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Neuroimmune interactions are crucial for regulating immunity and inflammation.
Recent studies have revealed that the central nervous system (CNS) senses peripheral
inflammation and responds by releasing molecules that limit immune cell activation,
thereby promoting tolerance and tissue integrity. However, the extent to which this is a
bidirectional process, and whether peripheral immune cells also promote tolerance
mechanisms in the CNS remains poorly defined. Here we report that helminth-induced
type 2 inflammation promotes monocyte responses in the brain that are required to
inhibit excessive microglial activation and host death. Mechanistically, infection-
induced monocytes express YM1 that is sufficient to inhibit tumor necrosis factor pro-
duction from activated microglia. Importantly, neuroprotective monocytes persist in
the brain, and infected mice are protected from subsequent lipopolysaccharide-induced
neuroinflammation months after infection-induced inflammation has resolved. These
studies demonstrate that infiltrating monocytes promote CNS homeostasis in response
to inflammation in the periphery and demonstrate that a peripheral infection can alter
the immunologic landscape of the host brain.
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Recent studies have revealed that neuroimmune networks play critical roles in main-
taining tissue homeostasis and coordinating host defense to diverse classes of pathogens
(1-5). Furthermore, a growing body of literature suggests that neuroimmune cross-talk
is necessary to limit immune cell activation and promotes tolerance mechanisms needed
to maintain the integrity of affected tissues (2, 6-9). Additionally, the nervous system
can initiate an anti-inflammatory reflex that inhibits the production of proinflamma-
tory cytokines, such as tumor necrosis factor (TNF), to avoid the development of
potentially lethal inflammation (10, 11). However, whether infiltrating immune cells
play similar roles by regulating inflammatory responses and homeostasis in the central
nervous system (CNS) following the induction of peripheral inflammation remains
poorly defined.

Helminth parasites represent some of the most prevalent pathogens worldwide and
have infected humans for millennia (12, 13). Trichinella spiralis, the causative agent of
trichinellosis, is one of several species of Trichinella that infects an extremely broad
range of hosts, including mammals, birds, and reptiles (14). As a result of these
zoonotic qualities, trichinellosis is one of the most successful and widespread parasitic
infections in the world (15). T7ichinella has been detected in the mummified remains
of Egyptians and was thought to have been contracted by early hominids during the
Pliocene or early Pleistocene Epoch (16, 17). Therefore, like many helminth parasites,
Trichinella and humans have coevolved and as a result have developed complex
host—parasite relationships that involve multiple body systems (18-20).

Protective responses to helminth parasites require the simultaneous induction of
inflammation needed to promote worm expulsion and tolerance mechanisms required
to prevent excessive tissue damage (12, 13, 21). By studying helminth infections, we
have gained invaluable insight into the regulatory mechanisms required to prevent
pathologic inflammation and maintain the integrity of affected tissues (2, 4-8, 22, 23).
This work has dramatically informed our understanding of the development and
actions of alternatively activated or M2 macrophages that play essential roles in pro-
moting tolerance in the context of antihelminth immunity (21, 24-26). Furthermore,
our work and that of others have also demonstrated that neuroimmune interactions
serve to limit immune cell activation and are required to prevent helminth-induced
immunopathology in the lung and gut (6-8). Despite these advances, the immunologic
and neuroimmune pathways that promote tolerance mechanisms in peripheral tissues
in response to many parasitic helminths remain poorly defined. Additionally, whether
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these neuroimmune interactions are bidirectional and also involve
immune cells infiltrating into the CNS to prevent potentially
lethal neuroinflammation remains unknown.

Here we demonstrate that mice infected with 7. spiralis
suffer from rapid weight loss and mortality following monocyte
depletion despite having equivalent parasitic burdens. Monocyte-
depleted mice showed no evidence of intestinal barrier defects,
liver failure, or altered kidney function following infection.
Rather, 7. spiralis-infected mice depleted of monocytes exhibited
enhanced microglial activation, elevated expression of proinflam-
matory cytokines in the brain, and increased cachexia-like disease.
Importantly, brain-infiltrating monocytes expressed immunoregu-
latory factors that are induced independently of type 2 cytokine
signaling and are sufficient to inhibit infection-induced microglia.
Consistent with a long-term effect, neuroprotective monocytes
persisted in the CNS after peripheral inflammation was resolved,
and infected mice were significantly protected from subsequent
lipopolysaccharide (LPS)-induced neuroinflammation. These data
suggest that helminth-induced inflammation is sufficient to fun-
damentally alter the immunologic landscape of the host brain.
This work defines the ability of infiltrating monocytes to promote
CNS homeostasis in the context of peripheral inflammation and
highlights bidirectional and previously unappreciated aspects of
neuroimmune cross-talk.

Results

CCR2* Monocytes Are Required for Survival Post-T. spiralis
Infection. Previous studies have established that several different
cellular and molecular mechanisms promote host tolerance and
thereby prevent immunopathology in the context of helminth
infections (27, 28). Included among these are the actions of M2
macrophages and neuroimmune regulatory circuits (2, 6, 8, 22,
23, 26). Despite these advances, the pathways that promote tol-
erance following 7. spiralis infection, one of the most widely
spread parasitic infections in the world, remain to be defined.
Therefore, we first sought to investigate the actions of M2 mac-
rophages during the intestinal phase of 7. spiralis infection. Eight
days post-infection (dpi), expression of the M2-associated
markers Argl, Retnla, and Chil3 were increased in the small
intestine, suggesting the presence of infection-induced M2s (Fig.
1A4). To evaluate the contributions of macrophages to host pro-
tection, we treated mice with phosphate buffered saline- (PBS)
or clodronate-loaded (CL) liposomes intravenously post-infec-
tion to deplete various myeloid cell populations (29). As
expected, both Ly6C*CD11b* monocytes and F4/80"CD11b*
macrophages were depleted in response to CL liposome treat-
ment (Fig. 1 B-F). Furthermore, CL liposome treatment
resulted in the loss of infection-induced expression of Argl,
Retnla, and Chil3 in the small intestine (Fig. 14). No significant
changes in ZNOS expression were observed between infected ani-
mals regardless of PBS or CL treatment (SI Appendix, Fig. S1A4).
Ciritically, mice treated with CL liposomes exhibited increased
weight loss and mortality compared to control mice (Fig. 1 F
and G). These data demonstrate that depletion of phagocytic
cells via CL liposome delivery results in the loss of infection-
induced M2 responses in the intestine, which is associated with
increased host morbidity and mortality.

