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Abstract: Sindbis virus (SINV) causes viral encephalitis in mice with strain-dependent virulence.
Fatal encephalomyelitis in C57Bl/6 mice infected with a neuroadapted strain of SINV (NSV) is an
immunopathogenic process that involves Th17 cells modulated by the regulatory cytokine IL-10.
To further characterize the pathogenic immune response to NSV, we analyzed the regulation of
transforming growth factor (TGF)-b in both wild-type (WT) and IL-10-deficient mice. NSV infection
upregulated the expression of TGFb1 and TGFb3 in the central nervous system (CNS). In the absence
of IL-10, levels of brain Tgfb1 mRNA and brain and spinal cord mature active TGFβ1 and TGFβ3
proteins were higher than in WT mice. Compared to WT mice, IL-10-deficient mice had more TGFβ1-
expressing type 3 innate lymphoid cells (ILC3s) and CD4+ T cells infiltrating the CNS, but similar
numbers in the cervical lymph nodes. Expression of glycoprotein A repetitions predominant protein
(GARP) that binds pro-TGFb on the surface of regulatory T cells was decreased on CNS cells from
IL-10-deficient mice. Higher CNS TGFb was accompanied by more expression of TGFbRII receptor,
activation of SMAD transcription factors, increased PCKα mRNA, and more RORγt-positive and
IL-17A-expressing cells. These results suggest a compensatory role for TGFβ in the absence of IL-10
that fosters Th17-related immunopathology and more rapid death after NSV infection.

Keywords: neuroadapted Sindbis virus; innate lymphoid cells; inflammation; transforming growth
factor beta; encephalomyelitis; mice

1. Introduction

Viral encephalitis is life-threatening and an important cause of long-term disability
worldwide, yet the mechanisms of neurocognitive damage remain poorly understood,
making the development of therapeutic interventions difficult [1,2]. Arthropod-borne
encephalitic viruses are important causes of seasonal disease in the Americas and include
the alphaviruses eastern equine encephalitis [EEE] and Venezuelan equine encephalitis
[VEE] viruses [3]. EEE has an estimated 35% mortality, and almost all survivors are left
with neurological sequelae [4]. A recent outbreak of VEEV in Colombia and Venezuela
resulted in an estimated 75,000 to 100,000 cases [5,6]. As the emergence and spread of these
neurotropic viruses increase, the need to understand the mechanisms responsible for severe
and fatal disease becomes more critical.

Sindbis virus (SINV) is the prototypic alphavirus, and although disease in humans is
usually associated with rash and arthritis [7], the disease in mice parallels viral-induced
encephalomyelitis with neurons as the primary target cells [8,9]. As with EEEV and
VEEV, SINV outcomes are dependent on the age of the host and the virulence of the
virus strain [6,10–16]. A neuroadapted strain of SINV (NSV) causes lethal encephali-
tis in 4–6 week old C57Bl/6 mice, while mice recover from infection with less virulent
strains [8,12]. Previous studies have shown that fatal NSV-induced encephalomyelitis is an
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immunopathologic process driven by CD4+ T cells, although knowledge of the mechanisms
of immune-mediated neuronal damage remains incomplete [17–20].

Because T cells are implicated in immunopathogenesis, there is a need to understand
how the cellular immune response and inflammation are regulated during viral infection of
the central nervous system (CNS). Important local regulators are the cytokines interleukin
(IL)-10 and transforming growth factor (TGF)-b [21]. Previous studies have shown that
the production of IL-10, a cytokine that controls inflammation in part by regulating differ-
entiation of CD4+ T cells, is an important determinant of the outcome of SINV-induced
encephalomyelitis [22–25]. IL-10 suppresses the development of Th1 and Th17 cells that can
be mediators of immune pathology [26–28], and mice deficient in IL-10 develop accelerated
fatal encephalomyelitis after NSV infection associated with an early increase in pathogenic
Th17 cells, neutrophils and Il17a mRNA [22]. In the current studies, we have further charac-
terized immune responses in the CNS during NSV infection in both WT and IL-10-deficient
mice to identify potential contributions of TGF-β to the pathogenic Th17 response.

