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Disruption of thymic central tolerance by infection
with murine roseolovirus induces autoimmune
gastritis
Tarin M. Bigley1, Liping Yang2, Liang-I Kang3, Jose B. Saenz4, Francisco Victorino2, and Wayne M. Yokoyama2

Infections with herpesviruses, including human roseoloviruses, have been proposed to cause autoimmune disease, but
defining a causal relationship and mechanism has been difficult due to the ubiquitous nature of infection and development of
autoimmunity long after acute infection. Murine roseolovirus (MRV) is highly related to human roseoloviruses. Herein we
show that neonatal MRV infection induced autoimmune gastritis (AIG) in adult mice in the absence of ongoing infection. MRV-
induced AIG was dependent on replication during the neonatal period and was CD4+ T cell and IL-17 dependent. Moreover,
neonatal MRV infection was associated with development of a wide array of autoantibodies in adult mice. Finally, neonatal
MRV infection reduced medullary thymic epithelial cell numbers, thymic dendritic cell numbers, and thymic expression of AIRE
and tissue-restricted antigens, in addition to increasing thymocyte apoptosis at the stage of negative selection. These findings
strongly suggest that infection with a roseolovirus early in life results in disruption of central tolerance and development of
autoimmune disease.

Introduction
Viruses can induce autoimmune phenomena through a variety
of mechanisms (Munz et al., 2009). While molecular mimicry is
perhaps the most well-known of these, bystander activation of
autoreactive immune cells, epitope spread, and others have also
been described (Fujinami and Oldstone, 1985; Munz et al., 2009).
These mechanisms are important in humans because, for ex-
ample, the human roseoloviruses, HHV-6 and HHV-7, have been
proposed to be associated with various autoimmune diseases,
but how they might trigger autoimmunity remains unknown
(Broccolo et al., 2013; Broccolo et al., 2009; Caselli et al., 2017;
Caselli et al., 2019; Caselli et al., 2012). Roseoloviruses are
ubiquitous β-herpesviruses that infect multiple mammalian
species in a species-restricted manner (Denner et al., 2019).
Human roseolovirus infections generally present in early
childhood as a self-limiting infection characterized by 2–3 d of
high fever followed by a transient rash (Agut et al., 2017). After
acute infection, roseoloviruses typically become latent, with
periodic reactivation, and reach ∼90% prevalence by adulthood
(Agut et al., 2017; Cuende et al., 1994). The high prevalence and
chronic nature of infections, as well as paucity and limitations of
other animal models to date, have confounded establishing a

causal relationship between the roseoloviruses and autoimmu-
nity and identifying a potential mechanism (Horvat et al., 2014;
Tanner et al., 2013; Wang et al., 2020). These limitations
also apply to the association of other viral infections with
autoimmunity.

Our lab recently sequenced murine roseolovirus (MRV),
demonstrating that it is a murine β-herpesvirus highly related to
the human roseoloviruses (Patel et al., 2017). Phenotypically,
MRV infection appears to be similar to that of mouse thymic
virus (MTV, aka murine herpesvirus 3 or mouse thymic lym-
photropic virus), a virus first described in 1961 but that had been
lost to study since 1999 (Morse et al., 1999; Patel and Yokoyama,
2017a; Patel et al., 2017; Rowe and Capps, 1961). Both viruses
infect the thymus and cause transient CD4 single-positive (SP)
and double-positive (DP) thymocyte depletion after neonatal
infection (Morse and Valinsky, 1989; Patel et al., 2017). There do
appear to be differences between the viruses, as MRV causes
thymocyte depletion in mouse strains that were resistant to
MTV (Cross et al., 1979; Patel and Yokoyama, 2017a; Rowe and
Capps, 1961). Nonetheless, MRV is a natural murine pathogen,
providing an opportunity to perform in vivo studies evaluating
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the impact of a viral infection on development of autoimmune
disease.

Indeed, a previous study showed neonatal infection with
MTV resulted in development of gastric-specific autoantibodies
and autoimmune gastritis (AIG) later in life, although disease
was limited to BALB/c and A/J mice (Morse et al., 1999). De-
pletion of CD4+ T cells abrogated gastritis, indicating they play
an important pathogenic role in the development of AIG. How-
ever, the mechanism responsible for development of AIG after
MTV infection was not further studied, particularly with regard
to the impact on antigen-presenting cells in the thymus and
thymocyte development, which were just beginning to be de-
scribed (Perniola, 2018). Moreover, the relationship of AIG to
viral replication was not explored, since there was no genomic
information on MTV, precluding studies determining whether
AIG following MTV infection was due to host response to an
ongoing, chronic infection. Despite the limitations, the study
suggested that an infection with a virus early in life could induce
subsequent development of autoimmunity.

AIG has been investigated with respect to T cell tolerance
because of the similarities between disease in mice and humans,
as well as the known target antigen (D’Elios et al., 2001; Karlsson
et al., 1988; Scarff et al., 1997). AIG can be induced in several
noninfectious experimental models and is characterized by de-
velopment of autoreactive CD4+ T cells and autoantibodies that
target the hydrogen/potassium (H+/K+) ATPase and intrinsic
factor on acid-secreting parietal cells, leading to inflammation of
the gastric mucosa, specifically within the gastric corpus (Lenti
et al., 2020). CD4+ T cells are required for initiating AIG
(Sakaguchi et al., 1985; Sakaguchi et al., 1995; Suri-Payer et al.,
1999; Suri-Payer et al., 1996). Moreover, CD4+ T cell polarization
in the gastric mucosa appears important to the degree of in-
flammation, with T helper 17 cell (Th17) differentiation being
associated with more severe AIG (Bockerstett et al., 2018; Huter
et al., 2009; McHugh et al., 2001a; McHugh et al., 2001b;
Stummvoll et al., 2008).

Perturbations in central and peripheral tolerance can induce
AIG (Barrett et al., 1995; Klocke et al., 2016; Kojima and Prehn,
1981; Perniola, 2018;Winter et al., 2011). Central tolerance occurs
in the thymus as T cells undergo affinity-based selection due to
recognition of a wide array of self-peptides displayed on thymic
antigen-presenting cells, especially medullary thymic epithelial
cells (mTECs) and thymic dendritic cells (tDCs; Cheng and
Anderson, 2018). DP thymocytes that have not yet developed a
TCR capable of interacting with an MHC have low expression of
TCRβ and other markers of activation such as CD5, and can
undergo death by neglect during positive selection if they fail to
form a sufficiently strong MHC–TCR interaction. These cells can
be considered to be nonsignaled. Thymocytes with a TCR that do
have sufficiently strong interaction with self-MHC are signaled to
upregulate TCRβ and CD5 and are then subjected to negative se-
lection, in which clonal deletion occurs due to self-reactive TCRs
recognizing self-peptide–MHC complexes with high affinity and/
or avidity (Dutz et al., 1995; Hogquist et al., 2005; Ribot et al.,
2007). A subset of CD4+ T cells that recognize self-antigen sur-
vive and differentiate into regulatory T cells (Tregs) that help
mediate peripheral tolerance (Takaba and Takayanagi, 2017).

The autoimmune regulator (AIRE) transcription factor is
expressed in mTECs and confers expression of antigens other-
wise found in select tissues throughout the body, called tissue-
restricted antigens (TRAs; Passos et al., 2018; Takaba and
Takayanagi, 2017). H+/K+ ATPase consists of an α and β subu-
nit, both of which are expressed in AIRE+ mTECs, although it is
unclear how much AIRE influences ATP4A or ATP4B expression
(Bautista et al., 2021; Ruan et al., 2007). Disruption of central
tolerance, such as with day 3 thymectomy or in genetic AIRE
deficiency, results in development of autoimmunity affecting
several organs, including the stomach (Ahonen et al., 1990;
Anderson et al., 2002; Kojima and Prehn, 1981; Nishizuka and
Sakakura, 1969; Perheentupa, 2006). Development of auto-
reactive T cells and permanent alterations in Treg populations
are seen in both day 3 thymectomy and AIRE deficiency
(Asano et al., 1996; Malchow et al., 2016; Sakaguchi et al., 1985;
Sakaguchi et al., 1995; Yang et al., 2015). Additionally, dis-
ruption of peripheral tolerance by conditional depletion of
Tregs results in AIG (Harakal et al., 2016; Sakaguchi et al.,
1995). It has therefore been suggested that alterations in
both central and peripheral tolerance contribute to develop-
ment of AIG.

While multiple pathogens have been shown to infect the
thymus, induce thymic atrophy or decrease thymocyte number,
to our knowledge no previous study has demonstrated a causal
link to development of autoimmune disease, such as AIG, es-
pecially in the absence of active infection (Savino, 2006; Velardi
et al., 2020). Here we found that neonatal MRV infection results
in development of AIG and a wide array of autoantibodies. We
demonstrate that a thymotropic virus disrupts key components
of thymic selection and induces development of autoimmune
disease later in life in the absence of ongoing active viral
replication.

Results
Neonatal MRV infection results in AIG
Using amodified gastritis scoring system based on inflammatory
infiltrate, oxyntic atrophy, and mucous neck cell hyperplasia
(Fig. S1 A; Nguyen et al., 2013; Rogers et al., 2005), we found that
all BALB/c mice infected with MRV on day of life 0 (D0) de-
veloped varying degrees of gastritis (Fig. 1 A). Gastritis was
localized to the corpus, as antrum inflammation was not
observed (Fig. S1 B). Interestingly, while low levels of MRV
DNA were observed at 12 wk postinfection (wpi) by quanti-
tative PCR (qPCR) in the salivary gland, a potential site of
chronic infection by MRV and MTV (Cross et al., 1979; Patel
and Yokoyama, 2017a), viral DNA was not detectable in the
stomach (Fig. 1 B). Thus, these data suggest that gastritis
following neonatal MRV infection is not due to local in-
flammatory responses to ongoing viral replication, but in-
stead may be autoimmune.