Intestinal macrophages are primarily derived from C-C che-
mokine receptor type 2+ (CCR2") Ly6C" monocytes that have
migrated from the bone marrow (30). Although monocytes are
known to make important contributions to the development of
protective immunity against pathogens, including bacteria, viruses,
and fungi, their contributions to antihelminth responses remain
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less defined (31). To test whether monocytes are recruited to the
gut following a 7. spiralis infection, we utilized a CCR2-GFP
reporter mouse model and analyzed cellular responses in the
intestine via flow cytometric analysis (32). Significant increases
in CCR2* monocytes could be detected in the small intestine
post-infection (Fig. 2 A and B). While the CL-based studies
above were sufficient to deplete monocytes, liposome treatment
is nonspecific and can be toxic if given in high enough doses
(33). Therefore, we employed a highly selective diphtheria toxin
(DT)-based system in which CCR2" cells can be depleted fol-
lowing administration of DT (CCR2-DTR mice) (34). Consis-
tent with our CL liposome-based studies, depletion of CCR2*
monocytes following DT treatment resulted in significantly
reduced expression of Argl, Retnla, and Chil3 in the gut (Fig.
2(0), and increased morbidity and mortality (Fig. 2 D and E).
Collectively, these data suggest that monocytes are critical for
host survival following 7. spiralis infection.

The data presented above provoke the hypothesis that mono-
cytes promote survival following helminth infection by contribut-
ing to protective M2 responses in the intestine. M2s are known
to promote host protection via their ability to limit parasite bur-
den and maintain the integrity of affected tissues (23, 35-37).
Therefore, we first sought to evaluate if mice depleted of CCR2*
monocytes showed differences in worm burden and intestinal
inflammation. Surprisingly, monocyte-depleted mice exhibited
equivalent parasite burdens and similar intestinal pathology as
control mice (Fig. 2 Fand G). Furthermore, no significant differ-
ences in plasma endotoxin levels were detected following mono-
cyte depletion, and serum levels of C-reactive protein (Crp), a
marker of septic shock, were also found to be unchanged between
infected mice and controls; suggesting that the barrier integrity
of the intestinal tract of monocyte-depleted mice remains un-
changed (Fig. 2 H and J). These interesting results suggest that
monocytes promote host survival in a manner that is not directly
connected to their ability to support protective responses at the
host—parasite interface in the gastrointestinal tract.

Type 2 Cytokine Responses and Adaptive Immunity Are Not
Required for Host Survival Post-T. spiralis Infection. It is well-
established that type 2 cytokine responses are critically impor-
tant for limiting parasite burden and preventing tissue damage
following a helminth infection (38—40). Our data illustrate that
the loss of CCR2" bone marrow-derived monocytes results in
reduced expression of M2-associated markers in the gut (Fig.
2C), as well as increased morbidity and mortality (Fig. 2 D and
E). However, our finding of equivalent parasite burdens and
similar intestinal pathology in monocyte-depleted and control
mice suggested that monocytes might be contributing to host
protection independently of supporting M2s. To further evalu-
ate this possibility, we utilized signal transducer and activation
of transcription 6 (STAT6) knockout (KO) mice to evaluate
whether type 2 cytokine signaling is required for host survival
following infection (41). As expected, 7. spiralis-infected
STAT6KO mice exhibited reduced production of interleukin 4
(IL-4) (SI Appendix, Fig. S1B), reduced immunoglobulin (Ig) E
levels (SI Appendix, Fig. S1B), diminished expression of
M2-associated markers in the gut (87 Appendix, Fig. S10), and
suffered from significantly increased worm burdens compared
to controls (SI Appendix, Fig. S1D). However, despite dramati-
cally increased worm burdens, STAT6KO animals maintained
normal weight and showed no infection-induced mortality,
suggesting that the increased mortality exhibited by monocyte-
depleted mice is uncoupled from parasite load (SI Appendix,
Fig. S1 E and F). Similar to STAT6KO animals, 7. spiralis

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201645119/-/DCSupplemental

A Retnla
150 oy 240
5 k) iTa s
S S
2 8 100 1 3 160
& & D &
it i W
2 L 50 S 80
kS kS v ke
i 0 & 0 MM &
PBS CL PBS CL PBS CL PBS CL
naive inf naive inf
g ) i 6.0x10*
> 1 e .
O | o)
3 é Qo
I 4 S
ERE =)
: =
4 o)
ElE i (&)
< <
3 A °
3 Rt =7 monocyte| =
2.36 0.37
» CD11b
PBS CL
3 ] 1.8x10°
= I
s _ &
> g .
: 3 1.2x10
I\ b WS )
(&)
A < 6.0x10%
e ' °
& macrophage| macrophage L
» CD11b

1104
100

0
PBS CL PBS CL

naive inf

monocyte

ek

0
PBS CL PBS CL

naive inf

macrophage

Hkkk

Fig. 1. Loss of M2 macrophages is associated
with increased morbidity and mortality post-
T. spiralis infection. Mice treated with PBS- or
clodronate-loaded (CL) liposomes intravenously
were infected with T. spiralis and sacrificed on
8 days post-infection (dpi). (A) Intestinal expres-
sion of M2-associated markers was evaluated via
RT-gPCR. The presence or absence of (B and ()
monocytes (Ly6C*CD11b*) and (D and E) macro-