TGF-b isoforms 1, 2 and 3 are members of the TGF-b subfamily in a large superfamily
of regulatory proteins that includes bone morphogenetic proteins, growth and differentiation
factors, and activins [29,30]. These highly regulated proteins are synthesized as precursor
proteins that must be proteolytically processed to produce the active proteins, so regulation
is primarily after transcription. Bioavailability of the processed active protein is further
controlled by continued interaction with the pro-domain and binding to locally produced
soluble, matrix and membrane proteins [30–32]. TGFb is produced by both immune and non-
immune cells, including neural cells, and regulates the initiation, development, and resolution
of immune responses by binding to heterodimeric receptors and activating SMAD family
transcription factors as well as signaling through SMAD-independent pathways [31,33].

To determine the role of TGFβ in the response to NSV infection, we have analyzed
the immune response in the CNS of IL-10-deficient mice in comparison to WT mice and
show that accelerated morbidity and mortality are associated with greater TGFb pathway
activation and Th17-related responses.

2. Materials and Methods
2.1. Virus Infection of Mice and Tissue Collection

The NSV, TE12 and TE strains of SINV [12] were grown and assayed by plaque
formation in BHK-21 cells. C57BL/6J (B6 WT) and B6.129P2-Il10tm1Cgn/J (B6 IL10-/-) mice
were purchased from Jackson Laboratories and bred in-house. Next, 4- to 6-week-old
sex and age-matched mice were infected intranasally with 105 plaque-forming units (pfu)
NSV diluted in PBS. Disease severity was assessed using a previously described scoring
system [22]. Briefly, 0 = no signs of disease; 1 = abnormal hind limb and tail posture, ruffled
fur, and/or hunched back; 2 = one hind-limb paralyzed; 3 = both hind-limbs or full-body
paralysis; 4 = death.

For the collection of cervical lymph node (CLN), brain and spinal cord tissues, mice
were anesthetized with isoflurane and perfused with ice-cold PBS. Tissues were used
fresh or frozen at −80 ◦C. Subsequently, 10% weight per volume tissue homogenates were
made in PBS and clarified by centrifugation. All experiments were performed according to
protocols approved by the Johns Hopkins University Animal Care and Use Committee.

2.2. mRNA and Protein Analyses

RNA was isolated from frozen brain and spinal cord tissues with the RNeasy Lipid
Mini RNA Isolation Kit (Qiagen, Hilden, Germany). A nanodrop spectrophotometer was
used to quantify RNA and cDNA prepared with the High Capacity cDNA Reverse Tran-
scription Kit (Life Technologies, Carlsbad, CA, USA) using 0.5–2.5 µg RNA. Quantitative
real-time PCR was performed using 2.5 µL cDNA, TaqMan gene expression arrays (pkca,
tgfb1, tgfb3, smad2 and smad3), and 2× Universal PCR Mastermix (Applied Biosystems,
Waltham, MA, USA). Gapdh mRNA was quantified using the rodent primer and probe set
(Applied Biosystems). Reactions were run with the following conditions on an Applied
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Biosystems 7500 real-time PCR machine: 50 ◦C for 2 min, 95 ◦C for 10 min, 95 ◦C for 15 s,
and 60 ◦C for 1 min for 50 cycles. The target gene Ct value was normalized to the Ct value
of Gapdh to determine the transcript level. The normalized value was used to calculate
gene expression relative to the average of the uninfected WT control (∆∆Ct method).

Levels of active TGFβ1 and TGFβ3 proteins in the brain and spinal cord homogenates
were measured by enzyme immunoassay (EIA) according to the manufacturer’s instructions
(R & D Systems, Minneapolis, MN, USA).