AIG due to noninfectious causes is characterized by the de-
velopment of gastric-specific autoantibodies. Indeed, using im-
munofluorescence, we observed anti-gastric autoantibodies in
sera from BALB/c mice that had been neonatally infected with
MRV (Fig. 1 C). The brightest staining was on parietal cells,
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although faint staining was seen on chief cells as well (Fig. 1 C).
Although previous studies with MTV indicated that C57BL/6
mice and several other inbred strains did not develop gastritis
(Morse et al., 1999), here we found neonatal MRV infection–
induced gastritis in C57BL/6 (7/9 mice) and SJL (7/10 mice;
Fig. 1 D). Interestingly, C57BL/6 mice produced less autoantibody
than BALB/c and SJL mice, as measured by immunofluorescence

intensity as well as ELISA for anti-H+/K+ ATPase autoantibodies
(Figs. 1 D, 3 D, and S2 F). When we compared development of
gastritis and anti-parietal cell autoantibody, we did not observe
differences in frequency or degree between male and female
mice (Fig. S1 C). Thus, MRV induced AIG with characteristic
histological features and parietal cell–specific autoantibody
production.

Figure 1. MRV infection causes AIG and production of autoantibodies. (A) BALB/c mice were mock-infected (media without virus) or infected with MRV
via i.p. injection on D0. Mice were euthanized at 12 wk (mock n = 7, MRV n = 10 from two independent experiments). Stomachs were harvested and prepared
for H&E or immunofluorescence staining with DAPI (blue), Ezrin (parietal cells, green), GIF (chief cells, red), or GSII (mucous neck cells, yellow). Images were
taken at 10× (scale bar = 100 μm, same scale for all images) or 20× (scale bar = 100 μm, same scale for all images). Blinded gastritis scoring was performed on
H&E-stained corpus sections from 12-wk-old BALB/c mice. (B) Viral DNA was evaluated from the salivary gland and the stomach (MRV ORF69 copies/B-actin
copies; ø indicates no viral DNA detected; mock, n = 3; MRV, n = 5, at least one sample from two separate experiments). (C) Stomachs were dissected from
uninfected 12-wk-old BALB/c mice and prepared for immunofluorescence. Gastric mucosa was sectioned and stained with 1:10 dilutions of serum from 12-wk-
old mice that were mock infected or MRV infected on D0, and representative images are shown: Ezrin (parietal cells, green), serum (red) or GIF (chief cells,
white), and Ezrin, serum, and GIF merged with DAPI (blue; Merge). Images were taken at 10× (bar = 100 μM). Relative fluorescence intensity was calculated
relative to the average of mock-infected fluorescence. (D) C57BL/6 (B6) or SJL/J (SJL) mice were mock or MRV infected via i.p. injection on D0. For C57BL/6:
mock, n = 4; MRV, n = 9 (two experiments) and for SJL: mock, n = 5; MRV, n = 10 (two experiments). Mice were euthanized at 12 wk. Stomachs were prepared
for H&E, and the corpus was scored for gastritis. Anti-H+/K+ ATPase antibody levels were evaluated using fluorescence intensity or anti-parietal cell H+/K+

ATPase ELISA. For all gastritis scoring, statistical significance was determined using nonparametric Mann–Whitney U test. Fluorescence intensity and ELISA
statistical significance was determined by Student’s t test; *, P < 0.05; ***, P < 0.001.
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Neonatal MRV infection results in development of a broad
repertoire of autoantibodies
While all mouse strains tested were susceptible to developing
AIG, we used BALB/c mice in the remainder of this study given
the robustness of the phenotype. We next investigated whether
neonatal MRV infection resulted in production of autoantibody
specificities limited only to gastric antigens. Using an autoanti-
gen microarray, we found a broad repertoire of IgG autoanti-
bodies present in serum of 12-wk-old mice that had been
neonatally infected with MRV (Fig. 2). These autoantibodies
were not observed in mock-infected mice. The autoantibodies
included anti-intrinsic factor antibodies that are typically
associated with AIG, as well as autoantibodies associated
with disorders such as various autoimmune endocrinopathies
(i.e., thrombopoietin [TPO], thyroglobulin, insulin), rheumatic
diseases (i.e., double-stranded DNA [dsDNA], topoisomerase I
[Scl-70], Sjögren’s syndrome type B [SSB], Smith, myeloperox-
idase [MPO], glomerular basement membrane [GBM]), auto-
immune hepatitis (liver-kidney microsome [LKM]), and others.
Although autoreactive IgM antibodies were increased, they were
not as diverse as the IgG autoantibodies (Fig. S2 A). Thus, these
data suggest that MRV induced a widespread break in immune
tolerance resulting in production of a diverse repertoire of
autoantibodies.

MRV-induced AIG is dependent on viral replication during the
first week of life
Because gastritis induced by neonatal MTV infection or day 3
thymectomy did not develop if the insult occurred after the first
few days of life (Morse et al., 1999; Sakaguchi et al., 1985), we
investigated whether such timing affected development of AIG
induced by MRV. To determine this, we first tested the antiviral
activity of ganciclovir (GCV), a nucleoside analogue that inhibits
the viral DNA polymerase and limits replication of other
β-herpesviruses, including human roseoloviruses (Agut et al.,
2017; Nevins and Dunn, 1992). Whereas neonatal MRV infec-
tion resulted in failure to gain weight, CD4+ T cell depletion, and
thymic atrophy (Patel and Yokoyama, 2017a; Patel et al., 2017),
mice treated with GCV after neonatal infection just for the first
7 d of life did not display these features. Namely, they gained
weight normally and did not show significant changes in CD3+

T cells, CD4+ T cells, or CD4+Foxp3+ Tregs (Fig. 3, A and C; and
Fig. S2, B and D). Furthermore, at 7 d postinfection (dpi), GCV-
treated mice displayed a nearly three-log decrease in viral DNA
levels in the thymus and had only low levels of MRV DNA in the
stomach (Figs. 3 B and S2 E). We used expression of the putative
late viral gene, ORF69, as a proxy of viral replication based on
previous data demonstrating that robust expression of late genes
in other herpesvirus infections is suggestive of active viral
replication (Gruffat et al., 2016). We found that GCV treatment
resulted in low to undetectable ORF69 RNA expression, sug-
gesting decreased MRV replication (Fig. 3 B). We did not detect
ORF69 RNA in the stomach, suggesting that there was no MRV
replication in the stomach at 7 dpi (Fig. S2 E). At 12 wpi, we
found similar low levels of viral DNA in the salivary gland of
vehicle- and GCV-treated mice, which suggests that GCV does
not induce an abortive infection (Fig. S2 G). As an additional

control, mice were infected on D7, which resulted in an inter-
mediate reduction of CD3+ and CD4+ T cells and Tregs compared
with the D0 vehicle- and mock-infected controls (Fig. 3 C). We
saw that inoculation with ≤1:105 dilution of the initial viral stock
still resulted in depletion of CD4+ T cells 7 d after neonatal in-
fection, making it unlikely that increasedmouse weight from D0
to D7 would account for phenotypic differences (Fig. S2 C).
These data demonstrate that GCV effectively inhibits viral rep-
lication as well as the associated MRV-induced failure to gain
weight and CD4+ T cell reduction.

Treatment of D0-infected mice with GCV only for the first 7 d
of life, or infection on D7, resulted in a significant reduction in
development of gastritis and gastric autoantibody (Figs. 3 D and
S2 F). Additionally, treatment with GCV just for the first 7 d of
life also reduced the development of diverse autoantibodies
observed in untreated MRV-infected mice (Figs. 2 and S2 A). By
contrast, mice neonatally infected with MRV and treated with
vehicle control developed AIG and autoantibodies at a high
frequency (Figs. 3 D and S2 F). Furthermore, starting at 8 wpi,
we treated adult MRV-infected mice with a 4-wk course of
valganciclovir (VGCV), an oral antiviral with antiviral activities
comparable to GCV (Paya et al., 2004; Santos, 2016). VGCV
treatment did not reduce gastritis, supporting the conclusion
that replication of MRV in adult mice is not necessary for de-
velopment of AIG (Fig. S2 H). Taken together, MRV-induced
autoimmunity is dependent on replication of the virus during
the first week of life, suggesting that neonatal disruption of
thymic development by MRV drives autoimmunity.

The inflammatory infiltrate of MRV-induced AIG consists of
monocytes, eosinophils, and activated CD4+ T cells that are
Th2 and Th17 differentiated
We investigated the inflammatory infiltrate of the gastric mu-
cosa in MRV-induced AIG. Using flow cytometry, we found
an increase in T cells, specifically CD44-high, CD62L-low
(CD44+CD62L−) CD4+ and CD8+ T cells, in the gastric mucosa
of MRV-infected mice compared with mock-infected controls
(Fig. 4 A). This phenotype suggested that the majority of the
CD4+ and CD8+ T cells in the gastric mucosa of MRV-induced AIG
were activated. Additionally, there were increased numbers of
Tregs, neutrophils, monocytes, and eosinophils (Fig. 4, A and B).
Although there was a trend toward increased B cells and NK
cells, it was not statistically significant (Fig. 4 A). These findings
were confirmed by immunofluorescence studies at the sites of
inflammation, in which we observed CD4+ T cells, CD8+ T cells,
CD11b+ cells, and SiglecF+ eosinophils (Fig. 4 C). Thus, our data
reveal that the inflammatory infiltrate in MRV-induced AIG is
similar to what has been observed in humans and other mouse
models (D’Elios et al., 2001; McHugh et al., 2001a; McHugh et al.,
2001b; Stummvoll et al., 2008), and we show that there is an
increase in Tregs and eosinophils as well.

Because Th cell differentiation in AIG mouse models varies
depending on the model, with more severe disease associated
with Th17 differentiation (Bockerstett et al., 2018; Stummvoll
et al., 2008; Tu et al., 2012), we further evaluated ex vivo cy-
tokine expression in CD4+ T cells in the gastric mucosa. We
found an increase in percentage and number of gastric CD4+
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T cells expressing IL-4 or IL-17A in MRV-infected mice by flow
cytometry (Fig. 5, A and B). Moreover, immunofluorescence
showed IL-17A at the site of inflammation (Figs. 5 C and S2 I). In
the spleen, we found that the numbers of activated T cells were
similar when comparing mock-infected and D0-infected mice
(Fig. S2 J). We then stimulated CD4+ T cells from the spleen and
found that, although there was no significant increase in IFN-γ
or IL-4 expression in activated CD4+ T cells, there was a small but
statistically significant increase in splenic IL-17A+CD44+CD4+

T cells in MRV-infected mice (Fig. S2, J and K). Thus, MRV
infection results in a T cell infiltrate in the gastric mucosa
consisting of Th2 and Th17 CD4+ cells.