PBS CL PBS CL
naive inf

100 -

phages (F4/80*CD11b*) in the spleen was deter-
mined via flow cytometry. Populations are gated
from CD45"CD3CD19 Ly6G™ cells. Numbers in
cytometry plots represent the percentage of

=
5
() © -
= g0 2 CD45" cells. (F) Weights and (G) mortality were
g ®  PBS naive *** ok 3 50 =*= PBS naive tracked throughout the course of the infection. All
% ) X ) panels are representative of at least three inde-
S 804 CL naive XK CL naive pendent experiments with at least three biologi-
PBS inf P =de PBS inf cal replicates per group per experiment. Statisti-
] ) cal analysis was performed using Student's t test.
70 CL inf 0 CLinf : : . *P < 0.05; ¥*P < 0.01; ¥**P < 0.001; ¥FFEP <
0 é J‘ é é 0 2 4 6 8 10 0.0001. For (F), statistics are comparing CL inf

Days post-infection

infected Rag2-deficient mice also maintained normal weights
and showed no increase in infection-induced mortality (87
Appendix, Fig. S1 G and H). Collectively, these data provoke
the hypothesis that monocytes promote host protection inde-
pendently of a type 2 cytokine responses and adaptive immu-
nity that are known to play critical roles in promoting host
tolerance in peripheral tissues (21, 42-45).

Loss of CCR2* Monocytes Results in Infection-Induced Neuro-
inflammation. Monocyte-depleted mice infected with 7. spiralis
succumb to infection within 8 to 10 dpi (Fig. 2F). The lack of
severe pathology in the gastrointestinal tract prompted us to inves-
tigate abnormalities in other organs. We first investigated whether
there were alterations in the liver and kidneys of monocyte-
depleted mice, as ovetly robust inflammatory responses in the
periphery can damage these organs and has been shown to cause
acute mortality in other models (46—49). Importantly, expression
levels of IL-1p (//16) and Cip, well-defined markers of liver
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Days post-infection

group to PBS inf group for each day. Error bars
represent + SD. inf, T. spiralis-infected.

inflammation, were found to be at baseline levels in monocyte-
depleted mice (S Appendix, Fig. S2A) (50). Consistent with
these results, alanine aminotransferase levels, an established
marker for liver cell injury, were also found to be normal, and
no obvious liver pathology was observed in infected mice regard-
less of monocyte depletion (S Appendix, Fig. S2 B and Q).
Moreover, monocyte-depleted mice did not exhibit increased
expression of the injury-associated markers 7/-18 and hepatitis A
virus cellular receptor 1 (Havcrl) in the kidneys following infec-
tion (SI Appendix, Fig. S2D) (51). Furthermore, no significant
changes in serum creatine kinase levels, an established marker of
kidney injury, or kidney pathology, were detected in monocyte-
depleted mice (S7 Appendix, Fig. S2 E and F). Collectively, these
data suggest that the increased morbidity and mortality seen in
monocyte-depleted mice is not the result of unchecked cytokine
production or tissue damage occurring in the periphery.

In addition to M2 macrophages, it is now appreciated that
neuroimmune interactions play critically important roles in
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promoting tolerance mechanisms in the context of antihel-
minth immunity (2, 6, 8, 27). Consistent with the possible
involvement of the nervous system, previous clinical studies
have described a small subset of patients suffering from trichi-
nellosis that exhibit substantial neurological deficits and increased
infection-induced death (52). Therefore, we sought to determine
whether monocyte-depleted mice exhibit infection-induced
changes in the CNS. To investigate this, we performed RNA-
sequencing (RNA-seq) on whole-brain tissue taken from groups
of naive or infected control and monocyte-depleted mice. RNA-
seq analysis revealed that infected monocyte-depleted mice
exhibit substantially altered gene expression patterns compared to
both naive and infected control mice (Fig. 34 and SI Appendix,
Table S1). Specifically, infected mice depleted of monocytes pre-
sented with significantly increased expression of proinflammatory
genes—including 7nf; Nbhp3, 1116, and I[126—compared to
controls (Fig. 34 and ST Appendix, Table S1).

Consistent with these changes, gene set enrichment analysis
(GSEA) revealed that the brains of infected monocyte-depleted
mice were enriched for expression patterns associated with

TNF-mediated signaling (Fig. 3B and SI Appendix, Fig. S3A4).
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It is well established that TNF expression in the brain can have
devastating consequences. For example, it has been demon-
strated that TNF contributes to neurodegeneration in multiple
sclerosis, Alzheimer’s disease, Parkinson’s disease, and amyotro-
phic lateral sclerosis, and can also cause cachexia or wasting dis-
ease that results in acute death (53-56). Therefore, to further
confirm the increased expression levels of 7VF and other proin-
flammatory cytokines, we performed quantitative reverse-
transcription PCR (RT-qPCR) analysis on the brains of control
and monocyte-depleted mice. Substantiating our RNA-seq
analysis, Tnf, 1/15, and I/6 were found to be expressed at sig-
nificantly higher levels in the brains of 7. spiralisinfected
monocyte-depleted mice compared to controls (Fig. 3 C-F and
SI Appendix, Fig. S3B). Interestingly, there was also a milder
but significant increase in 77f and [/14 expression in infected
WT mice compared to naive controls, suggesting that there
is an attenuated proinflammatory signature in the brains of
monocyte-sufficient mice following infection. Importantly, this
proinflammatory signature remained suppressed in the brains
of infected STAT6KO mice, further supporting that inflamma-

tion in the brain is occurring independently of increased worm
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burdens or a loss of protective type 2 cytokine signaling (Fig.
4A and SI Appendix, Fig. S3C). Next, we sought to determine
if similar increases in TNF could also be detected in the periph-
ery of monocyte-depleted mice. Importantly, plasma levels of
TNF remained similar to WT levels regardless of infection or
monocyte-depletion (SI Appendix, Fig. S3D). These data are
consistent with our Crp results (S/ Appendix, Fig. S2A) and
suggest that the increased morbidity and mortality observed in
infected monocyte-depleted mice is not occurring because of
proinflammatory cytokine production in the periphery.