2.3. Mononuclear Cell Isolation

Mononuclear cells were isolated from fresh CLNs and brains collected from WT or
IL10-/- mice after NSV infection. CLNs were pooled in 10 mL of RPMI/1% FBS and
homogenized in C tubes using the GentleMACS spleen program 1 for 2 cycles (Miltenyi,
Bergisch Gladbach, Germany). Two brains collected in ice-cold HBSS were pooled per
C tube containing 4 mL of enzyme digest mix (RPMI, 1% FBS, 1 mg/mL collagenase (Roche,
Basel, Switzerland), 0.1 mg/mL DNase (Roche)) and dissociated with scissors. Further
dissociation was performed using the GentleMACS brain program 3 (5× with two 15 min
37 ◦C incubations and gentle rocking). Suspensions were filtered through 70 mm strainers
and centrifuged. Cells were treated with red blood cell lysis buffer (Sigma, St. Louis, MO,
USA) for 3 min and then washed with PBS. Cell pellets were resuspended in 30% percoll,
underlaid with 70% percoll and centrifuged at 4 ◦C. for 30 min at 850× g. The debris layer was
removed, and mononuclear cells were collected from the interface, washed, and suspended in
PBS containing 2 mM EDTA. Live cells were counted using trypan blue exclusion.

2.4. Flow Cytometry

Approximately 106 cells in PBS with 2 mM EDTA were stained with the violet
Live/Dead Fixable Cell Stain Kit (Invitrogen, Waltham, MA, USA), blocked with rat anti-
mouse CD16/CD32 (BD Pharmingen, San Diego, CA, USA), diluted in PBS with 2 mM
EDTA and 0.5% BSA, surface-stained for 30 min on ice, fixed and resuspended in FACS
buffer. Conjugated antibodies (BD Pharmingen or eBioscience, San Diego, CA, USA) to
the following proteins were used: CD45-FITC, CD3-APC, CD4-PerCP-Cy5.5, GARP-PE,
lineage-FITC, and IL-7Ra-PE Cy7. Cell type definitions were: T cells (CD3+), CD4 T cells
(CD3+CD4+), CD8 T cells (CD3+CD8+) and ILCs (Lin-IL-7Ra+).

For intracellular staining to detect cytokines and activated transcription factors,
2–3 × 106 cells in RPMI containing 1% FBS were stimulated with phorbol-12-myristate
13-acetate (PMA; 50 ng/mL) and ionomycin (1 µg/mL) in the presence of GolgiPlug-
brefeldin A (BD Pharmingen) for 4 h. After surface staining, cells were fixed and perme-
abilized using CytoFix/CytoPerm (BD Pharmingen) and stained for 30 min on ice with
anti-TGFβ1-PE, anti-TGFβ3-biotin, streptavidin-PE or anti-p-SMAD2/3 (BD Pharmin-
gen or eBioscience) and resuspended in 500 µL FACS buffer. Assessment of RORγt
expression used the Foxp3 Buffer Set (eBiosciences). After surface staining, cells were
fixed, permeabilized and stained for RORγt to identify ILC3 cells (Lin-IL-7Ra+ RORγt+).
Data were acquired with a BD FACS Canto II flow cytometer using FACS Diva software
(version 6.0) and analyzed using FlowJo version 10.3.0. The ILC3 gating strategy is shown
in Supplementary Figure S1.

2.5. Statistical Analysis

Data from two to four independent experiments with 6–10 mice per group were
used. Differences between groups over time were determined using two-way ANOVA and
Bonferroni posttests. Differences between groups at a single time point were determined
using an unpaired, two-tailed Student’s t-test with a 95% confidence interval. All statistical
analyses were calculated in GraphPad Prism 5 (v5.01).
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3. Results
3.1. CNS Expression of TGFb after SINV Infection

The regulatory cytokine TGFb has overlapping suppressive functions with IL-10 and
is of particular importance for regulating inflammation in the CNS [34–36]. Previous studies
have shown that IL-10 is produced in the CNS in response to infection with NSV and that
immunopathology and fatal paralysis are accelerated in the absence of IL-10 [22]. To determine
whether TGFb mRNAs are induced in response to CNS infection with NSV and whether IL-10
deficiency alters this expression, we performed RT-qPCR on RNA isolated from brains of WT
and IL10-/- B6 mice infected intranasally with NSV (Figure 1A,B). Infection increased brain
expression of both Tgfb1 and Tgfb3 mRNAs beginning at 3 days and a maximal 5–7 days after
infection. Levels of Tgfb1 mRNA were higher in IL-10-/- mice than WT mice (Figure 1A), but
no differences were identified in levels of Tgfb3 mRNA (Figure 1B).