MRV-induced AIG is caused by autoreactive CD4+ T cells
Determining the role of T cells in MRV-induced AIG required
careful consideration, because neonatal infection of TCRαβ or
CD8 knockout mice results in mortality (Patel and Yokoyama,
2017a). We therefore assessed the necessity of T cells for MRV-
induced AIG by using antibody depletion of all αβ-T cells, CD4+

T cells, or CD8+ T cells with specific antibodies given at 6 and 9
wpi (Fig. S3 A), when active infection had subsided (Fig. 7 C) and

T cell numbers had recovered (Fig. S4 A). We found that de-
pletion of αβ-T cells and CD4+ T cells significantly decreased
development of AIG compared with isotype control, but deple-
tion of CD8+ T cells did not alter gastritis (Fig. 6 A). Given the
presence of Th17 cells in the gastric mucosa, we also performed
IL-17A blockade with an IL-17A neutralizing antibody given
three times weekly for 4 wk and observed significantly reduced
development of AIG (Figs. 6 A and S3 D; Faraco et al., 2018; Sell
et al., 2015). These data established that CD4+ T cells and IL-17A
were necessary for development of AIG.

To evaluate the potential role of B cells, which have an un-
clear role in othermodels of AIG (Fukuma et al., 1988; Saito et al.,
2016; Suri-Payer et al., 1999), we depleted B cells using an anti-
CD20 antibody starting at 6 wk. Depletion of B cells after 6 wk
had no significant effect on the histologic evidence of gastritis
(Fig. 6 A). On the other hand, neonatal infection of B cell–
deficient μMT mice resulted in a reduction of AIG that was not
rescued when we transferred serum from 12-wk-old MRV-
infected mice (Fig. 6 A). These findings suggest that B cells are
necessary for MRV-induced AIG early in life, but B cells and
autoantibodies are not the primary mediator of disease after

Figure 2. Neonatal MRV infection results in diverse IgG autoantibody production in adult mice. BALB/c mice were mock or MRV infected on D0 then
treated with vehicle (Veh) control (mock and MRV) or GCV for 7 d (MRV + GCV). At 12 wk, serum was collected (n = 5 individual mice from one experiment) and
evaluated using an autoantigen microarray to evaluate levels of IgG autoantibodies, represented as a heatmap. Each column represents serum from one mouse
with the indicated experimental condition. The scale represents row minimum and maximum based on the autoantibody levels.

Bigley et al. Journal of Experimental Medicine 5 of 20

Murine roseolovirus disrupts central tolerance https://doi.org/10.1084/jem.20211403

https://doi.org/10.1084/jem.20211403


6 wk. Of note, we did not observe high levels of MRV DNA in the
thymus after depletion of T or B cells, or blockade of IL-17A in
adult mice, suggesting that T and B cells and IL-17A are not
necessary to control viral reactivation (Fig. S3 E), and that re-
activation was not a confounding issue in these studies.

Tregs have previously been demonstrated to reduce auto-
immunity in othermodels of immune dysregulation causing AIG
(DiPaolo et al., 2005; Harakal et al., 2016; Suri-Payer et al., 1998;
Taguchi and Nishizuka, 1987). More recent work has suggested
that neonatal Tregs may have distinct features and increased
suppressive capacity compared with adult Tregs (Dong et al.,
2017; Mandl et al., 2013; Yang et al., 2015). We therefore iso-
lated either adult (12-wk-old) or neonatal (1-wk-old) CD25+

Tregs from uninfected mice and transferred them to MRV-
infected mice 8 wpi. We observed that adoptive transfer of
Tregs from adult or neonatal mice resulted in decreased gastritis
(Fig. 6 A).

To evaluate which cells were sufficient to induce AIG, we
isolated CD4+ T, CD8+ T, and B cells from 12-wk-old mock-
infected controls or neonatally MRV-infected mice (Fig. S3, B
and C) for transfer to 6–8-wk-old athymic nude mice. Only
transfer of CD4+ T cells from neonatally MRV-infected mice
resulted in development of gastritis (Fig. 6 B). We then tested
whether adult or neonatal Tregs were sufficient to suppress
transferred gastritis by isolating conventional CD4+ T cells from
MRV-infected mice 12 wpi and cotransferring them with unin-
fected adult (12-wk-old) or neonatal (1-wk-old) Tregs into 6–8-
wk-old athymic nude mice (Fig. S3, B and C). We observed that
the majority of mice receiving cotransfer of conventional CD4+

T cells with adult Tregs developed gastritis, while mice receiving
the neonatal Treg cotransfer had reduced gastritis compared
with those receiving transfer of total CD4+ T cells from MRV-
infected mice (Fig. 6 B). Notably, there were no detectable levels
of MRV DNA in the salivary glands of mice that received

Figure 3. MRV-mediated AIG is dependent
on viral replication before D7. BALB/c mice
were mock or MRV infected on D0 and treated
with vehicle control or GCV for 7 d or were in-
fected on D7. (A)Mice were weighed on D7 (n =
4 for each condition from one experiment, D7
weights reported from a separate experiment in
Fig. S2 D). (B) Thymus was harvested on D7 and
evaluated for viral DNA (MRV/B-actin), gross
thymic size difference (scale bar = 3 mm), or
ORF69 late gene RNA (ORF69/B-actin cDNA, ø
indicates below level of detection; n = 3 for each
condition from one experiment; Fig. 7 B with
additional replicates for cDNA). (C) Cheek bleed
was performed on D14 and evaluated by flow
cytometry (mock, n = 8; MRV D0 + veh, n = 10;
MRV D0 + GCV, n = 10; MRV D7, n = 4).
(D) Gastritis scoring was performed from H&E-
stained corpus sections from 12-wk-old mice
(mock, n = 8; MRV D0 + veh, n = 10; MRV D0 +
GCV, n = 10; MRV D7, n = 8; scale bar = 100 μm,
same scale for all images). For C and D, results
represent the combined results of two experi-
ments. For A, B (RNA), and C, statistical signifi-
cance was determined using one-way ANOVA,
and Student’s t test was used for B (DNA). For
gastritis scoring, nonparametric Kruskal–Wallis
one-way ANOVA was used. *, P < 0.05; **, P <
0.01; ***, P < 0.001.
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adoptive transfer, suggesting that MRV did not reactivate from
transferred cells (Fig. S3 G).

We also evaluated the levels of gastric-specific autoantibodies
after T and B cell depletion, IL-17A blockade, and Treg adoptive
transfer in neonatally infected mice. As in gastritis, we found
decreased autoantibody levels after depletion of αβ-T cells and

CD4+ T cells, as well as blockade of IL-17A (Figs. 6 C and S3 F).
Mice that were depleted of CD8+ T cells showed similar levels of
autoantibodies by immunofluorescence and ELISA compared
with isotype control (Figs. 6 C and S3 F). As expected, B cell
depletion or deficiency resulted in decreased autoantibody
production (Figs. 6 C and S3 F). Despite reducing gastritis,

Figure 4. The inflammatory infiltrate of MRV-mediated AIG comprises T cells, neutrophils, monocytes, and eosinophils. BALB/c mice were mock or
MRV infected on D0. (A and B) At 12 wk, stomachs were dissected then digested with collagenase IV to obtain leukocytes. Cells were stained and evaluated by
flow cytometry (mock, n = 8; MRV, n = 10; combined from two independent experiments) for lymphoid populations (A) or myeloid populations (B). Absolute
number per stomach was quantified (DC, dendritic cells; Eos, eosinophils; Mo/Mø, monocytes/macrophages; Neut, neutrophils), as indicated in bar graphs.
Statistical significance was calculated using multiple Student’s t test. (C) Stomachs were harvested at 12 wk and fixed for immunofluorescence. Representative
images of inflammatory foci from three replicates are shown at 10× magnification (scale bar = 100 μm, same scale for all images) with the indicated stain for
each panel and DAPI staining in blue. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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transfer of adult or neonatal Tregs did not result in a statistically
significant reduction in autoantibodies, although there did ap-
pear to be a trend toward lower levels (Figs. 6 B and S3 F). There
was only low autoantibody production observed in nude mice
that had received adoptive transfer of CD4+ or CD8+ T cells or
B cells (Figs. 6 D and S3 H), suggesting that transfer of any of
these cells individually was not sufficient to induce autoanti-
body production. Nonetheless, we have shown that CD4+ T cells
are necessary and sufficient to cause AIG, demonstrating that
neonatal MRV infection induces development of autoreactive
CD4+ T cells. Furthermore, our data suggest a deficiency in
suppressive capacity of the Treg population after neonatal MRV
infection that can be rescued by transfer of Tregs from
uninfected mice.

Autoantibody production precedes development of MRV-
induced gastritis
After neonatal MRV infection, there was a substantial but
transient decrease in CD4+ T cells in the thymus, as well as a
decrease in DP (CD4+CD8+) thymocytes and peripheral CD4+

T cells (Figs. S4 A and S5 A; Patel et al., 2017). CD8+ T cell
numbers in the thymus were notably less affected by MRV

infection (Fig. S4 A), though there was an increase in effector
CD8+ T cells, as we showed previously (Patel and Yokoyama,
2017a). Interestingly, CD4+Foxp3+ Tregs showed a significant
reduction in numbers at 1, 2, and 4 wpi, with recovery by 8 wpi
in the thymus and spleen (Figs. S4 A and S5 A). Previous work in
our lab has shown that MRV DNA levels in the thymus peak
around D7 after neonatal infection and drop to low levels
thereafter (Patel et al., 2017). ORF69 RNA expression was mea-
sured by quantitative RT-PCR (cDNA) as a proxy for MRV rep-
lication, which we found peaked around 1 wpi then decreased to
nearly undetectable levels by 2 wpi, after which it was no longer
detected, suggesting that active viral replication in the thymus
does not continue to significant levels after 2 wpi (Fig. 7 C).