Since the expression of TNF in the CNS is reported to cause
cachexia and death, we sought to investigate if a loss of TNF
signaling would have a protective effect on infected monocyte-
depleted mice (57). To test this, we crossed TNFKO mice with
CCR2-DTR mice to generate mice that could be depleted of
monocytes in a TNF-deficient environment (58). As expected,
infection-induced TNF expression was abolished in the brains of
TNFKO mice following monocyte-depletion (S Appendix, Fig.
S3D). Critically, we found that TNFKO mice depleted of
monocytes were significantly protected from infection-induced
weight loss compared to TNF-sufficient controls (Fig. 4B). These
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Fig. 3. Loss of CCR2" monocytes results in a
proinflammatory signature in the brain. WT and
CCR2-DTR (DTR) mice were infected with T. spira-
lis and treated with DT (i.p.) every other day.
Mice were sacrificed 8 dpi. (A) Heat map includes
genes that are upregulated (FC > 1.5) or
downregulated (FC < —1.5) in infected WT versus
infected DTR mice and includes three biological
16 replicates per naive group (N) and three biologi-
cal replicates per infected group (INF). (B) GSEA
for TNF-mediated signaling pathway. (C-E) RNA
from brain tissue was extracted, and expression
of proinflammatory-associated markers was eval-
uated via RT-qPCR. C-F are representative of at least
three independent experiments with at least three
biological replicates per group per experiment.
Statistical analysis was performed using Student's
t test. **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s.,
not significant. Error bars represent + SD. inf,
T. spiralis-infected.
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experiments strongly suggest that expression of TNF in the CNS
contributes to poor outcomes observed in monocyte-depleted
mice following infection.

It is well-established that neural inflammation in the CNS
can alter microglial morphology (59). Therefore, we utilized
immunofluorescence microscopy to stain brain sections for the
ionized calcium binding adaptor molecule 1 (IBA1) that is used
to assess the activation state of microglia. Microglia from
infected control and monocyte-depleted mice exhibited intensi-
fied expression of IBA1 compared to their naive counterparts,
indicating that microglia from both groups respond to infection
(Fig. 4C) (59). We also investigated expression levels of CD68
on microglia as a general marker for activation. Consistent with
infection-induced activation, the percent of microglia express-
ing CDG68 was significantly increased in infected animals com-
pared to naive controls (SI Appendix, Fig. S3F). To better
determine their activation status, we sort-purified microglia
(CD45™4 CD11b" cells) (S/ Appendix, Fig. S3G) from naive
or infected control and monocyte-depleted mice and measured
their cytokine expression levels (60, 61). We found that micro-
glia isolated from infected monocyte-depleted mice expressed
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significantly higher levels of 7NF and IL-If than those isolated
from infected WT mice (Fig. 4D). Collectively, these data suggest
that monocytes promote CNS homeostasis by limiting infection-
induced proinflammatory cytokine expression by microglia.

Expression of Proinflammatory Cytokines in the Brain Is
Associated with Muscle Atrophy. The proinflammatory signa-
ture observed in the brains of monocyte-depleted mice is likely
the cause of the increased infection-induced morbidity and mor-
tality. Neuroinflammation can induce loss of appetite, which is
modulated by the appetite-associated hormones leptin and ghre-
lin (62). However, no significant differences in leptin or ghrelin
were observed following monocyte depletion (S7 Appendix, Fig.
S4 A and B). It has previously been reported that the expression
of proinflammatory cytokines in the brain can result in muscle
atrophy, that leads to severe weight loss and death (57). There-
fore, to determine whether monocyte-depleted mice presented
with these characteristics of brain inflammation, we evaluated the
expression of markers associated with atrophy in the gastrocne-
mius muscle. While we did not observe any significant differ-
ences in the expression of 7nf in the muscle (SI Appendix,
Fig. $4C), monocyte-depleted mice exhibited significantly higher
expression of the atrophy-associated markers atrogin-1, muscle
RING finger-1 (MuRF1I), and forkhead box O (Foxo) I compared
to control mice (SI Appendix, Fig. S4D) (63, 64). Moreover, inves-
tigation of the gastrocnemius muscle from infected monocyte-
depleted mice revealed that their muscle fibers had significandy
reduced cross-sectional areas compared to the fibers of infected
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Fig. 4. CCR2* monocytes limit production of
proinflammatory cytokines in the brain post-
T. spiralis infection. (A) RNA from WT or STAT6KO
(Staté) mice brain tissue was extracted, and
expression of proinflammatory-associated markers
was evaluated via RT-gPCR. WT, DTR, TNF KO (TNF),
and CCR2-DTR/TNF KO (DTR TNF) mice were
treated with DT (i.p.) every other day and sacri-
ficed 8 dpi. (B) Weights were tracked throughout
the course of the infection. (C) Brains were taken
from WT or DTR-infected mice 8 dpi, sectioned,
and co-stained with anti-ionized calcium-binding
adaptor protein-1 (anti-IBA1) and 4’,6-diamidino-
2-phenylindole (DAPI). Red arrowheads indicate
activated microglia from the brains of infected
mice. (D) Microglia (CD45™9CD11b*) were sort-
purified from naive and infected WT or DTR mice,
and expression of proinflammatory-associated
markers was evaluated via RT-gPCR. All panels
are representative of at least three independent
experiments with at least three biological repli-
cates per group per experiment. Statistical analy-
sis was performed using Student's t test. *P <
0.05; **P < 0.01; ***P < 0.001; ****p < 0.0001;
n.s., not significant. For (B), statistics are compar-
ing DTR-infected to DTR TNF-infected. Error bars
represent + SD. inf, T. spiralis-infected.

