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matter and its associated myelin pathology
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ABSTRACT Interferon-induced protein with tetratricopeptide repeats 2, Ifit2, is critical
in restricting neurotropic murine-f-coronavirus, RSA59 infection. RSA59 intracranial
injection of Ifit2-deficient (-/-) compared to wild-type (WT) mice results in impaired
acute microglial activation, reduced CX3CR1 expression, limited migration of peripheral
lymphocytes into the brain, and impaired virus control followed by severe morbidity and
mortality. While the protective role of Ifit2 is established for acute viral encephalitis, less
is known about its influence during the chronic demyelinating phase of RSA59 infection.
To understand this, RSA59 infected Ifit2” and Ifit2*"* (WT) were observed for neuropa-
thological outcomes at day 5 (acute phase) and 30 post-infection (chronic phase). Our
study demonstrates that Ifit2 deficiency causes extensive RSA59 spread throughout the
spinal cord gray and white matter, associated with impaired CD4" T and CD8* T cell
infiltration. Further, the cervical lymph nodes of RSA59 infected Ifit2” mice showed
reduced activation of CD4"* T cells and impaired IFNy expression during acute encepha-
lomyelitis. Interestingly, BBB integrity was better preserved in Ifit2” mice, as evidenced
by tight junction protein Claudin-5 and adapter protein ZO-1 expression surrounding
the meninges and blood vessels and decreased Texas red dye uptake, which may be
responsible for reduced leukocyte infiltration. In contrast to sparse myelin loss in WT
mice, the chronic disease phase in Ifit2” mice was associated with severe demyelination
and persistent viral load, even at low inoculation doses. Overall, our study highlights that
Ifit2 provides antiviral functions by promoting acute neuroinflammation and thereby
aiding virus control and limiting severe chronic demyelination.

IMPORTANCE Interferons execute their function by inducing specific genes collectively
termed as interferon-stimulated genes (ISGs), among which interferon-induced protein
with tetratricopeptide repeats 2, Ifit2, is known for restricting neurotropic viral replication
and spread. However, little is known about its role in viral spread to the spinal cord
and its associated myelin pathology. Toward this, our study using a neurotropic murine
B-coronavirus and Ifit2-deficient mice demonstrates that Ifit2 deficiency causes extensive
viral spread throughout the gray and white matter of the spinal cord accompanied by
impaired microglial activation and T cell infiltration. Furthermore, infected Ifit2-deficient
mice showed impaired activation of T cells in the cervical lymph node and relatively
intact blood-brain barrier integrity. Overall, Ifit2 plays a crucial role in mounting host
immunity against neurotropic murine coronavirus in the acute phase while preventing
mice from developing viral-induced severe chronic neuroinflammatory demyelination,
the characteristic feature of human neurological disease multiple sclerosis (MS).

KEYWORDS Ifit2, coronavirus, demyelination, microglia, interferon-gamma

he immunomodulatory properties of interferons (IFNs) make them useful in
the treatment of multiple sclerosis (MS), which is a chronic inflammatory
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neurodegenerative demyelinating disease of the central nervous system (CNS) (1-4). The
action of IFNs is mediated by the expression of numerous genes called IFN-stimula-
ted genes (ISGs) that encode for antiviral and immunomodulatory factors (5). Among
these, IFN-induced protein with tetratricopeptide repeat 2 (Ifit2) is a restriction factor
against rabies virus, vesicular stomatitis virus, West Nile virus, Sendai virus, murine
B-coronavirus, and mouse hepatitis virus (MHV) (6). Several studies, including those
with MHV, have explored the underlying antiviral regulatory mechanisms of Ifit2 (6,
7). Neurotropic strain of murine -coronavirus induces acute encephalomyelitis and
meningitis followed by chronic progressive demyelination upon intranasal as well as
intracranial administration (8, 9). However, previous studies have shown that intracranial
inoculation of the virus is a more reliable and potent way to understand the neurological
manifestation of MHV-induced demyelinating disease (10).

Intracranial infection with the demyelinating strain MHV-A59 or its spike protein
isogenic recombinant strain RSA59 in mice initiates activation of innate immune
responses followed by prominent adaptive immunity, which controls virus replication
and drops infectious virus titers below the detection limit by day 15 post-infection (p.i.).
However, viral RNA persists at a very low level. A gradual increase in myelin pathology
with or without axonal loss is evident as early as day 7 p.i. and reaches its peak during
the persisting phase (day 30 p.i.), mimicking certain pathological features of human
neurological demyelinating disease, multiple sclerosis (11-15). Intracranial inoculation
of Ifit2” mice with low doses of RSA59, which otherwise elicits only mild symptoms
in wild-type (WT) mice, caused pronounced morbidity and mortality, accompanied by
uncontrolled virus replication with significantly impaired microglial activation, reduced
expression of CX3CR1, and reduced recruitment of NK1.1* and CD4* T cells into the brain
(7).

While the role of Ifit2 in acute inflammation is well-established, the impact of
Ifit2 deficiency on virus spread to the spinal cord and its associated neuroinflamma-
tory demyelination remains to be investigated. The current study reveals significantly
heightened, indiscriminate viral spread within spinal cord gray and white matter, fewer
Iba1* microglia/macrophages, and impaired local T cell infiltration in Ifit2” spinal cords,
similar to that observed in the brains during acute infection. Viral antigen persisted
prominently during chronic disease relative to its sparse detection in WT spinal cords.
Reduced activation of CD4* T cells in draining cervical lymph nodes (CLNs) was
consistent with the inability of the immune system to clear infectious viruses from the
CNS. Furthermore, blood-brain barrier (BBB) integrity was maintained in Ifit2” compared
to WT mice despite elevated virus load. Although Ifit2” mice given a comparatively low
dose of RSA59 survived, they developed severe progressive clinical symptoms associated
with augmented white matter demyelination and gray matter pallor, compared to sparse
demyelination not affecting the gray matter in WT mice. Demyelinated lesions in Ifit2”
mice exhibited significantly more ameboid phagocytic microglia/macrophages. Overall,
our data suggest that lack of Ifit2 reduces the immune cell priming in CLN and, preserves
BBB integrity, thereby leading to reduced infiltration into the CNS at the acute phase.
This allows enhanced virus replication throughout the chronic phase of neuroinflamma-
tion, promoting microglia/macrophage phagocytosis and leading to detrimental chronic
demyelination.