Having established the kinetics of CD4+ T cell depletion and
repletion in the thymus as well as viral replication, we next
evaluated how this correlated with development of AIG. At 4
wpi, when CD4+ T cell numbers in MRV-infected mice were
restored to that of uninfected mice, we did not observe signifi-
cant gastritis. By 8 wpi, however, inflammatory cell infiltration
into the gastric mucosa had begun, although few mice had sig-
nificant oxyntic atrophy or mucous neck cell hyperplasia (Fig. 7
A). As is observed in some other autoimmune diseases (Arbuckle

Figure 5. MRV infection causes Th2 and Th17 skewing in gastric CD4 T cells. (A and B) Cells were prepared from stomachs as described in Fig. 4, stained
ex vivo, and evaluated by flow cytometry for cytokine expression (mock, n = 5; MRV, n = 6 of a representative experiment from two independent experiments;
A) which was then quantified as absolute number per stomach (B). Statistical significance was calculated using multiple Student’s t test; *, P < 0.05.
(C) Stomachs were harvested at 12 wk and fixed for immunofluorescence. Representative images of inflammatory foci from three replicates are shown for
mock and MRV infections (scale bar = 25 μm, same scale for all images).
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Figure 6. CD4+ T cells are necessary and sufficient for MRV-mediated AIG. (A) BALB/c or μMT mice were mock or MRV infected on D0. MRV-infected
mice were treated with isotype control, anti-TCRβ, anti-CD4, anti-CD8, or anti-CD20 (B cells) starting at 6 wk or anti-IL17A starting at 8 wk. μMT mice were
infected with MRV on D0. At 11 wk, μMT mice either remained untreated or were treated with serum from 12-wk-old mock or MRV D0–infected mice. MRV-
infected mice received adoptive transfer of 1 × 106 Tregs from uninfected 12-wk-old mice (MRV adult Treg) or 1.5 × 105 uninfected 1-wk-old mice (MRV
neonatal Treg) at 8 wpi. At 12 wk, stomachs were harvested, and sections were stained with H&E and evaluated for gastritis score. Results are representative
of the combination of two to five separate experiments (mock, n = 15; MRV, isotype n = 14; MRV anti-TCRβ, n = 8; MRV anti-CD4, n = 6; MRV anti-CD8, n = 6;
MRV a-IL17A, n = 5; MRV anti-CD20, n = 8; μMT, n = 7; μMT mock serum, n = 4; μMT MRV serum, n = 5; MRV adult Treg, n = 6; MRV neonatal Treg, n = 5).
(B) BALB/c mice were mock or MRV infected on D0. At 12 wk, splenocytes and lymphocytes from stomach-draining lymph nodes were enriched for CD4+

T cells (CD4), B cells (Bc), or CD8+ T cells (CD8); alternatively, CD4+CD25+ T cells (Tregs) were enriched from 12-wk-old adult (Ad) or 1-wk-old neonatal (Neo)
mouse spleens and stomach-draining lymph nodes. 1 × 107 enriched CD4+, CD8+, or B cells were adoptively transferred to 6–8-wk-old athymic nude mice via
tail vein injection. For cotransfer, 1 × 107 CD4+ conventional T cells fromMRV-infected mice were cotransferred with 1 × 106 adult Tregs (MRV CD4+ Ad Treg) or
with 1.5 × 105 neonatal Tregs (MRV CD4 + Neo Treg). Mice that did not receive adoptive transfer were used as controls. Stomachs were evaluated 6 wk after
transfer, fixed, and H&E stained for gastritis scoring from two to three independent experiments (mock CD4, n = 9; MRV CD4, n = 12; mock Bc, n = 6; MRV Bc,
n = 7; mock CD8, n = 3; MRV CD8, n = 4; MRV CD4 + Ad Treg, n = 5; MRV CD4 + Neo Treg, n = 5; control, n = 7). (C) Stomachs were dissected from uninfected
12-wk-old BALB/c mice and prepared for immunofluorescence. Gastric mucosa was sectioned and stained with 1:10 dilutions of serum collected from mice
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et al., 2003; Leslie et al., 2001; Perniola et al., 2000), we saw that
autoantibody production started at 4 wpi and preceded the in-
flammatory infiltrate and organ damage (Fig. 7, B and D). These
findings highlight the kinetics of MRV-induced AIG and auto-
antibody production, demonstrating that autoantibody produc-
tion precedes AIG, but that AIG does not develop until weeks
after the resolution of CD4+ T cell depletion.

Neonatal MRV infection results in depletion of mTECs and
tDCs and decreased expression of AIRE and TRAs and disrupts
thymocyte development
Thus far, we have shown that MRV infection results in a break
in CD4+ T cell tolerance and alterations in the Treg population
that can be rescued by adoptive transfer of Tregs from unin-
fected mice. Because MRV is thymotropic, we hypothesized that

it may impact central tolerance by disrupting mTECs and CD11c+

tDCs that normally mediate central tolerance by presenting
TRAs to developing T cells for negative selection of autoreactive
T cells as well as positive selection of Tregs (Cheng and
Anderson, 2018; Passos et al., 2018; Ribot et al., 2007; Zhao
et al., 2018). We found that MRV infection on D0 resulted in a
reduction in mTECs at 2 and 4 wpi, after which the number of
mTECs was similar to mock-infected mice (Figs. 8 A and S4 B),
thus demonstrating that mTEC number remain decreased even
after CD4 SP and DP thymocyte numbers have recovered (Fig. S4
A). Similar to what we observed in CD4+ thymocytes, in-
cluding CD4+Foxp3+ T cells (Tregs; Fig. S4 A), CD4+ T cells and
CD4+Foxp3+ T cells were significantly reduced in the spleen at
1 and 2 wpi, with a smaller but still significant reduction in con-
ventional CD4+ T cells and CD4+Foxp3+ Tregs at 4 wpi (Fig. S5 A).

described in A and scored for fluorescence intensity relative to mock isotype with representative images shown (1 = mock isotype, 2 = MRV isotype, 3 = MRV
anti-TCRβ, 4 = MRV anti-CD4, 5 = MRV anti-CD8, 6 = MRV anti-IL17A, 7 = MRV anti-CD20, 8 = μMT, 9 = μMT mock serum, 10 = μMT MRV serum, 11 = MRV
adult Treg, 12 = MRV neonatal Treg). (D) Stomachs were harvested from uninfected 12-wk-old BALB/c mice and prepared for immunofluorescence. Gastric
mucosa was sectioned and stained with 1:10 dilutions of serum collected from mice described in B and scored for fluorescence intensity relative to mock
isotype with representative images shown (1 = mock CD4, 2 = MRV CD4, 3 = mock Bc, 4 = MRV Bc, 5 = mock CD8, 6 = MRV CD8, 7 = MRV + CD4 + Ad
Treg, 8 = MRV CD4 + Neo Treg). Nonparametric Kruskal–Wallis one-way ANOVA was used to determine statistical significance of gastritis scoring in A
and B. One-way ANOVA was used to calculate statistical significance in C and D. For A and C, asterisks represent statistical difference compared with
mock isotype; for B and D, asterisks represent statistical difference compared with control. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 7. MRV-induced gastritis is observed
after development of autoantibodies. BALB/c
mice were mock or MRV infected on D0 and
evaluated at various time points. (A) Stomachs
were dissected, prepared for H&E staining, and
scored for gastritis with representative images
shown (scale bar = 100 μm, same scale for all
images). (B) Stomachs were harvested from
uninfected 12-wk-old BALB/c mice and prepared
for immunofluorescence. Gastric mucosa was
sectioned, stained with 1:10 dilutions of serum,
and scored for fluorescence intensity relative to
mock infection, with representative images
shown (scale bar = 50 μm, same scale for all
images; red, serum; blue, DAPI) taken at 40×.
(C) cDNA prepared from the thymus of D0
mock- or MRV-infected mice was used to per-
form quantitative PCR (n = 6 from two indepen-
dent infections; ø indicates below level of
detection). (D) Anti-H+/K+ ATPase ELISA was per-
formed on sera collected from mice at 12 wk of life.
Statistical analysis for A was performed using mul-
tiple comparison nonparametric Mann–Whitney
U test. Statistical significance for B–D was de-
termined by multiple comparison Student’s t test
and one-way ANOVA for 1 wpi in C. *, P < 0.05; **,
P < 0.01; ***, P < 0.001.
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Interestingly, although the percentage of Foxp3+ cells per CD4+

cells was decreased at 1 and 2 wpi, it was increased at 4 wpi
before normalizing, compared with mock at 8 wpi (Fig. S5 B).
When we evaluated the number of cortical thymic epithelial
cells, which facilitate positive selection, we saw a decrease at 1, 2,
and 4 wpi (Fig. S4, A and B). We also observed a transient re-
duction of tDCs, including CD11c+CD8α+ DCs, at 1 and 2 wpi
(Fig. 8 B; and Fig. S4, A and B). These reductions in mTECs and
tDCs suggest that MRV disrupts central tolerance early in life.

mTECs express AIRE, and deficiency in AIRE results in pol-
yautoimmunity, including polyendocrinopathies and gastritis, in
addition to development of multiple autoantibodies (Humbert et al.,
2018; Perniola, 2018). We therefore also evaluated expression of
AIRE. Neonatal MRV infection resulted in decreased AIRE expres-
sion at 1, 2, and 4 wpi in the thymus (Fig. 8 C), demonstrating that
decreased AIRE expression continues even after CD4+ thymocyte
numbers have normalized (Fig. S4 A). Interestingly, the reduction
in AIRE expression began before reduction in mTEC numbers,
suggesting that MRV infection may impact gene transcription in
mTECs.We then assessed expression of TRAs at 7 dpi. Expression of
multiple TRAs, such as ATP4B, TPO, and Ins2, was reduced in mice
infected with MRV (Fig. 8 D). Inhibition of MRV replication by
treatment with GCV rescued expression of AIRE and TRAs, further
supporting a role for viral replication in loss of tolerance (Fig. 8 D).

Our studies thus far strongly suggest that MRV infection
causes a disruption in T cell tolerance in the thymus. To evaluate
this further, we considered use of TCR transgenic mice that have
been studied extensively in the context of thymic selection
(McCaughtry and Hogquist, 2008), but our previous work in-
dicates that T cells, especially CD8+ T cells, are necessary to
control infection, limiting the use of TCR transgenics in MRV
infection (Patel and Yokoyama, 2017a). We therefore took a flow-
cytometry approach in wild-type mice, using expression of CD5
and TCRβ, which is low in nonsignaled thymocytes undergoing
positive selection and enhanced in signaled thymocytes under-
going negative selection (Breed et al., 2019). Cleaved caspase 3,
which is increased in apoptotic thymocytes during selection, was
used to identify nonsignaled cells undergoing death by neglect and
signaled cells undergoing clonal deletion. We found that neonatal
MRV infection resulted in a decrease in CD5- and TCRβ-high,
signaled thymocytes, as well as a significantly increased percent-
age of signaled thymocytes undergoing apoptosis at the stage of
clonal deletion at 5 and 7 dpi (Fig. 8, E and F; and Fig. S5 C). Al-
though there was an increase in the percentage of thymocytes
undergoing apoptosis at the stage of death by neglect at 7 dpi, this
was less than the percentage and number of cells undergoing
apoptosis at the stage of clonal deletion (Fig. 8, E and F; and Fig. S5
C). Interestingly, we did not see a decrease in CD4+ total T cells and
Tregs in the thymus or periphery until 5 dpi (Fig. S5, D and E).
Together these data suggest that neonatal MRV infection pro-
foundly affects the genes and cells involved in central tolerance
and thymocyte development, resulting in autoimmunity.