Figure 1. Induction of TGFb in response to CNS infection with SINV strains of differing virulence.
Analysis of TGFβ1 (A) and TGFβ3 (B) mRNAs in the brains of WT (filled square, solid line) and
IL-10-/- (open circle, dashed line) mice during NSV infection. Gene Ct values were normalized to
Gapdh, and fold change was calculated relative to uninfected WT controls (∆∆Ct). Data are pooled
from two independent experiments and presented as the mean ± SEM from 6 mice at each time point.
*** p < 0.001. Levels of active TGFβ1 and TGFβ3 were measured in homogenates of brain (C–E) and
spinal cord (F–H) tissues from mice infected with NSV (C,F), TE12 (D,G) or TE (E,H) by EIA. Data
were pooled from 2 independent experiments and represent the means ± SEM for 8 mice at each time
point; * p < 0.05; ** p < 0.01; *** p < 0.001.

Because levels of biologically active TGFβprotein are determined post-transcriptionally [37],
we measured mature TGFβ1 and TGFβ3 proteins by EIA. Brain and spinal cord tissues from
NSV-infected mice had increased levels of activated TGFβ1 and TGFβ3 proteins, and IL10-/-
mice had higher levels than WT mice. Brain levels increased within 3 days (Figure 1C), and spinal
cord levels increased by 5 days after infection (Figure 1F), perhaps reflecting the progressive
spread of the virus from the brain to the spinal cord after intranasal infection [38,39]. Therefore,
IL-10 deficiency results in greater production of active TGFβ in the CNS after NSV infection than
in WT mice. To determine if these changes were unique to NSV, we also measured CNS levels
of active TGFb1 and TGFb3 after infection with moderately virulent TE12 (Figure 1D,G) and
relatively avirulent TE (Figure 1E,H) recombinant strains of SINV. Compared to NSV infection,
WT mice showed little change, but levels of TGFb1 increased in IL-10-deficient mice.
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3.2. Cellular Sources of Increased TGFβ

Lymphocytes are important sources of TGFb, with TGFb1 most abundantly pro-
duced [31]. Because high levels of TGFβ proteins were present in the brain by 3 days after
infection and continued to increase coincident with the infiltration of inflammatory cells
into the CNS, we used flow cytometry to assess TGFb1 production by ILCs that infiltrate the
brain early after infection [25] (Figure 2) as well as by CD4+ and CD8+ T cells, which accu-
mulate later (Figure 3). Cells isolated 3 and 5 days after infection from the CLNs, where the
immune response is induced, and from brains identified as ILC3s (lineage-IL7Ra+RORgt+,
Supplementary Figure S1) were assessed for production of TGFβ1 by intracellular cytokine
staining (Figure 2A). There were no differences in percent or number of TGFβ1-positive
type 3 ILCs in CLN on day 3 or 5 after infection (Figure 2C). However, the brains of IL-10-/-
mice had a higher percentage of ILC3 cells producing TGFβ1 3 days after infection, and by
day 5, both the number and percentage of TGFβ1-positive ILC3s were higher in IL-10-/-
mice than WT mice (Figure 3B). Therefore, ILC3s were an early source of TGFβ1 in the CNS
after NSV infection that was increased in IL-10-deficient mice.