Activated Microglia

WT mice (S Appendix, Fig. S4 E and F). Consistent with an
important role for TNF in promoting infection-induced morbid-
ity, no differences in cross-sectional areas were observed in
TNFKO mice depleted of monocytes compared to control mice
(ST Appendix, Fig. S4G). These data suggest that monocytes acti-
vated in the periphery support host protective responses by pro-
moting homeostasis in the CNS that is required to prevent
infection-induced cachexia.

Monocyte Populations Are Increased in the Brain Following a
T. spiralis Infection and Express Immunoregulatory Factors.
Our data suggest that monocyte depletion results in increased
weight loss and mortality due to brain inflammation and muscle
atrophy post-infection. However, whether monocytes increase
their presence in the brain post-infection remains unknown. To
address this, we first investigated the expression of the chemo-
attractive protein C-C motif chemokine ligand 2 (CCL2) that
is known to promote monocyte recruitment (65). Significant
increases in Ccl2 expression were detected in the brains of
infected mice regardless of monocyte depletion (87 Appendix,
Fig. S5A4). Next, we sort-purified microglia from the brains of
control and infected groups of mice and found that the microglia
from infected animals also expressed significantly higher levels of
Cel2 than those isolated from uninfected controls (SI Appendix,
Fig. S5B). Interestingly, infection-induced Cc/2 was found to be
expressed at significantly higher levels in microglia from monocyte-
depleted mice compared to infected controls (SI Appendix,
Fig. S5B). Collectively, these data provoke the hypothesis that
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T. spiralis-induced monocytes are being recruited to the brain,
in part, through the contributions of activated microglia. To
further evaluate the presence of cellular infiltrates, we per-
formed flow cytometric analysis and assessed the composition
of T. spiralisinduced cell populations in the brain. There were
significant increases in the percent and number of monocytes
(ST Appendix, Fig. S5 C and D), macrophages (SI Appendix,
Fig. S5 E and F), and dendritic cells (SI Appendix, Fig. S5 G
and H) in the brains of infected mice compared to naive con-
trols (SI Appendix, Fig. S5 C-H). Furthermore, these popula-
tions were significantly reduced in CCR2-DTR mice treated
with DT post-infection (SI Appendix, Fig. S5 C-H). These data
suggest that monocytes migrate to the brain post-infection,
where they can differentiate into macrophages and dendritic cells,
and that these populations can be successfully depleted by target-
ing CCR2.

To further investigate the functions of monocytes and their
derived cells, we performed single-cell RNA-seq on sort-purified

CD45™ cells from the brains of naive control, infected control,
and infected CCR2-DTR mice. t-Distributed stochastic neighbor
embedding (t--SNE) dimension reduction was utilized to visualize
distinct immune cell populations in the brain (Fig. 5 A and B).
Ten distinct cell clusters were identified, and populations 4 and
5 were found at increased proportions post-infection but were
substantially reduced following DT treatment (Fig. 5 A and B).
These data suggest that these clusters represent monocytes and
monocyte-derived macrophages/dendritic cells. Consistent with
these observations, CCR2 was a marker gene expressed by cluster
4, and major histocompatibility complex (MHC) II was a
marker gene of cluster 5 (Fig. 54). Importantly, clusters 4 and 5
were also defined by the expression of the M2-associated markers
Mgl2, Retnla, and Chil3, which are reported to mitigate tissue
damage (23, 66, 67). Furthermore, clusters 4 and 5 also
expressed the coagulation factor X (F10), which is known to be
produced in the context of systemic inflammation and has been
shown to possess immunomodulatory properties including the
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Fig. 5. CCR2" monocytes and monocyte-derived
cells express immunoregulatory factors in the
brain following T. spiralis infection. Single-cell
RNA-seq was performed on sort-purified CD45"
cells, from the brains of naive WT and infected
(8 dpi) WT and DTR mice. (A) t-SNE dimension
reduction illustrating distinct cell populations in
the brain. Each group includes CD45" cells
pooled from five mice. (B) The relative abundance
of each cluster was determined in naive WT,
infected WT mice, and infected DTR mice. (C and
D) RNA from whole-brain tissue was extracted
from WT, DTR, or STAT6KO mice on 8 dpi and
evaluated via RT-qPCR. (F) Sort-purified microglia
were pooled from naive and infected WT mice.
Microglia from infected mice were incubated with
rYM1 or rF10 and stimulated. TNF production was
evaluated via ELISA. All panels are representative
of at least three independent experiments each
with at least three biological or technical replicates
per group. Statistical analysis was performed using
Student's ¢t test. *P < 0.05; **P < 0.01; ***P <
0.001; ****p < 0.0001; n.s., not significant. Error
bars represent SD. Error bars represent + SD. inf,
T. spiralis-infected.
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ability to inhibit TNF expression (68). Collectively, these data
suggest that monocytes and monocyte-derived cells may promote
their protective effects via the secretion of these regulatory factors.
To further evaluate this possibility, we sought to determine
how the expression of these molecules changed when mono-
cytes were depleted. To accomplish this, we evaluated their
expression patterns in our global RNA-seq analysis of whole-
brain tissue. Expression of Mgl2, Retnla, Chil3, and FI10 were
found to be significantly downregulated in the brain when
monocytes were depleted (S Appendix, Table S1, green rows).
These results were also confirmed by RT-qPCR analysis of
whole-brain tissue (Fig. 5C). It is well established that several
of these molecules are highly associated with type 2 cytokine-
dependent M2 responses (23, 69). Importantly, our data sug-
gest that the protective functions of monocytes are occurring
independently of STATG6-mediated signals (S/ Appendix, Fig.
S1 E and F). Therefore, we hypothesized that the monocyte-
associated molecules responsible for preventing brain inflamma-
tion would still be expressed in the brains of infected
STATGKO animals. To test this, we evaluated whether the
expression of these markers required STATG6-dependent signal-
ing. While expression levels of Mgl2 and Retnla were signifi-
cantly reduced in infected STAT6KO mice, Chil3 and FI0
were found to be unchanged (Fig. 5D). These data strongly
suggest that monocytes may promote their protective effects via
their production of YM1 (encoded by Chi/3) and/or F10. To
test whether these molecules could regulate microglial activa-
tion, we sort-purified and cultured microglia from naive and
infected WT mice, thereby removing them from the TNF-
suppressive signals found in vive. Importantly, we found that
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microglia from infected mice produced significantly more TNF
compared to microglia sorted from naive mice (Fig. 5E). Criti-
cally, treatment with recombinant YM1 (rYM1), but not
recombinant F10 (rF10), significantly reduced TNF production
by microglia (Fig. 5E). These data demonstrate that YM1 is
sufficient to limit TNF expression by activated microglia and
suggest that mechanistically, monocytes regulate neuroinflam-
mation, in part, through their production of YM1.