Discussion
In this study, we demonstrate that AIG develops in adult mice
after neonatal infection with MRV. Although the literature

suggests that MRV and MTV are related viruses, it has not been
definitively demonstrated that they are the same virus, and we
provide the first data that MRV can induce AIG and be used
to study virus-induced autoimmunity (Patel and Yokoyama,
2017b). Through the use of antivirals and altering the timing
of infection, we establish that MRV replication during the neo-
natal period is necessary for AIG induction. However, AIG oc-
curs at 12 wpi, a time remote to acute infection when we found
no evidence of active infection of the stomach. Furthermore,
treatment of adult mice with an antiviral did not decrease AIG,
indicating that viral reactivation or chronic active infection in
adult mice is unlikely to contribute. Finally, we found that MRV
induces a large repertoire of autoantibodies, beyond those that
are pathogenic in AIG, strongly suggesting that molecular
mimicry is unlikely to have caused autoantibody production.
Taken together, these data strongly support the conclusion that
the autoimmune phenotype is due to broad immune dysregu-
lation related to early MRV infection rather than ongoing, active
infection.

Indeed, various infections have been shown to have an effect
on the thymus. Among these, one study showed that infection of
human thymus with HHV-6A in SCID-hu Thy/Liv mice resulted
in thymocyte depletion (Gobbi et al., 1999). Exposure to patho-
gens early in life can alter the neonatal T cell population
(Kidzeru et al., 2014; Marchant et al., 2003; Munks et al., 2006;
Rolot et al., 2018). Neonatal infection with murine CMV and
adult infection with Salmonella typhimurium result in thymic
atrophy as well as decreased DP and CD4 SP thymocytes, al-
though neither infection has been reported to result in auto-
immunity (Majumdar et al., 2017; Price et al., 1993). Similarly,
while Trypanosoma cruzi, HIV, measles, lymphocytic chorio-
meningitis virus, and Zika virus can cause thymic involution
and even altered thymic epithelia, a clear link to development of
autoimmunity independent of active pathogen replication has
not been established (Autran et al., 1996; Elsaesser et al., 2020;
Linhares-Lacerda et al., 2015; Messias et al., 2020; Valentin et al.,
1999). Moreover, attenuated yellow fever virus was shown to
infect the thymus and result in altered expression of AIRE and
Foxp3 in the thymus, but there has not been a clear causal link to
the development of autoimmunity (Melo-Lima et al., 2015).
Thus, while it appears that the thymus is sensitive to alterations
after various infections, to our knowledge, our studies are
unique in establishing that autoimmune disease can result from
a viral infection in the absence of active viral replication in the
affected organ.

Our data demonstrate that CD4+ T cells are necessary and
sufficient to cause AIG after neonatal MRV infection. This sug-
gests that autoreactive CD4+ T cells are escaping central toler-
ance, peripheral tolerance, or both. In terms of central tolerance,
we found that neonatal MRV infection had significant effects on
components of negative selection, including mTEC and tDC
numbers as well as expression of AIRE and TRAs. Additionally,
we demonstrated that MRV disrupted normal thymocyte de-
velopment during the stage of negative selection, therefore al-
tering the development of conventional and regulatory CD4+

thymocytes early in life. GCV greatly reduced the level of MRV
DNA and RNA in the thymus but did not blockMRV from getting
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Figure 8. Neonatal MRV infection results in early reduction in mTECs and tDCs, expression of AIRE and TRAs, and increased clonal deletion. BALB/c
mice were mock or MRV infected on D0 and evaluated at various time points. (A and B) The thymus was dissected and prepared for flow cytometry to
determine absolute cell numbers (#) per thymus for CD45−EPCAM+UEA-1+ mTECs (A) or CD45+CD19−CD11c+ CD8α+ (B). (C and D) Expression of AIRE relative
to β-actin (B-actin) in the thymus (C) or AIRE, ATP4B, TPO, and Ins2 relative to B-actin (D) at 7 dpi from mock infection, MRV infection treated with vehicle, or
MRV infection treated with GCV. For A–D, data represent two independent infections of n = 3–6 mice for each condition. D0 mock- or MRV-infected thymus
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to the thymus and would not inhibit immediate early gene ex-
pression, as this antiviral blocks viral replication. Our findings
that there were low levels of viral RNA detected in the thymus at
7 dpi and MRV DNA in the salivary gland at 12 wpi in mice
treated with GCV for the first 7 days of life suggest that indeed,
GCV treatment did not result in abortive infection. Neonatally
infected mice treated for the first 7 days of life did not develop
AIG, and expression of AIRE and TRA was rescued by GCV
treatment, providing mechanistic insight into howMRV inhibits
central tolerance and induces autoimmunity in a replication-
dependent manner. Defining whether MRV infection directly
or indirectly causes decreased numbers of thymic antigen-
presenting cells and expression changes will require additional
tools not yet available for MRV, including an in vitro cell culture
system, plaque assays, and virus-specific antibodies. Moreover,
roseoloviruses remain latent in host cells and, in the case of
HHV-6A and -6B, can integrate into the genome (Pantry and
Medveczky, 2017). Although we do not yet know what genes
are expressed during latency or whether MRV integrates its
genome into the host genome, the ability to study infection
in vivo should provide important information about rose-
olovirus latency and potential impact on autoimmunity.

Autoantibodies were detectable before development of MRV-
induced organ-specific autoimmunity. This is similar to many
autoimmune diseases in humans, including patients with AIRE
deficiency (Ma et al., 2017; Perniola et al., 2000). While MRV
infection resulted in reduced but not absent AIRE expression,
previous studies have suggested that there is a dosage effect of
AIRE expression and mTECs on T cell development (Garcia-Ceca
et al., 2020; Liston et al., 2004). It is therefore interesting to note
that whereas thymocyte numbers in our studies normalized by 4
wpi, AIRE expression remained decreased compared with un-
infected mice. In studies of humans and mice with AIRE de-
ficiency, there are alterations in TCR diversity and Treg
development (Hsieh et al., 2006; Malchow et al., 2016; Sng et al.,
2019). Furthermore, the autoreactive B cells that develop in AIRE
deficiency have been suggested to develop due to loss of pe-
ripheral B cell tolerance rather than central B cell tolerance,
possibly owing to alterations in T cell–dependent affinity mat-
uration (Kinnunen et al., 2013; Landegren et al., 2019; Ludwig-
Portugall et al., 2008; Meyer et al., 2016; Sng et al., 2019;
Wardemann et al., 2003; Zhao et al., 2006). The intricacies of
howMRV induces autoimmunity remain to be fully determined,
but cues from current knowledge of the role of thymic antigen-
presenting cells and AIRE functions will be useful for further
studies of MRV, human roseoloviruses, and other thymotropic
viruses.

In terms of MRV effects on peripheral tolerance, we found
that Treg numbers transiently decreased after neonatal infection,

but their numbers returned to that of uninfected mice in the
thymus and periphery by 8 wpi, when gastritis first started
developing. Furthermore, Treg numbers in the gastric mucosa
were increased in mice with MRV-induced AIG compared with
controls. Although this does not rule out a potential role for
Treg alteration in development of AIG, our findings differ from
studies of Treg depletion (Harakal et al., 2016) and D3 thy-
mectomy (Yamada et al., 2015), in which AIG began while Treg
numbers were reduced, and in the latter case, the Treg popu-
lation was permanently altered. Despite these Treg findings,
our studies revealed that MRV replication during the first week
of life is necessary for development of AIG, demonstrating the
importance of the timing of infection and raising the possibility
that neonatal T cells, including CD4+ conventional and regula-
tory cells, may also play a role in subsequent autoimmunity.
Infection on D7 did result in overall CD4+ T cell depletion, al-
though it was less dramatic than D0 infection. Interestingly,
MRV-induced reduction in Treg numbers was similar at 7 dpi
after D0 and D7 infection, raising the possibility that alterations
in the number of Tregs may be of lesser consequence than the
timing of perturbation.

Although T cell differentiation can be impacted by the
amount and type of stimulation, as well as developmental age
and origin (Cano-Gamez et al., 2020; Jelley-Gibbs et al., 2005;
Joshi et al., 2007; Mold et al., 2010; Plumlee et al., 2013; van
Faassen et al., 2005; Wang et al., 2016; Zens et al., 2017), neo-
natal T cells are of particular interest here, especially consid-
ering the profound MRV-mediated increase in apoptosis at the
stage of clonal deletion starting at 5 dpi. Neonatal T cells develop
as the hematopoietic stem cells that populate the thymus un-
dergo a transition from originating in the fetal liver to those
originating in the bonemarrow around the time of birth (Douagi
et al., 2000; Jotereau et al., 1987; Kim et al., 2007). Fetal and
neonatal T cells have epigenetic and transcriptional profiles
distinct from adult T cells, and they persist into adulthood
(Adkins, 2003; Hebel et al., 2014; Rudd, 2020; Yang et al., 2015;
Zens et al., 2017; Zhao et al., 2016). Indeed, we found that
adoptive transfer of adult or neonatal Tregs to BALB/c mice
neonatally infected with MRV did reduce gastritis, although it is
important to note that long-lived neonatal Tregs in the adult
Treg population would be transferred along with adult Tregs.
The neonatal TCR repertoire is more restricted than adult T cells
and may be more self-reactive than adult T cells (Dong et al.,
2017; Mandl et al., 2013). Interestingly, neonatal Tregs may have
more robust suppressive capacity than adult Tregs. This was
demonstrated in AIRE-deficient mice, in which neonatal Tregs
were able to suppress autoimmunity, while adult Tregs could
not (Yang et al., 2015). In concordance with this finding, nude
mice that received coadoptive transfer of CD4+ conventional

from mice 3, 5, or 7 dpi were evaluated by flow cytometry. (E and F) CD19−NKp46−TCRγδ−CD25− (Lin−) cells were gated on CD5 and TCRβ surface expression,
and cleaved caspase 3–positive cells were gated from signaled (CD5hiTCRβhi) or nonsignaled (CD5loTCRβlo), shown with representative flow plots and per-
centage of gated cells (E) and percentage of cleaved caspase 3–positive cells per total CD5loTCRβlo (death by neglect stage) or CD5hiTCRβhi (clonal deletion
stage; n = 6 for all except mock 3 dpi [n = 4], each from two to three separate infections). Mock†, flow plot is from 7 dpi and representative of mock 3, 5, and 7
dpi. For A–C and F, statistical significance was evaluated using multiple comparison t test. For D, statistical analysis for each transcript was evaluated by one-
way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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T cells from neonatally MRV-infected mice with adult Tregs
from uninfected mice still developed severe gastritis, while
those that received cotransfer with neonatal Tregs had limited to
no gastritis. This was despite using 6.7-fold fewer neonatal Tregs
than adult Tregs transferred. At this point, it is unclear why
transfer of adult Tregs to BALB/c mice reduced disease while
cotransfer of adult Tregs with conventional CD4+ T cells to nude
mice did not. Several possibilities exist, including the presence
of endogenous Tregs and other regulatory cells in BALB/c mice
that would not be present in nude mice.