Figure 2. TGFβ production by ILC3s. Intracellular cytokine staining and flow cytometry were
performed on cells isolated from the brains and CLNs from WT (black bar) or IL10-deficient (KO,
white bar) mice 3 and 5 days after NSV infection. (A) Representative flow cytometry plots. ILC3s
were identified as Lineage-IL-7Ra+RORγt+ cells. Percent and number of ILC3s producing TGFβ1
were measured in the brain (B) and CLN (C). Bars represent mean ± SEM from 10 mice per group.
*** p < 0.001.
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Figure 3. TGFβ production by T cells. Cells were isolated from brains and CLNs of WT (black bars) 

or IL10-/- (KO, white bars) mice 5 and 7 days after NSV infection. (A) Representative flow cytometry Figure 3. TGFβ production by T cells. Cells were isolated from brains and CLNs of WT (black bars)
or IL10-/- (KO, white bars) mice 5 and 7 days after NSV infection. (A) Representative flow cytometry
plots and gating strategy for brain T cells from 7 days after infection. Total CD3+ T cell numbers were
not different. (B) CD3+ T cells producing TGFβ1 in brains were measured as percent and number
of live cells. (C) CD4+ T cells were measured in brains as a percent and number of CD3+ T cells.
(D) CD8+ T cells were measured in brains as percent and number of CD3+ T cells. Bars represent
mean ± SEM from 10 mice per group. * p < 0.05.
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Previous studies showed that IL-10 deficiency does not impact the recruitment of CD4+

or CD8+ T cells into the CNS in response to NSV infection but does alter T cell differentiation
and production of cytokines, resulting in more pathogenic Th17 cells [22]. To determine
whether IL-10 deficiency affected the numbers or percentages of T cells producing TGFβ1,
cells from the brains of WT and IL10-/- mice were examined by intracellular cytokine
staining and flow cytometry (Figure 3). IL-10-deficient mice had higher numbers on day 5
and higher numbers and percentages on day 7 of CD3+ T cells producing TGFβ1 (Figure 3B).
Of the CD3+ cells, a higher percentage of CD4+ T cells (Figure 3C), but not CD8+ T cells
(Figure 3D), from IL-10-deficient mice produced TGFβ1 at both 5 and 7 days after infection
compared to WT mice. Therefore, in IL-10-/- mice, CD4+ T cells were a continued source of
increased TGFb later in the CNS inflammatory process.

3.3. Changes in Lymphocyte Expression of Surface Proteins That Bind TGFβ

TGFβ biologic activity is tightly regulated, beginning with production as a pro-form
that is cleaved intracellularly by a furin-like protease into active TGFβ and the latency-
associated protein (LAP) pro-domain (Figure 4). LAP remains noncovalently associated
with TGFβ and inhibits receptor interaction. The release of TGFβ from the LAP complex for
interaction with the TGFb receptor is accomplished primarily by the interaction of the RGD
motif on LAP with integrin [32,40]. Prior to TGFb release, the LAP-TGFβ complex either
interacts with the latent TGFβ-binding protein (LTBP) for retention by the extracellular
matrix or with glycoprotein A repetitions predominant protein (GARP) on activated FoxP3-
positive Tregs to become tethered to the cell surface [32,37,41,42].

Figure 4. Diagram of TGFb regulation. After cleavage of proTGFb, TGFb remains associated with the
latency-associated protein (LAP) pro-domain and inactive. The LAP/TGFb complex can be tethered
to the surface of regulatory T cells by association with GARP. When released from LAP, TGFb binds to
the heterodimeric TGFb receptor to activate serine/threonine kinases to phosphorylate and activate
SMAD transcription factors that translocate to the nucleus.