RESULTS

Ifit2 deficiency significantly increased RSA59 spread but restricted microglial
activation in the spinal cords at the acute phase of neuroinflammation

Inoculation of WT mice with RSA59 into the brain near the lateral geniculate nuclei
results in rapid viral spread to the olfactory bulb, cerebral cortex, ventral striatum/basal
forebrain, hippocampal region, midbrain, and medulla, followed by infection of the
brainstem and deep cerebellar white matter and ultimately, the spinal cord white
matter indicated by histopathological analysis of brain and spinal cord (11). Previous
studies showed that Ifit2 played a significant antiviral role against RSA59 dissemination
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within the brain in 4-5-week-old mice even at inoculation doses of 2000 PFUs, which
is one-tenth of half of the LD50 dose. Ifit2” mice developed severe clinical distress and
hind limb paralysis compared to WT mice and succumbed to infection by day 8 p.i
(7). In the current study, RSA59 replicates profusely throughout the spinal cord gray
and white matter in Ifit2” mice (Fig. 1A and B). In contrast, viral spread in RSA59-infec-
ted WT mice was mainly contained to the white matter of the dorsal columns with
minimal spillover into the gray matter as shown by immunohistochemical detection of
nucleocapsid protein at day 5 p.i., representing the enhanced virus replication (Fig. 1A
and Q). In contrast to the profuse viral spread, microglial activation was significantly
impaired in RSA59-infected Ifit2” spinal cords, as evidenced by limited expression of
ionized calcium-binding adaptor molecule 1 (Iba1), which marks microglia/macrophages,
at day 5 p.i. (Fig. 1D through F). No significant differences were observed in astrocytic
glial fibrillary acidic protein (GFAP) expression in the spinal cords of RSA59-infected Ifit2”
compared to WT mice (Fig. 1G through I). Thus, Ifit2 deficiency restricts microglial/macro-
phage activation throughout the CNS upon acute RSA59 infection.

Ifit2 deficiency reduces lymphocyte infiltration in RSA59-infected acutely
inflamed spinal cords

Neutrophils are the first leukocytes to enter the brain of RSA59-infected mice, followed
by circulating monocytes and T lymphocytes (7, 16). Flow cytometric analysis of spinal
cord cells was performed to assess differences in the infiltration of specific leukocyte
populations in RSA59-infected WT versus Ifit2” mice at days 3, 5, and 7 p.i. Gating on
total CD45" cells allowed distinction between CD45"/" microglia and CD45" peripheral
infiltrating leukocytes. The CD45" population increased markedly at days 5 and 7 p.i. in
WT and Ifit2"-infected mice (Fig. 2A and B). However, CD45" cells were significantly
reduced in Ifit2”-infected mice compared to WT-infected mice at day 7 p.i. (Fig. 2C). To
assess whether reduced leukocyte recruitment to the spinal cord involved a specific cell
type, we monitored early infiltrating CD45" cells via immunophenotyping. Spinal cord-
derived cells were assessed for CD4* T and CD8" T cell subsets (Fig. 2D). The number of
CD4* T cells increased between day 5 to 7 p.i. in the spinal cord of WT mice and from day
3 to 5 as well as from day 5 to 7 p.i. in Ifit2” mice (Fig. 2E). Infiltrating CD8"* T cells
increased between both day 3 to 5 and day 5 to 7 p.i. in WT as well as Ifit2” mice (Fig. 2G).
Both WT and Ifit2” spinal cords harbored similar lymphocyte cell numbers at days 3 and
5 p.i.; however, there were significantly fewer CD4* T and CD8* T cells in the spinal cord of
Ifit2” compared to WT mice at day 7 p.i. (Fig. 2F and H). Staining for Ly6G to mark
neutrophils revealed a significant reduction from day 3 to 5 in WT mice; however, no
change was observed between the groups throughout days 3 to 7 p.i. (Fig. 2l through K).
A previous study using MHV demonstrated that CD4" T cell interaction with microglia/
macrophages is required for effective viral antigen clearance and maintenance of CNS
homeostasis (16). Thus, impaired CD4* T cell and microglia/macrophage communication
may underlie the disease severity in Ifit2” mice.

Ifit2 deficiency impaired expression of selected cytokine and chemokine in
CNS and CLN upon RSA59 acute infection

Neurotropic MHV infection in WT mice upregulates genes involved in host innate
immune response such as IFNs and their induced genes, guanylate-binding proteins
(GBPs), GTPases, cytokines, and chemokines associated with activation of peripheral as
well as CNS resident immune cells (14). These genes also play an important role in BBB
regulation, cytoskeleton reorganization, antigen presentation, cell adhesion, and
immune cell migration in CNS. Previous studies using Ifit2”" mice infected with MHV have
shown impaired expression of IFNa, IFNB at day 3 and 5 p.i. in the CNS with temperate
alteration in the expression of IFNy, IL-6, CCL2, CCL5, CSF2, CXCL9, CXCL10, and Nos2 at
day 3, 5, and 7 p.i. as compared to the WT mice (7, 17). Our data using qPCR indicate that
mRNA expression of BBB-destabilizing cytokines such as IL-13 and TNFa were similar in
Ifit2” and WT mice (Fig. 3A and B).
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FIG 1 Ifit2 deficiency increases virus spread but restricts microglial activation in RSA59-infected spinal cords during acute infection. 5 um thick serial sections

from spinal cord tissues at day 5 p.i. were stained for viral nucleocapsid protein (A and B), Iba1 for microglia/monocyte/macrophages (D and E), and GFAP

for astrocytes (G and H). The scale bar is 200 pum. Quantification of viral N protein, Iba1l, and GFAP expression is graphically represented in panels C, F, and |,

respectively. The experiment was repeated three times with four to five mice per experiment. Purple color in graphical representation denotes WT and green

color denotes Ifit2” mice. Each dot represents an average of multiple section of single animal. Asterix (*) represents differences that are statistically significant by

Student’s unpaired t-test analysis (*P < 0.05, **P < 0.01, ****P < 0.0001). The error bars represent SEM.