Regarding thymocyte development, we observed increased
apoptosis at the stage of clonal deletion after MRV infection,
resulting in a considerable decrease in the number and per-
centage of CD5- and TCRβ-high, signaled thymocytes, likely
affecting both Treg and conventional T cell development.
Although our previous work suggests that MRV directly infects
thymocytes, evidenced by the presence of MRV DNA and viral
particles in those cells (Patel and Yokoyama, 2017a), we do not
yet know if these cells harbor lytic or latent infection. There are
several mechanistic considerations for the apoptosis of signaled
thymocytes, including lytic MRV infection of those cells, direct
effects of ongoing inflammation, signaling changes from infected
stromal cells, or MHC-viral peptide presentation resulting in
negative selection of virus-specific thymocytes. The impact of
the increased clonal deletion on neonatal Tregs after MRV in-
fection, which has been demonstrated in mice lacking mTECs or
functional AIRE, is of considerable interest for MRV-induced
autoimmunity (Herbin et al., 2016; Malchow et al., 2016; Perry
et al., 2014; Yang et al., 2015). Moreover, further study of the
long-term impact of MRV infection on the phenotype of both the
neonatal Treg and conventional T cell populations, such as
changes in the TCR repertoire, will be necessary to better un-
derstand how MRV is altering T cell development and causing
loss of tolerance.

Our studies are the first to show that a virus that disrupts
thymocyte development can induce development of a wide array
of autoantibodies and autoimmune disease later in life after a
neonatal infection. While there are scattered reports of neonatal
and even congenital infection with human roseoloviruses re-
sulting in lymphopenia, this has not been thoroughly explored,
and infection typically occurs later in childhood, between 9 and
21 mo of age (Knox et al., 1995; Lanari et al., 2003; Mendel et al.,
1995; Nishizuka and Sakakura, 1969; Yoshikawa et al., 2004;
Zerr et al., 2005). We therefore do not yet know how aspects of
our studies, such as viral dose, timing of infection, or impact on
the immune system, compare to infection with human rose-
oloviruses, although we now have a system to study these fac-
tors. Although viruses have been proposed as a trigger of
autoimmune disease, most of those studies have focused on the
role of acute or active infection, e.g., HIV- or flavivirus-
associated arthritis (Marks and Marks, 2016). Herpesviruses,
including HHV-6 and -7, and other chronic infections have been
suggested as a possible trigger of autoimmune disease in hu-
mans, but their chronic and ubiquitous nature has often made
finding a causal link difficult. Moreover, other mechanisms,
including molecular mimicry and bystander activation, are
generally cited as potential pathogenic possibilities (Munz et al.,

2009). Our studies suggest that autoimmunity can occur remote
to the acute infection due to alteration in immune development
and central tolerance, raising the possibility that viral disruption
of the thymus may be a mechanism of autoimmune diseases in
humans.

Materials and methods
Mice
BALB/c, C57BL/6, and BALB/c athymic nu/nu mice were pur-
chased from Charles River Laboratories. SJL/J mice were pur-
chased from The Jackson Laboratory. In all experiments, mice
were bred in-house under specific pathogen–free conditions.
MRV-infected and mock-infected mice were housed in separate
cages to avoid horizontal transmission. For evaluation of weight,
mice were weighed independently. Mouse studies were con-
ducted in accordance with the institutional ethical guidelines
through institutional animal care and use committee protocol
that was approved by the Animal Studies Committee of Wash-
ington University.

Virus stocks and infection
MRV stocks were prepared from in vivo passaging as described
previously (Morse et al., 1999; Patel et al., 2017). All experiments
shown were performed using a single virus stock, although
development of AIG in BALB/c mice was confirmed using an
independent virus stock. Briefly, infection of neonatal mice was
performed within the first 24 h of life (D0) or on D7 via i.p.
inoculation with a 30-gauge needle using 50 μl of a 1:5 dilution
of viral stock (2 × 107 viral genomes) in serum-free DMEM.
Mock infection was performed by i.p. inoculation with 50 μl of
serum-free DMEM. MRV-infected and mock-infected mice were
housed in separate cages to prevent horizontal infection, and
dams of infected pups were not bred again to avoid potential
vertical transmission.

Antiviral treatment
Neonatal mice were treated with 40 μg/g GCV by once-daily i.p.
injections (Lenzo et al., 2001). GCV (Thermo Fisher Scientific)
was prepared by dissolving powder in sterile water, pH 12, to a
concentration of 16 mg/ml, then adjusted to pH 11. Mice were
weighed daily for weight-based dose adjustment. Adult mice
were treated with VGCV incorporated into chow. VGCV HCl
powder (Sigma-Aldrich) was incorporated at 900 ppm, along
with red dye, into the standard chow provided in the animal
facilities (PicoLab Rodent Diet 20, 5053; LabDiet). Chow was
weighed before given. Control mice were given standard chow,
and VGCV-treated mice were given a 1:1 diet of regular standard
chowmixedwith VCGV chow for an estimated dose of 45 μg/g/d.
Every 3–4 d, the mice and remaining chow were weighed to
ensure equivalent intake of regular and VGCV-containing chow
and to calculate dose.

Antibody depletion and neutralization
Depletion and neutralization experiments using primary anti-
bodies were performed via i.p. injection. For depletion of αβ-T
cells, 0.5 mg of purified anti-TCRβ antibody (clone H57-597;
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Armenian hamster IgG BE0101; BioXCell) was injected on 3
consecutive days in wk 6 and 9 of life. Depletion of CD4+ and
CD8+ T cells was performed similarly, with injection on 3 con-
secutive days in wk 6 and 9 using 0.5 mg of anti-CD4 antibody
(clone GK1.5, rat IgG2b; purified in house from hybridoma su-
pernatants) or anti-CD8 antibody (clone 53-6.72, rat IgG2a; pu-
rified in house from hybridoma supernatants). Depletion of
B cells was performed using 0.25 mg anti-CD20 antibody (clone
SA27IG2 Ultra-LEAF; purified rat IgG2b; BioLegend) with a
single injection in wk 6 and 9. IL-17A neutralization was per-
formed using 0.5 mg anti-mouse IL-17A antibody (clone 17F3;
mouse IgG1; BioXCell) given twice weekly starting in wk 8
(Faraco et al., 2018). For isotype controls of various isotypes,
mice were injected as described above using Armenian hamster
IgG (purified functional grade; Leinco Technologies), rat hy-
bridoma IgG2b (InVivo; BioXCell), rat hybridoma IgG2a (func-
tional formulation Gold; Leinco Technologies), or mouse IgG1
(BD Biosciences).

Cell enrichment and adoptive transfer
Suspensions of enriched cells for adoptive transfer were pre-
pared from the spleens and stomach-draining lymph nodes of
MRV-infected or mock-infected 12-wk-old BALB/c mice. CD4+

T cells, CD8+ T cells, or B cells were enriched using EasySep Cell
Separation Kits per manufacturer protocols (Stem Cell Tech-
nologies). Cells were counted using a hemocytometer and re-
suspended in PBS at a concentration of 1 × 107 cells/200 μl except
in CD4+ conventional and Treg cotransfer, in which case 1 × 107

conventional CD4+ T cells were combined with 1 × 106 adult
Tregs or 1.5 × 105 neonatal Tregs in 200 μl PBS. Cells were kept
at 4°C until injection. 1 × 107 cells were injected into the tail vein
of each BALB/c athymic nu/nu mouse. Enrichment efficiency
was evaluated by flow cytometry and was typically >94% (Fig. S3
B). Adoptive transfer was performed in 6–8-wk-old BALB/c nu/
nu mice that were euthanized for study 6 wk after transfer.

Histopathology, gastritis scoring, and immunofluorescence
Gastric tissue was prepared for histology by washing and in-
flating stomachs with PBS then fixing in 4% paraformaldehyde
(PFA). The forestomach was removed, and stomachs were cut
lengthwise into strips that were embedded into paraffin. Slides
were prepared by cutting thin sections (5 μm) that were then
processed for H&E staining. Images were obtained using a
NanoZoomer (Hamamatsu Photonics). Gastritis scoring accord-
ing to standardized criteria (Fig. S1 A) was assigned inde-
pendently by two scorers, one a board-certified anatomic
pathologist with subspecialty training in gastrointestinal and
hepatopancreatobiliary pathology. Both scorers were blinded to
the experimental setup. Scores were compared and discussed,
with consensus being reached for all samples, which remained
blinded to the scorers.