The expression of GARP is a marker for activated Tregs, and GARP+CD4+CD25+ cells
are increased in blood during chronic lentivirus infections [43,44]. To determine whether
the development of GARP+CD4+ T cells in response to NSV infection was affected by IL-10
deficiency, GARP expression on cells isolated from brains and CLNs was examined by flow
cytometry (Figure 5A). Lymphocytes isolated from the brains (Figure 5B), but not the CLNs
(Figure 5C), of IL10-/- mice had lower numbers and percentages of GARP+ cells 3 and
5 days after infection than WT mice.
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Figure 5. Cellular expression of GARP. Flow cytometric analysis of isolated cells pooled from the
brains (n = 10) and CLNs of WT (black bars) or IL10-/- (white bars, KO) mice at 3 and 5 days after
infection. (A) Representative flow cytometry plots. Total GARP+ cells were measured as percentage
and number in brains (B) and CLNs (C). The data represent the mean ± SEM from three independent
experiments. * p <0.05, ** p < 0.01.

To determine the impact of IL-10 deficiency on TGFβ receptor expression, lymphocytes
isolated from brains and CLNs of WT or IL10-/- mice were assessed for TGFβRII expression
(Figure 6A). Cerebral lymphocytes from IL-10-/- mice had higher numbers and percentages
of cells expressing TGFβRII compared to cells from WT mice at both 3 and 5 days after
infection (Figure 6B). There were no significant differences in the number or percent of
TGFβRII-positive cells in the CLNs (Figure 6C).



Viruses 2022, 14, 1791 9 of 16

Figure 6. Cellular expression of TGFβ receptor II (TGFbRII). Flow cytometric analysis of isolated cells
pooled from the brains (n = 10) and CLNs of WT (black bars) and IL10-/- (white bars, KO) mice at
3 and 5 days after NSV infection. (A) Representative flow cytometry plots. Total TGFbRII+ cells were
measured as percentage and number in brains (B) and CLN (C). The data represent the mean ± SEM
from three independent experiments; ** p < 0.05, *** p < 0.001.

3.4. Effect of IL-10 Deficiency on Expression and Activation of Smad Transcription Factors

TGFβ binding to its cognate receptors, TGFβRI and TGFβRII, activates a signal trans-
duction pathway that results in phosphorylation and activation of transcription factors
SMAD2 and SMAD3 as well as Smad-independent signaling pathways (Figure 4) [40].
Phospho-SMAD2/3 regulates cytokine responses primarily by controlling the expres-
sion of transcription factors necessary for CD4+ T cell differentiation. TGFβ inhibits the
differentiation of Th1 and Th2 cells by blocking the expression of Tbet and Gata3 and
promoting differentiation of Th17 and Tregs through dose-dependent induction of RORγt
and FoxP3 [33,40,45,46]. To assess SMAD2 and SMAD3 expression, mRNA was measured
by RT-qPCR at the peak of CNS inflammation 7 days after infection (Figure 7B). Smad2
mRNA expression was higher in the brains of IL10-/- mice compared to WT mice. To assess
SMAD2/3 activation, phosphorylated SMAD2/3 expression in CLN and brain lympho-
cytes was analyzed 3 and 5 days after NSV infection (Figure 7A). Greater numbers and
percentages of cells from the brains of IL10-/- mice were positive for phospho-SMAD2/3
on day 3 after NSV infection compared to WT mice (Figure 7C). There were no significant
differences in percentages or numbers of phospho-SMAD2/3-positive cells isolated from
CLN (Figure 7D).
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Figure 7. Expression and activation of SMAD2/3. Analysis of expression of SMAD2 and SMAD3
mRNAs in brains and phosphorylated SMAD2/3 in cells isolated from the brains and CLNs of WT
and IL-10-deficient NSV-infected mice. (A) Representative flow cytometry plots. (B) Analysis of
SMAD2 and SMAD3 mRNAs in the brains of WT (black bar) and IL-10-/- (white bar) mice on day 7
after infection. Gene Ct values were normalized to Gapdh, and fold change was calculated relative to
uninfected WT controls (∆∆Ct). Data are pooled from two independent experiments and presented
as the mean ± SEM from 6 mice in each group; *** p < 0.001. (C,D) Number and percentage of live
cells positive for SMAD2/3 (lower panels) and phospho-SMAD2/3 (upper panels) in brains (C) and
CLNs (D). Experiment repeated 3×. Data are presented as the mean ± SEM; * p < 0.05.