YM1 Expressing Monocytes Are Sufficient to Prevent Infection-
Induced Neuroinflammation. Our studies suggest that infection-
induced monocytes are recruited to the brain, where they secrete
immunoregulatory factors, such as YM1, that prevent neuroin-
flammation. To further test this, we evaluated whether brain-
resident monocytes exhibit infection-induced increases in YMI
expression. Intracellular staining for YM1 revealed that the percent
and total number of YM1-producing monocytes in the brain were
significantly increased post-infection (Fig. 64 and SI Appendix,
Fig. S6 A and B). Furthermore, the intensity of YM1 expression
was also significantly increased as determined by mean fluores-
cence intensity (Fig. 6B). Similar increases in YM1 were also
observed in monocyte-dependent macrophage populations (Fig. 6
Cand D and S7 Appendix, Fig. S6 Cand D).

Next, we tested whether peripheral monocytes are sufficient
to restore YM1 responses and prevent infection-induced neuro-
inflammation. To test this, we adoptively transferred DTR™
CCR2"* monocytes from the bone marrow and spleen of infected
control mice into 7. spiralisinfected monocyte-depleted animals.
Critically, the adoptive transfer of WT monocytes resulted in a
partial restoration of the monocyte compartment in the brain

D macrophage

naive Inf
Fig. 6. YM1 expressing monocytes are suffi-
H cient to prevent infection-induced neuroin-
flammation. Intracellular staining of Ym1 in
25 Tnf brain (A and B) monocytes and (C and D) mac-
e rophages from naive and infected WT mice.
s o0 (E) Monocyte percentage over total CD45"
@ cells in brains of infected WT, DTR, and
;E% 15 - infected DTR mice receiving WT monocytes
l;l (Rescue). () Ym1* monocyte percentage in
2 10 A 3 brains of infected WT, DTR, and infected DTR
§ mice receiving WT monocytes. (G and H) RNA
51 from whole-brain tissue was extracted from
0 infected WT, DTR, and infected DTR mice
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(Fig. 6F). Furthermore, intracellular staining confirmed that trans-
ferred monocytes produced YM1 at similar levels as those seen in
control animals, and their presence was sufficient to restore Chil3
expression levels in the brain (Fig. 6 Fand G). Finally, monocyte
transfer was also sufficient to significantly decrease 7VF expression
and resulted in protection from infection-induced weight loss
(Fig. 6 Hand J). Collectively, these data demonstrate that circulat-
ing monocytes are recruited to the brain where they promote
CNS homeostasis in the context of peripheral inflammation.
Approximately 21 days following 7. spiralis infection, adult
worms are expelled from the intestines, inflammation has
resolved, and the parasite begins its latent phase of infection
(70). Therefore, we sought to determine whether Chi/3 expres-
sion remains increased in the brain after peripheral inflam-
mation is resolved. Importantly, enhanced Chil3 expression
persisted in the brains for up to 3 months post-infection (Fig.
6)). These data suggest that infection fundamentally alters the
immunologic landscape of the host’s brain. Next, we sought to
determine if these persistent changes in the CNS correlated
with increased protection to subsequent forms of neuroinflam-
mation. To test this, we employed a published protocol of LPS-
induced neuroinflammation and evaluated expression of 77f
in the brains of infected mice and appropriately age-matched
controls. Importantly, previously infected mice exhibited sig-
nificantly reduced 77f expression in the brain following LPS
challenge (Fig. 6K). These data demonstrate that 7. spiralis infec-
tion is associated with persistent changes in the brain and
increased protection to unrelated forms of neuroinflammation.

Discussion

The CNS is responsible for maintaining homeostatic conditions
throughout the body (71, 72). Perhaps not surprisingly, recent
studies have begun to reveal that among other systems of the
body, the CNS also regulates immunity and inflammation via
its effects on the immune system (1, 5, 10, 27, 73). The ner-
vous system is ideally poised to detect invading pathogens via
sensory and autonomic neurons that innervate host tissues
(3-5, 74). Upon sensing invading pathogens, neurons can initi-
ate reflex circuits that rapidly direct the actions of immune
cells. Furthermore, recent work has also defined the capabilities
of the nervous system to restrict immune cell activation to pre-
vent undesirable immunopathology (2, 6-8). Included among
these reports are studies revealing the existence of an anti-inflam-
matory reflex that describes the ability of neuron-derived signals
to inhibit immune cell production of proinflammatory cytokines,
such as TNF, that can become lethal if left unchecked (10, 11,
75). Despite these advances, whether the immune system can act
in a similar manner by restricting potentially lethal proinflamma-
tory responses in the CNS remains to be fully defined.

Here we investigated the host-protective roles of monocytes
following a 7. spiralis challenge and demonstrate that mice
depleted of CCR2-expressing monocytes suffer from increased
infection-induced weight loss and mortality during the early
phases of infection. Since these dramatic differences occurred
while the parasites were still present in the intestines, we first
investigated the importance of monocytes and monocyte-
derived macrophages in regulating infection-induced inflamma-
tion in the gut. While the loss of monocytes resulted in reduced
intestinal M2 responses, monocyte-depleted mice exhibited un-
remarkable gut pathology, similar worm burdens, and showed
no indication of a barrier defect. Collectively, these data sug-
gested that monocyte-depleted mice were not dying as the
result of excessive tissue damage caused by the parasitic larvae.