For determination of autoantibodies to gastric mucosal cells,
gastric tissue from uninfected mice was prepared as above in 4%
PFA followed by paraffin embedding. Tissue sections were
mounted on slides, deparaffinized, and incubated in ethanol
followed by blocking exogenous peroxide activity with 3% hy-
drogen peroxide in methanol. Antigen retrieval was performed

using 1% antigen masking solution, citrate based (Vector Labo-
ratories). For autoantibody staining, serum that had been col-
lected by terminal exsanguination was diluted 1:10 in blocking
buffer (PBS, 3% BSA, 1% saponin, and 1% Triton X-100), or pri-
mary antibody was diluted in blocking buffer. Tissue was
stained with diluted serum or primary antibodies including anti-
Ezrin (3C12; Santa Cruz Biotechnology), anti–gastric intrinsic
factor (GIF; kind gift from David Alpers, Washington University,
St. Louis, MO), or the lectin GSII Alexa Fluor 594 conjugate
(Thermo Fisher Scientific). The secondary antibody, donkey
anti-mouse IgG Alexa Fluor 555 or donkey anti-mouse IgG Alexa
Fluor 488 (Thermo Fisher Scientific), was diluted 1:1,000 in
blocking buffer. Vectashield Hardset Antifade mounting me-
dium with DAPI (Vector Laboratories) was applied to the tissue,
and a coverslip was placed. Imaging was performed with a
NanoZoomer or on a Nikon Ti Eclipse microscope (Nikon).
Quantification of autoantibody and antibody fluorescence in-
tensity was performed using ImageJ v1.51a (National Institutes
of Health) of 20× images. Image comparison was performed
from images taken with the same exposure and linear adjust-
ment. Fluorescence intensity was calculated using corrected
total fluorescence of a 100 × 100-pixel area using: integrated
density − [(selected area) × (mean fluorescence of background
readings)].

To identify cells in gastric mucosa, histology was performed
on gastric tissue by tissue retrieval and processing as described
above, followed by fixation in 2% periodate-lysine-PFA fixative
at 4°C overnight and incubation in 30% sucrose solution at room
temperature for 6 h. Tissue was embedded in optimum cutting
temperature medium (Thermo Fisher Scientific) and frozen at
−80°C. 9-μm sections were cut and mounted on glass slides.
Tissue was stained with anti-Ezrin (3C12; Santa Cruz Biotech-
nology), anti-CD4 (EPR19514), anti-CD8 (EPR21769), anti-CD11b
(EPR1344; Abcam), anti-GIF (kindly provided by Dr. David
Alpers, Washington University, St. Louis, MO), or anti-SiglecF
(E50-2440; Thermo Fisher Scientific). Secondary antibodies
used included donkey anti-mouse IgG Alexa Fluor 555, goat anti-
rabbit IgG Alexa Fluor 647, and donkey anti-mouse IgG Alexa
Fluor 488 (Thermo Fisher Scientific). Vectashield Hardset An-
tifademountingmediumwith DAPI was added, and images were
obtained using the NanoZoomer or Nikon Ti Eclipse microscope.

Flow cytometry
Spleens and stomach-draining lymph nodes were crushed
through a 70-μm cell strainer to obtain single-cell suspensions,
and red blood cells were lysed using RBC lysis buffer. For
analysis of nonstromal thymocytes, the thymus was dissected
and minced into fine pieces with scissors. Thymocytes were
disrupted from the stroma by pipetting with a large-bore pi-
pette. To analyze thymic stromal cells, the thymus was minced
into small pieces with scissors and digested in RPMI containing
0.05% Liberase TL (Sigma-Aldrich) and 100 U/ml DNaseI
(Sigma-Aldrich; Jain and Gray, 2014). Cells from the gastric
mucosa were obtained by dissection of the stomach followed by
thorough washing with PBS and removal of the forestomach.
The gastric mucosa was then cut into small pieces, and intra-
epithelial lymphocytes were removed with HBSS with EDTA,
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Hepes, and FCS. EDTA was then washed away, and the tissue
was digested with 100 U/ml of collagenase IV (Sigma-Aldrich).
The digested sample was passed through a 70-μm filter. To
calculate total cells from organs after the above preparations,
cells were counted on a hemocytometer.

For stimulation, cells were prepared as described above to
achieve single-cell suspensions. 1 × 106 cells were resuspended in
RPMI 1640 with 10% FBS, 0.5 µg/ml phorbol myristate acetate
(Sigma-Aldrich) and 4 µg/ml ionomycin (Sigma-Aldrich). After
1 h, 1× brefeldin-A (eBioscience) and 5 µg/ml monensin (eBio-
science) were added to the medium. Cells were stimulated for
4–5 h, as indicated.

Cells were prepared for flow cytometry by staining with
fixable viability dye (eBioscience) and incubated with 2.4G2
hybridoma supernatant to block Fc receptors. Surface staining
with fluorescent-labeled antibodies was performed followed by
fixation and permeabilization with Foxp3/Transcription Factor
Staining Buffer Set (eBioscience). Intracellular staining was
performed with Foxp3/Transcription Factor Staining Buffer Set
permeabilization buffer. Fluorescent-labeled antibodies used
included anti-CD3ε (145-2C11), anti-CD4 (RM4-5), anti-CD8α
(53-6.7), anti-Foxp3 (FJK-16 s), anti-CD44 (IM7), Ly6G (1A8),
Ly6C (HK1.4), CD5 (53-7.3), and CD11b (M1/70) from Thermo
Fisher Scientific; anti-CD19 (6D5), anti-NKp46 (29A1.4), anti-
CD62L (MEL-14), anti-EpCAM (G8.8), anti-Ly51 (6C3), anti-
CD25 (PC61), anti-TCRγδ (GL3), TCRβ (H57-597), and anti–IFN-γ
(XMG1.2) from BioLegend; anti-CD45.2 (104), anti-CD11c (N418),
anti–IL-17A (ebio1787), and anti–IL-4 (11B1) from eBioscience;
anti–cleaved caspase 3 Asp175 (D3E9) from Cell Signaling; and
fluorescent-labeled lectin UEA1 from Sigma-Aldrich. Flow cy-
tometry was performed using a FACSCanto (BD Biosciences) and
analyzed using FlowJo v10 (TreeStar).

Analysis of nucleic acids
Nucleic acid analysis was performed from the entire organ ex-
cept for AIRE and TRAs, in which case the thymus was dissected,
minced with scissors, and pipetted with a large-bore pipette to
remove thymocytes and increase the proportion of stromal cells.
DNA was prepared from tissue using Puregene Extraction Kit or
QIAAmp Kit (Qiagen), and RNA was prepared from tissue using
the RNeasy Plus Kit (Qiagen). cDNA was synthesized from ∼1 μg
of DNase-treated RNA reverse transcribed using random hex-
amers and SuperScript III (Invitrogen). qPCR of DNA and cDNA
was quantified using Taqman Universal Master Mix II (Applied
Biosystems) on a StepOnePlus real-time PCR machine (Applied
Biosystems). For MRV ORF69 and host Actb quantification, a
plasmid of known base pair number containing each gene was
used to create a standard curve and calculate copies per milli-
liter. For AIRE, ATP4b, TPO, and Ins2, a known quantity of ge-
nomic DNA was used to create a standard curve and quantified
relative to Actb in the sample. Primers used included ORF69
(59-CAAGTCTGATTGAGGATTCACTTTATG-39, 59-56-FAM/
TCCAAATCC/ZEN/ACAATTCCCGTCTCTGT/3IABkFQ-39, and
59-CGTCGATAGTTGGCAAGAAGA-39), Actb (59-AGCTCATTG
TAGAAGGTGTGG-39, 59-56-FAM/TTCAGGGTC/ZEN/AGGA-
TACCTCTCTTGCT/3IABkFQ-39, and 59-GGTGGGAATGGGTCA
GAAG-39), AIRE (59-GCACACTCATCCTCGTTCT-39, 59-56-FAM/

TTCCTCCCC/ZEN/TTCCATCCCTCCC/3IABkFQ-39, and 59-GGT
AGAGATGAGCAGAAAGTGG-39), ATP4b (59-CCCGTCCTGCAC
TTCAATATG-39, 59-56-FAM/TAACACTGG/ZEN/TCACCCTGG-
CATGAC/3IABkFQ-39, and 59-ATAGGGACTGTGGTCTCAGAAG-39),
TPO (59-CTTTTCTAGTTCCTGCCTCTGA-39, 59-56-FAM/AC-
CAAAACC/ZEN/TGTCCCCATCCCTC/3IABkFQ-39, and 59-GTC
CTCTGTTTGCATGTATCATTG-39), and Ins2 (59-AGCGTGGCA
TTGTAGATCAG-39, 59-56-FAM/ATCTGCTCC/ZEN/CTCTAC-
CAGCTGGA/3IABkFQ-39, and 59-GTGGGTCTAGTTGCAGTA
GTTC-39).

ELISA and autoantigen array
Serumwas collected by terminal exsanguination of anesthetized
mice and stored at −20°C. ELISA of anti-parietal (H+/K+ ATPase)
autoantibody was performed from 1:10 diluted serum using the
Parietal Cell ELISA kit (Fitzgerald) per manufacturer’s specifi-
cations, modified to use HRP-labeled donkey anti-mouse IgG for
conjugation (Jackson ImmunoResearch Labs) diluted 1:1,000 in
PBS with 0.1% BSA. ELISA of 1:2 diluted serum IL-17A concen-
trations was performed using the Mouse IL-17A ELISA Kit (In-
vitrogen) per manufacturer protocol. ELISA plates were read on
a BioTek μQuant MQZ200 (BioTek) microplate reader at 450
nm. Autoantigen arrays for IgM and IgG were performed from
serum samples by the University of Texas SouthwesternMedical
Center Microarray Core Facility using the autoantigen micro-
array super panel. Heatmaps were created using Morpheus
open access software (Broad Institute, https://software.
broadinstitute.org/morpheus). The heatmap represents rel-
ative IgG or IgM autoAb cluster (based on Ab-Score, Abs = log2
[net fluorescence intensity × signal-to-noise ratio + 1]) as pro-
vided by the University of Texas Southwestern Medical Center
Microarray Core Facility. The scale of the heatmap represents
the Ab-Score relative to row minimum and maximum.

Statistical analysis
The data were analyzed for statistical significance using
GraphPad Prism 8. For gastritis scoring, nonparametric Mann–
Whitney U test was used to compare two groups, and Kruskal–
Wallis one-way ANOVA was used to compare more than two
groups. For all other analyses, we used Student’s t test for
comparing two samples, multiple Student’s t test for multiple
comparison of two groups, or one-way ANOVA for more than
two groups. Statistical significance was denoted as *, P < 0.05; **,
P < 0.01; and ***, P < 0.001. Comparisons without significance
are not marked except to clarify ns (not significant). Error bars
represent SD for all graphs.