CLNs are the secondary lymphoid organs present near the cervical region of the
spinal cord and are known for their essential role in activating adaptive immune
responses against various neurotropic viruses. mRNA expression of selected cytokines
and chemokines was analyzed at day 5 p.i., considering the fact that activated T cells
start to infiltrate the CNS from day 5 p.i,, to counter the viral replication and spread (7,
16). CLN mRNA expression of IFN-a and IFN-3 remained unaltered at day 5 p.i. in RSA59-
infected Ifit2” and WT mice (Fig. 3C and D). However, mRNA expression of IFNy, which
enhances antigen presentation in APCs, thus modulating the innate immune response
toward a more antigen-specific response, was significantly lower in Ifit2” compared to
WT mice (Fig. 3E). mRNA analysis of viral N gene revealed the presence of enhanced viral
load in CLN of Ifit2” as compared to WT mice (Fig. 3F), whereas mRNA expression of
CXCL9, CD4, CD8, CSF2, CD40 was significantly reduced (Fig. 3G through 3K). Overall, the
mRNA data indicate that despite higher viral loads in CLN the expression of various
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FIG 2 Ifit2 deficiency reduces T cell infiltration into RSA59-infected spinal cord. Spinal cords from infected WT and Ifit2” mice were harvested at days 3, 5, and

7 p.i. for flow cytometric analysis. Dot plots represents stains at days 3, 5, and 7 p.i. gated on total live cells and showing CD45"° and CD45™ cells (panel A), CD4
and CD8 cells gated on CD45" cells (panel D), and Ly6G-expressing cells in the CD45" gate (panel |). Absolute numbers of CD45", CD45"CD4*, CD45"CD8", and
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FIG 2 (Continued)

CD45"Ly6G* cells recovered from WT and Ifit2” spinal cords at indicated timepoints are compared within each group across timepoints (B, E, G, J) and between
WT and Ifit2”” mice at each timepoint (C, F, H, K) as indicated. Purple color in the graphical representation denotes WT and green color denotes Ifit2” mice. The
data were pooled from three to four independent experiments with n = 9-12. Each dot represents a single animal. Asterix (*) represents differences that are
statistically significant by Student’s unpaired t-test analysis (*P < 0.05, **P < 0.01, ****P < 0.0001). The error bars represent SEM.

inflammatory cytokines/chemokines was impaired, suggesting an inability to mount a
host immune response to clear the virus in Ifit2” as compared to WT mice.

Ifit2 deficiency impaired CD4* T cell activation, and IFNy production in the
CLN upon RSA59 acute infection

Upon activation in CLN, T cells undergo rapid proliferation and differentiate into effectors
capable of migrating to the sites of infection and producing antimicrobial lymphokines
(18). IFNy secreted by T cells plays a critical role in amplifying antigen presentation and
recognition via cognate T cell-APC interaction (19). To trace the cause of diminished
CD4" T as well as CD8" T cell infiltration into the CNS on day 7 p.i, we assessed the
activation of CD4* T cells in the CLN of RSA59-infected WT and Ifit2” mice by flow
cytometric analysis of activation markers and intracellular staining for IFNy following
nonspecific PMA/IO stimulation ex vivo.

CLN of RSA59-infected Ifit2” mice compared to WT mice showed reduced population
of CD4* T cells (Fig. 4A through E). This reduced CD4" T cell population is accompanied
with low production of IFNy by Ifit2” CD4" T cells following ex vivo stimulation (Fig. 4F
through K). Activation of T cells is marked by specific molecular signatures, including
CD44 and CD62L expression (20). Overall, naive T cells are characterized by their CD62L*
CD44, effector/effector memory (EM) cells by their CD62L"CD44*, and central memory
(CM) cells by their CD62L" CD44" phenotypes, respectively. Reduced numbers of
effector/EM CD4" T and CD8" T cells along with increased number of naive in Ifit2”
compared to WT mice indicate that Ifit2 deficiency causes impaired activation of T cells
(Fig. 4L through X). Overall, these results suggest that Ifit2 deficiency reduces T cell
activation and proliferation in the CLN and impairs IFNy production, which may contrib-
ute to their reduced migration to the brain (7) as well as the spinal cord.

Ifit2 deficiency is associated with retention of BBB integrity upon RSA59
infection

The BBB maintains control of CNS homeostasis, protecting the neural tissue from toxins
and pathogens. Disruption of these barrier functions can enhance infiltration of periph-
eral leukocytes into the CNS, thereby promoting control of pathogens, but at the same
time resulting in the progression of several neurological diseases (16, 21, 22). To assess if
reduced lymphocyte infiltration is associated with preserved BBB integrity, we evaluated
BBB permeability using intraperitoneal or intravenous injection of the fluorescent dye
Texas red dextran (23) at day 5 post RSA59 infection or mock infection. Examination of
fluorescence in the brains of mock-infected control mice demonstrated no difference
(Fig. 5A). However, dye injection into infected mice revealed a significantly lower
absolute fluorescence in Ifit2” relative to WT brain lysates, indicating retention of BBB
function in Ifit2” compared to WT mice (Fig. 5A through Q). To further confirm that Ifit2
deficiency is accompanied by a relatively intact BBB compared to WT mice, we also
stained brain sections for claudin-5, a tight junction protein, and the ZO-1 adaptor
protein abundantly found in the BBB (24). ZO-1 and claudin-5 were abundantly
expressed in Ifit2” (Fig. 5G through ) compared to WT mice (Fig. 5D through F).
Quantification of the overlapping area (indicated by arrows) between ZO-1 (Red) and
claudin-5 (Green) within the total stained area revealed elevated colocalization in the
absence of Ifit2 (Fig. 5J). Both the Texas red dextran transmigration assay and more
colocalized expression of ZO-1 and claudin-5 indicate that RSA59-infected Ifit2” mice
have a relatively intact BBB compared to WT mice, implying that Ifit2 promotes BBB
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FIG 3 Differential mRNA expression of selected cytokines and chemokines in brains and cervical lymph node (CLN) upon
RSA59 acute infection. mRNA extracted from individual brains and CLNs of RSA59-infected WT (purple symbols) and Ifit2”
mice (green symbols) at day 5 were analyzed for mRNA levels of the indicated cytokines and chemokines by real-time PCR.

(A and B) Expression levels of IL-13 and TNF-a mRNA in brains. (C-K) Expression levels of indicated mRNA in CLN. Solid lines

represent the mean mRNA expression levels (N = 8-10). Asterix (*) represents differences that are statistically significant by
Student’s unpaired t-test analysis (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). The error bars represent SEM.

permeability, which allows peripheral immune cell infiltration. The combinatorial effects
of reduced T cell priming, impaired IFNy production in the CLN, and tightened BBB
function may thus contribute to insufficient T cell migration to mediate viral control

during acute infection.
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FIG 4 [fit2 deficiency impairs T cell activation and IFNy production in cervical lymph nodes (CLN) upon RSA59 acute infection. CLN-derived cells from WT (purple
symbols) and Ifit2” (green symbols) from RSA59-infected mice were analyzed by flow cytometry for CD4, CD8, CD44, CD62L, and IFNy expression at 5 days p.i.
IFNy expression was assessed by intracellular staining after 6 h ex vivo stimulation with PMA/IO. (A) Representative dot plots showing gating and percentages of

(Continued on next page)