PNAS 2022 Vol. 119 No.37 2201645119

There is a growing appreciation for the involvement of the
CNS in regulating peripheral inflammation (1, 10, 27, 28, 75,
76). Studies describing a small subset of patients suffering from
neurological symptoms, or neurotrichinosis, indicated that the
CNS may be reactive to 7. spiralisinduced inflammation (52).
Therefore, we performed RNA-seq analysis to further investi-
gate whether the CNS is differentially responding to infection
in the absence of monocytes. Critically, the brains of 7. spiralis
infected mice depleted of monocytes exhibited a proinflamma-
tory signature that was characterized by the increased expression
of Tnf, 1l1b, 1/6, and I/12b. Furthermore, monocyte-depleted
mice crossed to a TNF-deficient background were significantly
protected from 7. spiralis-induced morbidity, indicating that
increased expression of proinflammatory cytokines such as
TNF in the CNS may play an important role in promoting
poor outcomes in the absence of monocytes.

Inflammatory cytokines produced by microglia are reported to
promote detrimental neuroinflammation in several disease states,
including Alzheimer’s and Parkinson’s disease (77, 78). Similatly,
microglia from 7. spiralisinfected monocyte-depleted mice
expressed elevated levels of cytokines including 77f, /15, and
1l6. Consistent with a highly activated state, we found that
microglia from monocyte-depleted mice exhibited a reactive
phenotype as indicated by changes in IBA1 staining compared
to microglia from WT mice. Furthermore, microglia from
monocyte-depleted mice also exhibited significanty increased
expression of infection-induced Ce/2, a monocyte chemoattractant.
These data suggest a model by which activated microglia recruit
monocytes to the brain, thereby initiating cross-talk that quells
proinflammatory cytokine production in the CNS. Consistent
with these events, we observed a significant increase in the number
of monocytes, macrophages, and dendritic cells in the brains of
infected mice compared to naive controls. Importantly, these cells
were found to be virtually absent following monocyte depletion.
Furthermore, the adoptive transfer of monocytes was sufficient to
decrease TNF levels in the brain and prevented morbidity in
infected monocyte-depleted hosts. These data further confirm
that monocytes are recruited from the periphery to restore CNS
homeostasis post-infection.

The studies presented here reveal an important role for
infection-induced monocytes and their progeny in preventing
neuroinflammation via previously unappreciated cross-talk
between the immune system and CNS. Importantly, single-cell
RNA-seq studies demonstrate that infection-induced mono-
cytes in the brain share several features with traditional M2
macrophages such as the expression of Chil3, which encodes
the protein YM1. However, unlike M2 macrophage responses in
the intestine, 7. spiralisinduced expression of Chil3 in the brain
occurred independently of STATG signaling, suggesting that
Chil3 expression in this compartment is not dependent on type 2
cytokine signaling. These findings are consistent with a recent
report also identifying STAT6-independent expression of Chil3
in the lung (79). We also demonstrate that rYMI treatment is
sufficient to significantly inhibit TNF expression by activated
microglia, suggesting that mechanistically neuroprotective mono-
cytes inhibit brain inflammation, in part, through their expression
of this chitinase-like molecule. Finally, we report that 7. spiralis
can induce long-lasting alterations to the immunologic landscape
of the host’s brain, and that infection can provide protection
against subsequent and unrelated forms of neuroinflammation.
These data suggest that this neuroprotective pathway remains
operational even after peripheral inflammation has been resolved.

While neuroprotective monocytes have been identified in
response to ischemic brain injury (80, 81), to the best of our
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knowledge, these data are unique in identifying the mobiliza-
tion and functions of neuroprotective monocytes induced by an
infection occurring outside of the CNS. These studies provide
substantial insight into the phenotypes of CNS-infiltrating
monocytes and suggest that neuroimmune regulatory circuits
operate in a bidirectional manner to prevent the induction of life-
threatening inflammation from occurring in both the periphery
and the CNS. Furthermore, this work indicates that inflamma-
tory responses occurring outside of the CNS can have substantial
and persistent effects on the immunologic landscape of the brain
that regulates the host’s responsiveness to additional forms of
neuroinflammation.

Materials and Methods

Mice. C57BL/6 WT (RRID: IMSR_JAX:000664), B6.12952(C)-Stat6™'*"/J
(STAT6 KO) (STAT6 KO, RRID: IMSR_JAX:005977), B&(Cg)-Rag2™"'“9"/J (RAG2
KO, RRID: IMSR_JAX:008449), and B6.129S-Tnf™ /) (TNF KO, RRID:
IMSR_JAX:005540) were purchased from The Jackson Laboratory. CCR2-DTR
and CCR2-GFP mice on a C57BL/6 background were generously provided by
AR., Rutgers University, New Brunswick, NJ. Male and female age-matched
mice were used for all experiments. Mice were housed socially (three to five
mice per cage) on a 12-h light/dark cycle in individually ventilated cages, and
with ad libitum access to food and water. Mice were maintained in specific
pathogen-free facilities at the Rutgers New Jersey Medical School. All protocols
were approved by the Rutgers Institutional Animal Care and Use Committee
(protocol nos. 00017, 17025, or 16045).

T. spiralis Infection, LPS Injection, Cell Depletion, and Adoptive Transfer.
Methods for maintenance, recovery, infection, and isolation of T. spiralis larvae
were performed as previously described (82). All strains of mice were infected
with 500 T. spiralis muscle larvae by oral gavage and harvested 8 dpi or 90 dpi
for chronic infection. Weight was carefully monitored and recorded, and any
mouse that lost >20% of their initial weight was sacrificed. For LPS-challenge,
LPS was injected 4 wk post-infection, while animals were sacrificed 6 h post-
LPS injection.