3.5. IL10 Deficiency and TGFβ Upregulation Associated with Expression of Pkca and RORgt

Differentiation of IL-17A-producing T cells requires expression of PKCα, RORγt, and
STAT3, which can be induced through SMAD-independent as well as SMAD-dependent
TGFβ signaling pathways [45,47,48]. For example, PKCα-deficient cells demonstrated
a defect in SMAD-dependent IL-2 suppression, STAT3 DNA binding within the Il17a
promoter, and lack of IL-17A production [48]. Analysis of PKCα mRNAs in the brains
showed increased levels in IL10-/- mice relative to WT mice (Figure 8A). Because RORγt
regulation of IL-17 is common to many cell types, including T cells, neutrophils, and ILCs,
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RORγt expression was measured in total isolated lymphocytes from the brain and CLN
(Figure 8B). Numbers and percentages of lymphocytes positive for RORγt were higher
in the brains of IL10-/- mice compared to WT mice (Figure 8C), and in CLN, there were
significantly higher percents and numbers of RORγt+ cells on day five, but not day three,
after infection (Figure 8D).

Figure 8. Expression of transcription factors PKCa and RORgt. (A) Analysis of Pkcα mRNA in the
brains of WT (black bar) and IL-10-deficient (white bar, KO) mice 7 days after NSV infection. Gene
Ct values were normalized to Gapdh, and fold change was calculated relative to uninfected controls
(∆∆Ct). Data are pooled from two independent experiments and presented as the mean ± SEM
from 6 mice in each group; * p < 0.05. (B–D) Flow cytometric analysis of cells expressing RORγt in
WT (black bars) and IL10-/- (white bars) mice. (B) Representative flow cytometry plots. Number
and percent of live cells in brains (C) and CLNs (D) expressing RORgt. Data are pooled from two
independent experiments and presented as the mean ± SEM from 10 mice per time point; * p < 0.05,
** p < 0.01, *** p < 0.001.
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3.6. IL10 Deficiency and TGFβ Upregulation Associated with IL-17A-Producing ILC3s

IL17a mRNA is elevated in the brains of IL10-/- mice on day three after NSV infection
preceding T cell recruitment to the CNS [22]. It was not determined which cell type was
the early producer of IL-17A, but neutrophil depletion had no effect on disease outcome.
Because ILC3s can produce IL-17A [49–51] and infiltrate the CNS early after SINV infec-
tion [25], we performed intracellular staining and flow cytometry on lymphocytes isolated
from brains and CLNs (Figure 9A). On both days three and five after infection, there were
higher percentages and numbers of ILC3s producing IL-17A in the brains of IL-10-deficient
mice than WT mice (Figure 9B). In CLN, there were also elevated numbers and percentages
of IL-17A-producing ILC3 cells in IL10-/- mice on day three but not day five after infection
(Figure 9C). Therefore, ILC3s that are also more abundant in IL-10-deficient mice (Figure 3B)
provide an early source of IL-17A in the CNS.
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Figure 9. IL-17 production by type 3 innate lymphoid cells. Flow cytometric analysis of IL-17 production
by ILC3s isolated and pooled from the brains and CLNs (n = 10) of WT (black bars) or IL10-deficient
(white bars) mice 3 and 5 days after NSV infection. (A) Representative flow cytometry plots. Percentage
and number of IL-17-expressing ILC3s isolated from brains (B) and CLNs (C). The data represent the
mean ± SEM from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