Month XXXX Volume 0 Issue O

10.1128/jvi.00749-23 8

Downloaded from https://journals.asm.org/journal/jvi on 31 July 2023 by 139.137.128.60.


https://doi.org/10.1128/jvi.00749-23

Full-Length Text Journal of Virology

FIG 4 (Continued)

CD45" CD4" T and CD45" CD8" T cells as indicated. Graphs depict relative percentages and absolute numbers of CD45"CD4" (B and C) and CD45™ CD8" T cells
(D and E) in the CLN as indicated. (F and I) Representative dot plots of IFNy producing cells in CLN-derived CD45" CD4" and CD45™ CD8" T cells. Percentages and
absolute numbers of IFNy producing CD45"'CD4" (G and H) and CD45" CD8" T cells (J and K) in CLN from individual mice. (L) Representative dot plots showing
expression of CD62L and CD44 gated on CLN-derived CD4" or CD8" T cells from WT and Ifit2”” mice. (M and N) Percentage of effector/effector memory (EM) T
cells marked by their CD62L"°CD44* expression within the CD4 and CD8 population, respectively. (Q and R) Absolute numbers of effector/effector memory (EM)
CD4" CD62L"°CD44* and CD8" CD62L"°CD44" T, respectively. (O and P) Percentage of central memory (CM) T cells marked by their CD62L"CD44" expression within
the CD4 and CD8 population, respectively. (S and T) Absolute numbers of CLN-derived CM CD4 and CD8 T cells, respectively. (U,W) Percentage of naive T cells
marked by their CD62L"'CD44'° expression within the CD4 and CD8 population, respectively. (V and X) Absolute numbers of CLN-derived naive CD4 and CD8 T
cells, respectively. The data were pooled from three to four independent experiments with total N = 8. Each dot represents a single animal. Asterix (*) represents
differences that are statistically significant by Student’s unpaired t-test analysis (*P < 0.05, **P < 0.01). The error bars represent SEM.

Ifit2” mice exhibit severe demyelination pathology even at 500 PFU of RSA59
infection

Demyelination is the primary characteristic of the human neurological disease, MS. MHV-
induced demyelination has provided a model to dissect inflammatory and molecular
mechanisms of viral-induced demyelination (1, 11, 13). Given the high mortality of Ifit2”
mice infected with 2000 PFUs of RSA59, we reduced the virus inoculum in Ifit2”" mice to
500 PFUs for analysis of demyelinating pathology associated with the persistent phase of
infection. The inoculum was maintained at 20,000 PFUs in WT mice as they only devel-
oped mild disease symptoms. All Ifit2” mice survived until day 30 p.i. with clinical score
ranging between 2 and 3, signified by partial to complete hind limb paralysis and severe
weight loss (Fig. 6A and B). Spinal cord sections were examined by histopathological
analysis at day 30 p.i. Analysis of viral antigen by anti-nucleocapsid (anti-N) immunobhis-
tochemistry revealed readily detectable areas of viral persistence until day 30 p.i. in Ifit2”
mice (Fig. 6D and E). This was in stark contrast to WT mice showing sparse if any anti-N
staining reactivity (Fig. 6C through E).

To further understand the viral persistence in white matter region, immunofluores-
cence was performed using anti-myelin basic protein (MBP), anti-myelin proteolipid
protein (PLP), and anti-N antibodies as markers to detect myelin and viral persistence.
Immunofluorescence data indicate that Ifit2” mice harbor viral antigen till day 30 p.i. in
MBP- (6G, arrows) and PLP-stained regions (61, arrows) in the white matter as opposed to
the rare presence of viral antigen in WT mice in MBP- (6F, arrows) and PLP-stained regions
(6 H, arrows). These results confirm previously established findings that infectious virus is
undetectable by day 30 p.i. in WT mice (1, 13). However, the presence of viral antigen in
white matter regions of Ifit2” mice even at day 30 p.i. reiterates the inability of the
immune system to clear the infectious virus.

Viral persistence in Ifit2” mice is correlated with the presence of inflammatory lesions
in the spinal cord indicated by H&E staining (Fig. 7A and B). Furthermore, along with
more severe myelin loss in the white matter of Ifit2” mice (Fig. 7D and E) as compared to
WT mice (Fig. 7C and E), corresponding sections stained for microglia/macrophages
marker CD11b* (25) showed that inflammation was primarily resolved in the gray matter
of WT mice spinal cords with only a few activated/phagocytic microglia/macrophages
present in white matter demyelinated lesions (Fig. 7F). In contrast, Ifit2” mice displayed a
significantly larger number of CD11b* immunoreactive cells in both the spinal cord gray
and white matter (Fig. 7G and H). Overall, these results indicate that viral antigen
persistence in Ifit2” mice is associated with severe demyelination and increased CD11b*
myeloid cell reactivity in lesions.

Microglia/macrophages in lesions of Ifit2”- mice exhibit engulfment of myelin
similar to WT mice

To validate that phagocytic microglia/macrophages take up myelin in both WT and Ifit2”
mice, spinal cords of MHV-RSA59-infected mice were analyzed at day 30 p.i. by confocal
immunofluorescence following double immunolabeling for Ibal and MBP or Ibal and
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FIG 5 Ifit2 deficiency retained BBB integrity within the brains of RSA59 infected at day 5 p.i. BBB permeability was measured in infected mice following
injection of Texas red dextran dye via the IP or IV route at day 5 p.i. Mice mock-infected with PBS and injected IP with dye 5 d later served as controls. Absolute
fluorescence of Texas red dextran in brain lysates measured 15 mins post dye injection in control (A) and infected mice as indicated (B, C). 5-10 um thick paraffin
sections were prepared from brains of 4-5-week-old WT and Ifit2”-infected mice at day 5 p.i. Sections were stained for ZO-1 (red), claudin-5 (green), and nuclei
using DAPI (blue). Representative fluorescent images are shown from different regions of the brain such as olfactory region, brain parenchyma, and meninges
junction and around blood vessel in WT (D-F, inset indicates enlarged area) and Ifit2”” mice (G-I, inset indicates enlarged area). Arrowheads indicate ZO-1 and
(Continued on next page)
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FIG 5 (Continued)

claudin-5 colocalization staining around the blood vessels and meninges. (J) Quantitative assessment of areas showing colocalization of claudin-5 and ZO-1 out
of total stained area excluding DAPI. The experiment was repeated three times with N = 3 per experiment. Purple color denotes WT and green color denotes
Ifit2”" mice. Each dot represents a single animal. Asterix (*) represents differences that are statistically significant by Student’s unpaired t-test analysis (*P < 0.05,
**P < 0.01). The error bars represent SEM.