Online supplemental material
Fig. S1 shows the gastritis scoring system, with representative
images for each score as well as comparison of gastritis and
autoantibody levels in male vs. female BALB/c mice. Fig. S2
relates to Fig. 2, showing IgM autoantibody levels from an au-
toantigen microarray; to Fig. 3, in which MRV stock dilution, D0
MRV infection–induced weight loss, impact of GCV and VGCV
on MRV nucleic acid levels, autoantibody levels, and gastritis
scores are measured; and to Fig. 5, in which gastric mucosa IL-
17A fluorescence intensity and spleen CD4+ T cell cytokine
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expression was measured. Fig. S3 displays representative flow
cytometry of T and B cells after depletion or enrichment and
adoptive transfer, as well as IL-17A levels by ELISA after IL-17A
neutralization, MRV DNA levels after depletion, neutralization,
μMT infection, or adoptive transfer, and anti-H+/K+ autoanti-
body levels from depletion, neutralization, and adoptive transfer
experiments measured by ELISA. Fig. S4 is related to Fig. 8,
showing a time course of numbers of various thymus cells after
mock versus MRV infection as well as representative flow plots
from Fig. 8. In Fig. S5, as in Figs. S4 and 8, a time course is
performed demonstrating the number of CD4+ total and Tregs
and percentages in the spleen. Fig. S5 also relates to Fig. 8,
showing the number of nonsignaled and signaled thymocytes in
addition to absolute number of CD4+ populations in the thymus
and spleen in mock and MRV D0 infections 3, 5, and 7 dpi.
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Figure S1. Gastritis scoring criteria, evaluation of antrum inflammation, and comparison of AIG in different sexes. (A) Gastritis scoring criteria with
representative images of each score. (B) Representative H&E staining of the antrum of 12-wk-old mock- or D0 MRV-infected mice (scale bar = 100 μm, same
scale for all images). (C) Gastritis scoring and relative autoantibody fluorescence intensity level of male (n = 8) and female mice (n = 10) from three independent
experiments.
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Figure S2. Impact of neonatal MRV infection and GCV treatment on IgM autoantibodies, disease, and Th cell differentiation. (A) BALB/c mice were
mock or MRV infected on D0 and treated with vehicle control (Mock and MRV) or GCV for 7 d (MRVGCV). At 12 wk, sera were collected and evaluated using an
autoantigenmicroarray for presence of IgM autoantibody. Each column represents serum from onemouse from the indicated experimental condition. The scale
represents rowminimum and maximum based on autoantibody levels. BALB/c mice were mock or MRV infected on D0 and treated with vehicle control or GCV
for 7 d as in Fig. 3. (B) Photograph of mock infection or MRV D0 infection treated with vehicle (MRV veh) or GCV (MRV GCV) at 7 dpi. (C) Viral stock was serially
diluted as indicated, and BALB/c mice were i.p. infected on D0 with the indicated viral stock dilution. On 7 dpi, spleens from mock or MRV viral stock infections
were dissected and analyzed by flow cytometry. Statistical significance was calculated used one-way ANOVA; asterisks represent statistical significance
compared with mock. (D) Mice were weighed every 7 d for 6 wk (mock + veh, n = 8; MRV D0 + Veh, n = 10; MRV D0 + GCV, n = 10; MRV D7, n = 8; from two
independent experiments). (E)Mice were mock or MRV infected and treated with vehicle control or GCV for 7 d. At 7 dpi, mice were euthanized, and stomachs
or thymus were evaluated for levels of ORF69 per B-actin DNA copies by qPCR or ORF69 RNA expression using quantitative RT-PCR (stomach DNA: mock, n = 3;
MRV + Veh, n = 4; MRV + GCV, n = 4; MRV + Veh RNA, n = 4; thymus: MRV D0 Thy DNA, n = 3; from two experiments). (F) Anti-H+/K+ ATPase ELISA was
performed on sera collected from mice at 12 wk of life, and statistical significance was determined using one-way ANOVA. (G) Mice were infected on D0 and
treated with vehicle control (MRV + Veh) or GCV (MRV + GCV) for the first 7 d of life, and then salivary glands were harvested at 12 wpi and evaluated for MRV
DNA copies per β-actin (B-actin) DNA copies (MRV + Veh, n = 4; MRV + GCV, n = 4; from two independent experiments). (H)Mice were mock or MRV infected
on D0 and treated with vehicle control chow or VGCV chow starting at 8 wk. At 12 wk, stomachs were dissected, H&E stained, and scored for gastritis (mock,
n = 3; MRV Veh, n = 6; MRV VGCV, n = 5; combined from two independent infections). (I) Gastric mucosa from 12-wk-old mock or MRV D0-infected mice was
sectioned and stained with DAPI (blue) and anti–IL-17A and imaged by immunofluorescence as in Fig. 5. Relative IL-17A fluorescence intensity was scored from
one representative image from three different mice for each condition. (J and K) At 12 wk after neonatal infection, spleens were harvested, stimulated (Stim)
with phorbol myristate acetate and ionomycin in vitro, evaluated by flow cytometry for cytokine expression compared to unstimulated splenocytes, and
quantified as absolute number of CD4+CD44+ cells or CD4+CD44+ cells positive for cytokine expression, with representative flow plots shown. Statistical
significance was calculated using multiple one-way ANOVA (C–F and J), Student’s t test (G and I), or nonparametric Kruskal–Wallis one-way ANOVA (H). *, P <
0.05; **, P < 0.01; ***, P < 0.001.
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Figure S3. CD4+ T cells are necessary and sufficient forMRV-mediated AIG. BALB/c or μMTmice were mock or MRV infected on D0. MRV-infected BALB/
c mice were treated with isotype control, anti-TCRβ, anti-CD4, or anti-CD8 starting at 6 wk or anti-IL17A starting at 8 wk. μMTmice were infected withMRV on
D0. At 11 wk, μMT mice were either untreated or i.p. injected with serum from 12-wk-old mock- or D0 MRV-infected mice. For adoptive transfer, 8-wk-old
D0 MRV-infected mice were given 1 × 106 adult Tregs (MRV Adult Treg) or 1.5 × 105 neonatal Tregs (MRV Neonate Treg) from uninfected 12- or 1-wk-old mice.
(A and D) At 12 wk, splenocytes were evaluated using flow cytometry, with representative flow plots shown (A) or for IL-17A serum levels after treatment with
anti–IL-17A using an IL-17A ELISA (mock, n = 3; MRV Iso, n = 3; MRV aIL17A, n = 5; at least one replicate from two experiments; D). (B and C) BALB/c mice were
mock or MRV infected on D0. At 12 wk, splenocytes and stomach-draining lymph node lymphocytes were enriched for total CD4+ T cells (CD4), CD19 B cells
(Bc), CD8+ T cells (CD8), CD4+ conventional T cells, and Tregs (Adult CD4CD25) or from 1-wk-old neonatal splenocytes and stomach draining lymph node
lymphocyte CD4+ conventional T cells and Tregs (Neo CD4CD25). The enriched samples were analyzed by flow cytometry, with representative flow plots
shown. 1 × 107 enriched total CD4+ T cells (CD4), CD19 B cells (Bc), CD8+ T cells, or 1 × 107 CD4+ conventional T cells combined with either 1 × 106 adult Tregs
or 1.5 × 105 neonatal Tregs were adoptively transferred to 6–8-wk-old athymic nude mice via i.v. injection; at 6 wk after transfer (wpt), spleens were harvested
and evaluated using flow cytometry (C). (E) MRV DNA levels in the thymus for mice from Fig. 5 A were measured by qPCR for ORF69 relative to B-actin, with
DNA from thymus of D0 MRV-infected mice, harvested on 7 dpi (MRV 7 dpi) as a control (n = 3 for all conditions, at least one replicate from two to three
independent experiments). (F) Anti-H+/K+ ATPase ELISA was performed from sera collected from mice at 12 wk of life as in Fig. 6 C, and statistical significance
was determined using one-way ANOVA with asterisks representing statistical significance compared to Mock Iso. (G) MRV DNA from nude mice receiving
adoptive transfer as in Fig. 6 D was measured by copies of ORF69 transcripts relative to B-actin in salivary glands 6 wk after transfer (n = 3 with at least one
replicate from two to three independent experiments); ø indicates below level of detection. (H) Anti-H+/K+ ATPase ELISA was performed from sera collected
from mice at 6 wk after transfer as in Fig. 6 D. Control nude mice did not receive adoptive transfer. For C and D, there were no statistically significant
differences found using one-way ANOVA. *, P < 0.05; ***, P < 0.001.
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Figure S4. Neonatal MRV infection results in transient decreases in CD4 SP and DP T cells, Tregs, cortical thymic epithelial cells, and CD11C+ cells.
(A and B) BALB/c mice were mock or MRV infected on D0 and harvested at various time points for flow cytometry of the thymus (as in Fig. 8) shown as
absolute number (#) of cells per thymus (A), with representative flow plots shown in B. (B) Flow plots of thymic cell populations at 2 and 12 wpi of mice either
mock or D0 MRV infected. Statistical significance for A was evaluated used multiple comparison Student’s t test for flow cytometry. *, P < 0.05; **, P < 0.01;
***, P < 0.001.
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Figure S5. Neonatal MRV infection results in transiently decreased CD4+ T cells in the periphery. (A and B) BALB/c mice were mock or MRV infected on
D0 and harvested at various time points for flow cytometry of the spleen, shown as absolute number (#) of cells per spleen (A), or percentage Foxp3+ cells per
total CD4+ cells (B). n = 3–6 for each time point from two independent infections. Statistical significance was evaluated used multiple comparison Student’s
t test for flow cytometry. (C–E) D0 mock- or MRV-infected thymus from mice 3, 5, or 7 dpi were evaluated by flow cytometry. CD19−NKp46−TCRγδ−CD25−

(Lin−) cells were gated on CD5, and TCRβ surface expression and absolute number (#) were evaluated for CD5hiTCRβhi or CD5loTCRβlo (C) and CD4 SP (CD4+),
DP (CD4+CD8+), or CD4+Foxp3+ (D). Splenocytes were evaluated at the designated time points and evaluated for absolute number (#) of total CD4+ cells or
CD4+Foxp3+ Tregs (E). n = 6 for all except mock 3 dpi (n = 4), each from two to three separate infections. Statistical significance was calculated using multiple
comparison Student’s t test. **, P < 0.01; ***, P < 0.001.
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