A balance between inflammatory subsets of helper and regulatory T cells is crucial for
survival from inflammatory diseases like viral encephalitis. In the center of this balance
are IL-10 and TGFβ, two cytokines that regulate inflammation. Understanding how these
two cytokines work in partnership during viral encephalomyelitis is key to understanding
neuroprotection and clearance versus lethal immunopathologic disease. IL-10 is increased
in the CNS during SINV encephalomyelitis and is an important modulator of CD4+ T cell
responses and disease severity during CNS infection with strains of SINV that differ in
virulence [22,25]. In the current study, we show that TGFβ1 and TGFβ3 are also upregulated
in the CNS in response to SINV infection and that TGFβ1 is further increased in the absence
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of IL-10. Mice infected with NSV lacking IL-10 had increased production of TGFβ1 by ILC3s
and T cells infiltrating the brain and spinal cord, decreased expression of surface molecules
that prevent cleavage of pro-TGFβ on Tregs and increased activation of TGFβ downstream
effector molecules. These changes were associated with increased expression of RORγt, Pckα
mRNA and increased IL-17 production by ILC3s. Taken together, these results show induction
and activation of TGFb in response to SINV infection of the CNS and a compensatory TGFb
increase in the absence of IL-10 that may suppress inflammation but increase IL-17-related
immunopathology and more rapidly promote fatal disease (Figure 10).

Figure 10. Accelerated mortality and delayed clearance associated with upregulation of TGFβ in
the absence of IL-10. It is hypothesized that TGFβ1 and TGFβ3 are increased in the absence of IL-10
and lead to increased pathogenic Th17 responses, decreased antibody production, and more damage
to the host. The concentrations of TGFb induced after infection are proportional to SINV strain
virulence, with NSV being the most virulent and TE the least virulent.

Previous studies of CNS viral infection in humans and mice have documented induc-
tion of TGFb expression with evidence of production by both intrinsic cells of the CNS
as well as infiltrating inflammatory cells [52–55]. In CNS infection of mice with Theiler’s
murine encephalomyelitis virus, neuronal production of TGFb is strain-dependent with the
more virulent GDVII strain, but not the less virulent DA strain inducing TGFb expression
and modulating inflammation [53]. In the current studies, neuronal production of TGFb1
was not assessed, but we documented production by infiltrating inflammatory cells associ-
ated with both innate and adaptive immune responses to infection. TGFb1-positive ILCs
were detected 3 days after infection and were more abundant in the absence of IL-10. ILC3s
are also important early sources of IL-17, and their dysregulation can lead to worse clinical
outcomes [56]. Conversely, the lack of ILC3s inhibits the recruitment of helper T cells to
the CNS during experimental autoimmune encephalomyelitis [49]. Infiltrating CD4+ and
CD8+ T cells also produced TGFb with increases in the TGFb-producing CD4+ population
associated with IL-10 deficiency.

TGFβ and IL-10 work in tandem to strike a balance between Th17 and regulatory
T cells, and changes in this balance can determine the outcome of infection [21,57–59].
In vitro and in vivo studies have shown a dose-dependent effect of TGFb. Higher con-
centrations, in conjunction with other cytokines, lead to SMAD-independent induction of
Th17 cell differentiation, whereas lower concentrations induce regulatory T cells through
SMAD2/3 induction of FoxP3 [45–47,60,61]. For example, increased TGF-β leads to the
development of pathogenic Th17 cells that are key to inducing autoimmunity [61]. The
isoform of TGFβ could also impact Th17 cells as TGFβ3 is more efficient than TGFβ1 in the
induction of pathogenic Th17 cells leading to autoimmunity [62].
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In the absence of IL-10, it is postulated that TGFβ will compensate for the regulatory
loss and perform similar but different functions that can lead to worse clinical outcomes [62].
In encephalomyelitis induced by the TE12 strain of SINV that has intermediate virulence,
IL-10 deficiency led to more severe disease associated with an increase in Th1 responses [25].
In mice infected with the more virulent NSV, concentrations of TGFb1 increased in the
absence of IL-10 with greater production of IL-17A and earlier appearance of more abun-
dant pathogenic Th17 cells in the CNS [22]. Therefore, the effects of IL-10 deficiency on
immunopathologic responses in the CNS during alphavirus infection are influenced by
virus strain.

Understanding the context-dependent partnership between IL-10 and TGFβ will
be important for the successful development of immunotherapies. These results have
shown that there are consequences of eliminating a single cytokine, as another similar, yet
diverging factor will be upregulated to take its place.
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