PLP. MBP and PLP are myelin protein expressed by mature myelinating oligodendrocytes,
whereas ionized calcium-binding adaptor molecule 1 (lbal) marks microglia/macro-
phages (20, 25, 26). Demyelinated lesions characterized by loss of MBP and PLP staining
showed the presence of amoeboid phagocytotic Ibal* microglia/macrophages in both
WT (Fig. 8A and C) and Ifit2” mice (Fig. 8B and D). Engulfment of myelin proteins is
indicated by areas showing staining overlap between Iba1l and PLP or MBP, respectively
(Fig. 8A through D, highlighted by a dashed box). These data indicate that Ifit2” myeloid
cells are capable of phagocytosing myelin debris despite the apparent limited ability to
respond to the acutely replicating virus during early infection. The greater area of myelin
loss in Ifit2” relative to WT mice (see Fig. 7C through E) is thus associated with elevated
viral antigen load and a large number of ameboid-shaped phagocytic microglia/
macrophages.

DISCUSSION

IFNs are an integral part of the innate antiviral immune response. IFNs exert their actions
by inducing the transcription and translation of a set of genes called IFN-induced genes
(ISGs), among which ISG54/Ifit2 plays a crucial role in countering viral replication and
dissemination throughout the CNS and peripheral organs (5, 6). Ifit2 contains tetratrico-
peptide repeats in its structure that facilitate binding with other cellular/viral proteins
and RNA molecules (27, 28). Ifit2 is associated with various functions, including antiviral
activity, antitumor effects, cell migration, and proapoptotic functions (29-35). Its ability
to associate with microtubules further implicates the regulation of microtubule dynam-
ics, cell proliferation, and virion assembly/transport (36). These pleiotropic effects of Ifit2
have made it challenging to elucidate mechanisms underlying its antiviral and protective
role in vivo.

RSA59 infection of Ifit2” mice is associated with enhanced viral load, impaired
microglial activation, and restricted CD4* T cell migration into the brain, despite largely
unaltered cytokine and chemokine production; however, the underlying mechanisms
remain to be answered (7). Two main checkpoints regulating lymphocyte migration into
the CNS are the priming/activation of T cells in secondary lymphoid organs, and the BBB
(37, 38). Our study revealed that the CLN of infected Ifit2” mice has significantly reduced
mMRNA expression of immunomodulatory molecules such as IFNy, CXCL9, CD4, CD8,
CSF2, and CD40 with moderate changes in IFNa and IFN(, despite extensively higher
mRNA expression of viral nucleocapsid gene. Impaired IFNy production in the CLN may
thus contribute to ineffective viral control. Furthermore, CLN of infected Ifit2” mice has
significantly reduced numbers of total as well as IFNy* CD4* T cells compared to WT mice,
supporting impaired virus-specific adaptive immune responses. CD4* T cells are also
known to promote the antiviral functions of CD8" T cells and humoral immunity, both of
which contribute to virus control, thus limiting development of severe MHV-induced
demyelination (39, 40). Reduced activation of CD4* T cells in CLN of infected Ifit2” mice is
confirmed by a significant reduction in effector/EM CD62L"°CD44"* T cells, which supports
a role of Ifit2 in the activation of effector T cells in CLN. CD44 initiates T cell migration but
is also involved in the interaction between T cells and APCs, which further promotes T
cell activation (41). Reduced CD4* T cell activation in CLN is consistent with fewer CD4 T
cells in the CNS, which may contribute to the inability of Ifit2” mice to combat RSA59
virus infection, even when the inoculating virus dose is lowered to 1/10th of the half of
LD50 dose of RSA59.

In addition to impaired T cell priming, the integrity of the BBB may contribute to a
paucity of lymphocyte accumulation in the absence of Ifit2. The BBB comprises capillary
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FIG 6 Ifit2” mice infected with low dose RSA59 showed severe weight loss, heightened clinical score, sustained viral persistence, and severe demyelination
during persistent infection. 4-5-week-old WT and Ifit2”” mice were infected intracranially with 20,000 or 500 PFU of RSA59, respectively, and monitored for
development of clinical disease (A) and weight loss (B). Clinical scores were assigned by an arbitrary scale of 0-4 where an increasing score correlates with
increased clinical impairment, as described in Materials and Methods. Purple color denotes WT and green color denotes Ifit2”” mice. (C and D) Representative
staining of spinal cord cross sections for viral antigen in WT and Ifit2” mice at day 30 p.i. using mouse anti-N antisera; corresponding enlarged regions are
highlighted by black square for WT and green square for Ifit2” mice. The scale bar is 200 um for spinal cord and 50 um for the enlarged region. (E) Quantification
of the presence of viral antigen in the spinal cord. (F-I) Representative immunofluorescence images of WT and Ifit2” spinal cord sections stained for MBP (green),
viral antigen (red), and Dapi (blue) (FG) or PLP (green), viral antigen (red) and Dapi (blue) (H and I); white arrows in enlarged sections show viral antigen in
white matter region. The scale bar is 20 pm in spinal cord sections and 10 um in enlarged insets. The experiment was repeated three times with N = 4-5 mice
per experiment. Each dot in graph represents the average weight change of eight to nine mice. Asterix (¥) indicates statistical significance by two-way ANOVA
analysis for clinical score and percentage weight loss and Student’s unpaired t-test analysis for viral N protein quantification (**P < 0.01, ***P < 0.001). The error
bars represent SEM.
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FIG 7 I[fit2 deficiency causes severe myelitis, chronic demyelination, and heightened accumulation of microglia/macrophages. Mice were infected, as described

in Fig. 6 legend . Cross sections of WT and Ifit2”

mouse spinal cords were analyzed for the presence of inflammatory lesions by H&E (A and B), demyelination by

LFB (C and D), and CD11b" myeloid cells (F and G). Corresponding enlarged regions are highlighted by the black square for WT and the green square for Ifit2”

mice. (E and H) Quantification of white matter demyelination and myeloid cells by CD11b expression, respectively. The scale bar for spinal cord sections is 200 um

and 50 um for the enlarged region. Statistical significance was calculated by unpaired Student’s t-test and Welch correction (*P < 0.05, **P < 0.01, ****P < 0.0001).

