and significance and differential dispersion were calculated for 
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‘infection’ with the ‘beta_group_significance’ module using PERMANOVA and PERMDISP 

tests, respectively, with 999 permutations. Alpha diversity was computed using the ‘alpha’ module 

for Shannon Diversity Index. All the aforementioned analyses were done with Qiita platform 

version 052020 5f09f46. To identify differentially abundant genera among groups in our 16S 

rRNA sequencing data as well as in caloric-restriction data (193), we collapsed our rarefied .biom 

tables to the genus level and used Songbird multinomial regression analysis (106) with default 

parameters (epochs of 10000, differential prior of 0.5) (https://github.com/biocore/songbird). We 

applied cut-off rank values of 1 and -1 to focus our analysis on highly perturbed genera. Validation 

of the model was performed for all analyses with tensor board. 

 

Shotgun metagenomic data analysis 

All shotgun metagenomics data are publicly available on Qiita 

(https://qiita.ucsd.edu/)(160) under study ID 11043. To pre-process these data we performed 

adapter trimming with Atropos v1.1.15 (166), followed by quality control filtering (QC_Filter) to 

bowtie2/Mus_musculus, followed by genome alignment of adapter-trimmed files with bowtie2 

(with Rep94 database) (167) by running SHOGUN 0.1.5.(168) on Qiita (160). A table in .biom 

format with taxonomic predictions at the species level was then rarefied to a depth of 200,000 or 

450,000. Alpha diversity was computed using the Shannon Diversity Index and beta-diversity was 

computed with the ‘beta’ module using Jaccard distance metric. PCoA representation and 

PERMANOVA were calculated as described above 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 multinomial regression analysis (Morton et al., 2019) with 

parameters described above for 16S rRNA gene amplicon data analysis. In this case, we applied 
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cut-off rank values of 0.5 and -0.5 to include moderately and highly perturbed genera. Validation 

of the model was performed for all analyses with tensor board.   

 

Statistical analysis 

Unpaired two-tailed t-Student test was used to compare two groups. If variances were not 

equal by F-test, data were tested using the non-parametric 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, non-parametric 

Kruskal-Wallis test with Dunn’s multiple comparison correction. Statistical tests were performed 

using GraphPad Prism v8.
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