The data represent the results from four or five independent biological experiments with three to four mice each. Each dot represents a single animal. The error

bars represent SEM

endothelial cells, astrocyte foot processes, and pericytes. The endothelial cells in the
brain capillaries form tight cell-to-cell junctions composed of tight junction proteins such
as claudins, which interact with ZO-1,2,3. The permeability of the BBB is compromised in
injury from trauma, MS, HIV infection, brain tumor, or other noninfectious inflammatory
processes (21, 22). Our data surprisingly revealed that the BBB integrity remained largely

Month XXXX Volume 0 Issue 0

10.1128/jvi.00749-23 13

Downloaded from https://journals.asm.org/journal/jvi on 31 July 2023 by 139.137.128.60.


https://doi.org/10.1128/jvi.00749-23

Full-Length Text Journal of Virology

-

/Ibal/DAPI

/Ibal/DAPI

FIG 8 Ifit2 deficiency leads to enhanced engulfment of myelin by microglia/ macrophages. 5-10 um thick paraffin sections were prepared from spinal
cords of 4-5-week-old WT and Ifit2” RSA59-infected mice at day 30 p.i. Sections were stained for Iba1 (red), MBP and PLP (green), and nuclei using DAPI
(blue). Representative images show areas of demyelination as indicated by loss of MBP (A and B) or PLP (C and D) together with Ibal staining-activated
microglia/macrophages. Demyelinating areas are demarcated by a white dotted line and highlighted by an asterisk. Boxed areas in merged images show
areas of overlapping staining with Ibal and MBP or PLP, respectively; white arrows inside the enlarged area insets indicate engulfment of myelin proteins by
microglia/macrophages in both WT and Ifit2” mice. The scale bar for spinal cord sections is 20 um and 10 um for the enlarged region (inset).

intact in RSA59-infected Ifit2” compared to WT mice as observed by dye transfer assay
and immunofluorescence analysis of ZO-1 and claudin-5 colocalization. Furthermore,
mRNA expression of various cytokines and chemokines such as IFNa, IFN{, IFNy, IL-6,
CCL2, CCL5, CSF2, CXCL9, CXCL10, and Nos2 that promotes key functions such as BBB
destabilization, immune cells activation, cell migration, and recruitment of circulating
immune cells remains largely unaltered in the CNS of Ifit2” compared to WT mice as
opposed to CLN of Ifit2” mice despite extensive viral load in both the tissues (7, 17). A
plausible explanation for this difference could be the presence of astrocytes in the CNS,
which also secretes similar inflammatory chemokines/cytokines and compensate for
some of the functional void caused by impaired activation of microglia/macrophages
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and lymphocytes in the acute phase of neuroinflammation. The retention of BBB
integrity, despite similar cytokine and chemokine mRNA expression in the CNS com-
pared to WT mice advocates a key role of Ifit2 in regulating BBB permeability. Myosin -
dependent endocytosis of various tight junction proteins by blood vessel endothelial
cells upon IFNy secretion by circulating T cells may result in enhanced permeability of
BBB (42). Furthermore, in several viral infections, IFNy-expressing T cells are recruited to
the site of infection by IFNy-mediated stimulation of CXCL10 expression, in a feedforward
mechanism. This causes the recruitment of more inflammatory cells to sites of infection
thus producing inflammatory mediators that may impair BBB function. This [FNy/CXCL10
axis is a major source of BBB breakdown and neuroinflammation during several CNS
infections (43). In addition, CX3CR1, which is a transmembrane G-protein-coupled
receptor expressed primarily on immune cells and known to interact with its unique
ligand fractalkine/CX3CL1, also plays important role in determining BBB permeability.
Endothelial cells through CX3CL1 can recruit the circulating peripheral immune cells,
expressing CX3CR1, and promoting their migration to the infection site through the BBB
(7, 44). The previous study showed a significant reduction in the expression of CX3CR1 in
infiltrating peripheral immune cells and CNS resident microglia in the absence of Ifit2,
indicating an impaired CX3CR1-CX3CL1 axis in Ifit2” mice (7). In our studies, we have
observed significantly reduced expression of IFNy in CD4* T cells in CLN of Ifit2” mice.
This reduced expression of IFNy in Ifit2 deficiency could result in an impaired IFNy/
CXCL10 axis along with the previously established impaired CX3CR1-CX3CL1 axis. These
can be some of the probable mechanisms for the Ifit2-dependent regulation of BBB
permeability. Impaired T cell priming and an intact BBB may thus contribute to impaired
virus control and exacerbated disease progression in Ifit2” mice.

Microglia are key players in maintaining CNS homeostasis (45). Our current study
demonstrated that Ifit2 deficiency impaired the activation of microglia/macrophages in
the spinal cord during the acute phase of RSA59-induced neuroinflammation, similar
to findings in the brain where impaired microglial activation was accompanied by
restricted expression of CX3CR1 on their surface, despite a substantially high viral load
(7). However, these microglia/macrophages remained highly phagocytic in the spinal
cords of Ifit2” mice at the chronic phase of the disease, presumably due to significantly
elevated virus persistence potentially driving proinflammatory responses. Immunofluor-
escence staining in demyelinated areas of the spinal cord using myelin proteins MBP and
PLP along with microglia/macrophage protein Ibal confirmed the engulfment of myelin
by phagocytic microglia/macrophages. Increased viral load associated with an increase
in demyelinated areas containing highly activated microglia/macrophages in Ifit2” mice
manifested are thus responsible for worsening disease manifested by partial to complete
hind-limb paralysis and ultimately leading to a moribund state and death.

In conclusion, our study identifies a role for Ifit2 in promoting inflammation during
the acute phase of viral infection by promoting activation of T cells in the CLN,
triggering BBB permeability, and promoting leukocyte infiltration into the CNS. The
lack of functional Ifit2 may result in microglial cells' inability to initiate and promote
neuroinflammation, thereby impairing viral control in the acute phase resulting in viral
persistence and aggravated demyelinating disease in the chronic phase. Our results
thus revealed pleiotropic effects of Ifit2 in both immune activation and effector sites,
and support protective function in various diseases, including the autoimmune-medi-
ated model of demyelination of experimental allergic encephalomyelitis (46). It is thus
important to understand the contribution of cell-specific Ifit2 functions in various disease
models.

MATERIALS AND METHODS
Virus infection in mice

MHV-free C57BL/6 mice and homozygous Ifit2” mice on the C57BL/6 background bred at
the breeding colony of LRI Biological Resources Unit, Lerner Research Institute, Cleveland
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Clinic, USA, as previously described (7). All animal experiments were carried out in strict
accordance with all provisions of the Animal Welfare Act, the Guide for the Care and
Use of Laboratory Animals, and the PHS Policy on Humane Care and Use of Labora-
tory Animals. All animal experiments were performed in compliance with protocols
approved by the Cleveland Clinic Institutional Animal Care and Use Committee (PHS
assurance number A3047-01). All mice were housed under pathogen-free conditions at
an accredited facility at the Cleveland Clinic Lerner Research Institute and used at 4-5
weeks of age. The hepatotropic and neurotropic recombinant, EGFP-expressing strain
of MHV-A59 known as RSA59 was used in the study (9). The virus was propagated in
17CI1 cells and plaque assayed on DBT astrocytoma cell monolayers (11). Male mice
were infected intracranially in the right hemisphere with 500 PFU and 2000 PFU for
Ifit2” mice and 2,000 and 20,000 PFU for WT mice of RSA59 diluted in endotoxin-free,
filter-sterilized phosphate-buffered saline (PBS)-bovine serum albumin (BSA) (Dulbecco’s
PBS +0.75% BSA) in a final volume of 20 pL. Age-matched mice were mock-infected with
PBS-BSA or not infected and kept as noninfected control. Clinical disease severity was
graded daily using the following scale as discussed (7, 10): O, no disease symptoms; 1,
ruffled fur; 1.5, hunched back with mild ataxia; 2, ataxia, balance problem, and hind limb
weakness; 2.5, one leg completely paralyzed, motility issue but still able to move around
with difficulties; 3, severe hunching/wasting/both hind limb paralysis and mobility is
severely compromised; 3.5, severe distress, complete paralysis, and moribund; 4, dead.
Our study also investigated for any phenotypic or pathological symptoms between
age-matched control (noninfected) and mock-infected WT and Ifit2” male mice, but
no such significant gross phenotypic clinical symptoms or histological changes were
observed.

Histopathological and immunohistochemical analysis
Hematoxylin/eosin staining

RSA59-infected mice from C57BL/6 WT and Ifit2” groups were sacrificed at day 5 p.i. and
day 30 p.i, and were perfused transcardially with PBS followed by PBS containing 4%
paraformaldehyde (PFA). All spinal cords were collected, post-fixed in 4% PFA overnight,
and embedded in paraffin. Tissues were sectioned at 5 um and stained with hematoxy-
lin/eosin (H&E) to evaluate inflammation (16). Experiments were repeated four times with
three to four mice in each group.

Luxol fast blue staining

Mice were sacrificed at day 30 p.i. Following transcardial perfusion with PBS and 4%
PFA, spinal cords were harvested and embedded in paraffin. 5 um thick sections of
the embedded tissues were prepared and stained with Luxol fast blue (LFB) stain to
evaluate demyelination in the spinal cord tissues, as described previously with minor
modifications (13, 20). Experiments were repeated four times with three to four mice in
each group.

Immunohistochemical staining and quantification

Serial sections from the spinal cord were stained by the avidin-biotin—-immunoperoxi-
dase technique (Vector Laboratories) using 3, 3’-diaminobenzidine as substrate, and
anti-lbal (Wako, 1:250), CD11b (ABclonal, 1:250), anti-GFAP (Sigma, 1:500), and anti-N
(kind qgift from Julian Leibowitz, Texas A&M University) (1:50), as primary antibodies.
Control slides from mock-infected or uninfected mice were incubated in parallel. Seven
to eight sections from each infected group were randomly selected from three dif-
ferent sets of experiments, and the expression of viral antigen, GFAP and lbal was
quantified. Briefly, whole slides were scanned in a Leica Aperio AT2 slide scanner (Leica
Microsystems, GmbH, Wetzlar, Germany) at x20 magnification and analyzed in Aperio
Imagescope version 10.0.36.1805 software (Aperio) and quantified. For quantification,
brightfield images of spinal cord sections were analyzed using open-source software
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QuPath (47). Experiments were repeated four times with three to four mice in each
group. Whole tissue sections were selected as regions of interest for analysis. Areas
with tissue folding, damage, or out-of-focus tissue were then excluded by manual
annotation. Stain colors were separated into respective components by RGB-dependent
color deconvolution. The positive pixel area was then measured as a percentage using
thresholding on the deconvolved stained images.

Immunofluorescence microscopy

Infected WT and Ifit2” mice were sacrificed at day 5 and day 30 p.i. and spinal cord tissue
sections were harvested, processed, and embedded in paraffin. 5 um thick transverse
sections of spinal cord were used to perform immunofluorescence imaging. The tissue
sections used were parallel to those used for the corresponding histopathology. Briefly,
the slides were deparaffinized followed by rehydration and antigen unmasking. The
slides were then permeabilized with 0.2% Triton X-100 in PBS by shaking incubation
at RT for 15 min and blocked using 1% BSA prepared in 0.2% Triton X-100-1X PBS
solution at 37°C for 1 h. This was followed by shaking incubation at 4°C for 16 h with
primary antibodies prepared in blocking solution. Each section on each sample slide
was stained for the following combinations separately: (i) rabbit anti-Iba1 (1: 500, Wako;
Catalog No. 019-19741) and anti-MBP homemade serum antibody raised in rat (1:1); (ii)
rabbit anti-lba1 (1:500) and homemade serum antibody against PLP raised in rat (1:1);
(iii) mouse anti-N (1:40) and homemade serum antibody against PLP raised in rat (1:1);
(iv) anti-N (1:40) and homemade serum antibody against MBP (1:1). Slides were then
washed and incubated for 1 h at 37°C with a combination of secondary antibodies Alexa
Fluor 568 (donkey anti rabbit, Invitrogen, A10042) and Alexa Fluor 488 (goat anti mouse,
Invitrogen, A11001), Alexa Fluor 488 (goat anti rat, Invitrogen, A-11006) (1:750 each)
prepared in blocking solution. Finally, the slides were washed in PBS and mounted using
Vectashield with DAPI. Confocal imaging was performed using Zeiss confocal microscope
(LSM710) were processed with Zen 2010 software.

Gene expression: RNA isolation, reverse transcription, and quantitative
polymerase chain reaction

RNA was extracted from the brain or CLN (flash-frozen) of RSA59-infected WT and Ifit2”
mice using the Trizol isolation protocol following transcardial perfusion with 1X PBS. The
total RNA concentration was measured using a NanoDrop ND-2000 spectrophotometer.
1 ug of RNA was used to prepare cDNA using a High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Quantitative real-time PCR analysis was performed using
DyNAmo Color Flash SYBR Green qPCR kit (Thermo Scientific) in a StepOnePlus Real-time
PCR system (Thermo Fisher Scientific) under the following conditions: initial denaturation
at 95°C for 7 min, 40 cycles of 95°C for 10 s, 60°C for 30 s, melting curve analysis at 60°C
for 30 s. All samples were run in quadruplicates on a 96-well plate with an automatically
set baseline and a manually set critical threshold (CT) at which the fluorescent signal
becomes higher than the signals for all of the PCR pairs. Dissociation curves were used
to confirm amplification of a single product for each primer pair per sample. Primer
sequences are mentioned in Table 1.

BBB analysis

RSA59-infected mice from both C57BL/6 WT and Ifit2" groups were sacrificed at day 5
p.i. and were perfused transcardially with PBS followed by PBS containing 4% PFA. Whole
brains were collected, post-fixed in 4% PFA overnight, and embedded in paraffin. Tissues
were sectioned at 5 um and stained by rabbit anti ZO-1 (Invitrogen, 1:100) and mouse
anti-claudin 5 (Invitrogen 1:50) as primary antibody and Alexa Fluor 568 (donkey anti
rabbit, Invitrogen, A10042) and Alexa Fluor 488 (goat anti mouse, Invitrogen, A11001)
as described (48). For dye transmigration assay, mice were injected with 100 pL per
mouse of 10 mM of Texas red dextran intraperitonially and intravenously. 15 min after
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TABLE 1 List of primers

GENE Primer (5'-3’)
18S FP: GGGAGCCTGAGAAACGGC
RP: GGGTCGGGAGTGGGTAATTT
VIRAL FP: GTTGCAAACAGCCAAGCG
N gene RP: GGGCGCAAACCTAGT
Ifny FP: ATCTGGAGGAACTGGCAAAA
RP: TTCAAGACTTCAAAGAGTCTGAGG
Ifna FP: CTTCCACAGGATCACTGTGTACCT
RP: TTCTGCTCTGACCACCTCCC
Ifn B FP: CTGGCTTCCATCATGAACAA
RP: AGAGGGCTGTGGTGGAGAA
Tnfa FP: GGTCTGGGCCATAGAACTGATG
RP: AGCAGGTGTCCCAAAGAA
Cxcl9 FP: CTTTTCCTCTTGGGCATCAT
RP: GCATCGTGCATTCCTTATCA
Csf2 FP: GCATGTAGAGGCCATCAAAGA
RP: CGGGTCTGCACACATGTTA
CD4 FP: CTGACTCTGACTCTGGACAA
RP: TGAGCTGAGCCACTTTC
CD8 FP: TACTTCTGCGCGACGGTT
RP: GCAGTTGTAGGAAGGACATC
IL-1 beta FP: TGTAATGAAAGACGGCACACC
RP: TCTTCTTTGGGTATTGCTTGG
CD40 FP: AGGAACGAGTCAGACTAATGT

RP: GGATCTTGCCGTCGAGC

injection, mice were anesthetized with an intraperitoneal (I.P) injection of ketamine
and xylazine (100 mg and 5-10 mg in 0.9% saline per kg body weight, respectively,
150 L of the cocktail per 25 g mouse weight), followed by transcardial perfusion with
PBS. The brain tissue was then harvested and homogenized. After centrifugation of
the samples at 10,000 g for 15 min at 4-C, the supernatant was measured to obtain
raw fluorescence units in a fluorescence plate reader at excitation/emission wavelength
of 595/625 nm (23). Experiments were repeated four times with three to four mice in
each group. Fluorescence was plotted between mock-infected WT and Ifit2” mice and
RSA59-infected WT and Ifit2” mice in graphs after subtraction from autofluorescence
values.

Flow cytometry analysis

Mice were perfused with PBS, and the spinal cords were homogenized in 4 mL of
Dulbecco’s PBS (pH 7.4) using Tenbroeck tissue homogenizers. Following centrifugation
at 450 g for 10 min, cell pellets were resuspended in RPMI containing 25 mM HEPES (pH
7.2), adjusted to 30% Percoll (Sigma), and underlaid with 1 mL of 70% Percoll. Following
centrifugation at 800 g for 30 min at 4°C, cells were recovered from the 30%-70%
interface, washed with RPMI, and suspended in FACS buffer (0.5% BSA in Dulbecco’s PBS).
Also, deep CLNs were harvested, homogenized in 4 mL RPMI containing 25 mM HEPES
(pH 7.2), and passed through 70 um filters followed by 30 um filters to obtain single-cell
suspensions. Following centrifugation at 45 g for 10 min, cell pellets were resuspended
in FACS buffer. For intracellular staining, CNS-derived cells were stimulated for 6 h with
phorbol 12-myristate 13-acetate (PMA) (10 ng/ml) (Acros Organics, Geel, Belgium) and
ionomycin (1 uM) (Calbiochem, Spring Valley, CA, USA), with Monensin (2 uM) (Calbio-
chem) added for the last 2 h. Following stimulation, surface molecules were detected
as described subsequently. Cells were permeabilized using cytofix/cytoperm solution
(BD Biosciences, San Jose, CA, USA) and incubated for 30 min on ice with fluorescent
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monoclonal antibody (mAb) specific for IFN-y (XMG1.2; BD Biosciences). Cells were then
washed using perm/wash buffer according to the manufacturer’s instructions (49). Cells
were counted using an automated cell counter (Invitrogen) to obtain the number of total
leukocytes. One million cells were stained for flow cytometry (7, 20). Fc receptors were
blocked with 1% polyclonal mouse serum and 1% rat anti-mouse CD16/CD32 (clone
2.4G2; BD Biosciences) monoclonal antibody (MAb) for 20 min. Specific cell types were
identified by staining with fluorescein isothiocyanate-, phycoerythrin (PE)-, peridinin
chlorophyll protein (PerCP)-, or allophycocyanin (APC)-conjugated MAb for 30 min on ice
in FACS buffer. Expression of surface markers was characterized with MAb (all from BD
Biosciences except where otherwise indicated) specific for CD45 (clone Ly-5), CD4 (clone
GK1.5), CD8 (clone 53-6.7), CD11b (clone M1/70), Ly-6G (clone 1A8), NK1.1 (clone PK136),
CD44 (clone IM7), CD62L (MEL-14), and IFNy (clone XMG1.2). Samples were analyzed
using a BD LSRFortesa flow cytometer (BD Biosciences) and FlowJo 10 software (Treestar,
Inc., Ashland, OR, USA). First, doublet exclusion using FSC-A and FSC-W was performed,
and then cells were gated based on forward scatter (FSC) and side scatter (SSC) to focus
on live cells. Cells were gated from a primary gating on CD45. Single colors and FMOs
were used in all the experiments.

Statistical analysis

All immunohistochemical analysis and flow cytometry statistical analysis was performed
by Student’s unpaired t-test. Data were analyzed using Prism software (GraphPad Prism
8). Two-way ANOVA analysis for clinical score and weight loss (*P < 0.05,**P < 0.01, ***P <
0.001, ****P < 0.0001).
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