For depletion of CCR2™ monocytes, CCR2-DTR mice and littermate controls
were handled as published previously (34). The generalized depletion of macro-
phages and other phagocytic cells were executed based on the protocol from
Liposoma. At necropsy, single-cell suspensions of mesenteric lymph nodes and
spleens, and intestinal worm counts were processed as previously described
(83). Whole blood was collected in BD Vacutainer Glass Blood Collection Tubes
with K3 EDTA, and plasma was isolated for later analysis. Sections of brain, small
intestine, kidney, liver, and gastrocnemius muscle were collected in RNAlater
buffer for RT-qPCR analysis and formalin for histological analysis (H&E) and
immunofluorescent microscopy. ImageJ (v1.52a) software was used to measure
cross-sectional areas of muscle fibers from the gastrocnemius (84).

For the adoptive transfer of monocytes to monocyte-depleted animals, mono-
cytes were isolated from infected WT mice bone marrow and spleen 2, 3, 4, 5,
and 6 dpi, and then sort-purified. One to one and a half million cells were given
to each DR recipient through retro-orbital vein intravenous injection. Control
animals received same volume of sterile PBS.

Flow Cytometry and Cell Sorting. Cells were stained with monoclonal anti-
mouse fluorescently-conjugated antibodies: F4/80 (T45-2342), CD3 (145-2C11;
BD Biosciences), CD19 (1D3; BioLegend), CD11b (MI/70; BD Biosciences), CD11c
(HL3; BD Biosciences), Ly6C (HK1.4; eBio), Ly6G (1A8; BD Biosciences), MHCII
(M5/114.15.2; BioLegend), IgE (23G3; eBio), CD45 (30-F11; BD Biosciences), and
CDé8 (Y1/82A; eBio). To block nonspecific Fc receptor binding, cells were incu-
bated with rat anti-mouse CD16/CD32 (BD Biosciences) for 10 min prior to stain-
ing. DAPI (Thermo Fisher Scientific) was added prior to acquisition to identify live
cells. Monogytes were analyzed as CD45"Ly6C*CD11b*Ly6G~MHCI~CD11¢
cells, macrophages were analyzed as CD45"CD11b*MHCII*Ly6G~CD11c™ or
CD45"CD11b*F4/80*Ly6G~CD11c, dendritic cells were analyzed as CD45"
CD1b*CD11CHMHCIFLy6G ™, microglia were analyzed as CD45™CD11b™ cells.
Samples were acquired on a Fortessa X-20 flow cytometer (BD Biosciences) and
analyzed using FlowJo software (v10.0.5, Tree Star). Cell sorting was performed
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using a FACS Aria Il cell sorter or FACS Aria Fusion (BD Biosciences). Microglia
were sort-purified as CD45™9CD11b* cells; hematopoietic cells were sort-purified
as CDA5™ cells.

Post-surface staining, cells undergoing intracellular staining were placed in
fixation buffer (eBioscience) for 10 min, and then permeabilized in permeabiliza-
tion buffer (eBioscience) for 1 h. Cells were incubated with biotinylated goat
anti-mouse chitinase 3-like 3/ECF-L (Ym1, R&D Systems) for 1 h, and then with
secondary antibody attached to streptavidin for 1 h.

Isolation of Lamina Propria Cells of the Gut. After removal of the Peyer's
patches, the small intestine was cut longitudinally and thoroughly washed in
ice-cold HBSS. The intestine was cut into ~1-cm pieces and incubated in pre-
warmed predigestion solution (2 mM EDTA, 5% FBS, 1 mM DTT in HBSS) for
20 min at 37 °C. The sample was filtered through a 100-um cell strainer and
flow-through was discarded. Small intestine was collected and incubated in
prewarmed (37 °C) digestion solution (5% FBS, 0.25 mg/mL DNase | [Roche],
0.1 mg/mL collagenase D [Roche]) for 10 min at 37 °C. The sample was filtered
through a 40-um cell strainer, and flow-through was collected and immediately
spun at 500 x g for 10 min at room temperature. After centrifugation, superna-
tant was discarded, and the pellet was resuspended in HBSS with 5% FBS. The
digestion step was repeated two to three more times. Lamina propria cells from
all digestions were combined and then centrifuged at 500 x g for 10 min at
room temperature. The pellet was resuspended in 2 mL of 20% Percoll (GE
Healthcare; diluted in HBSS) and transferred into a 15-mL conical tube. 2 mL
of 40%, and then 2 mL of 80% Percoll were underlaid to form a density gradi-
ent. The sample was centrifuged in a swinging bucket rotor at room tempera-
ture at 600 x g for 20 min with deceleration off. Cells were pipetted off the
40/80 interface to a new 15-mL conical tube and then filled to the top with
HBSS. The sample was centrifuged for 5 min at 600 x g at 4°C and the
supernatant was discarded. The pellet was resuspended in staining solution
for flow cytometry.

Isolation of Immune Cells from the Brain. Immune cells were isolated
from the brain as previously described (34). Following Percoll gradient steps and
wash of the pellet with 1 mL of FACS buffer, the pellet was resuspended in
50 pL of Fc block (1:100 in FACS buffer) and incubated on ice for 15 min.
Afterward, 50 plL of antibody staining solution was added, and samples were
incubated for 30 more minutes. Samples were washed, spun at 10,000 x g for
1 min, resuspended in FACS buffer, and acquired.

RNA Isolation and RT-qPCR Analysis. RNA from the small intestine, brain,
liver, and kidney were isolated by homogenization in TRIzol (Thermo Fisher Sci-
entific) followed by phenol-chloroform extraction and isopropanol precipitation.
The resulting RNA was purified using the RNA clean-up protocol from Qiagen's
RNeasy Mini Kit. RNA from the gastrocnemius muscle was extracted via Qiagen's
RNeasy Fibrous Tissue Mini Kit. Extracted cDNA was generated per standard pro-
tocol with SuperScript reverse transcriptase (Thermo Fisher Scientific) and used
as input for gPCR. Real-time data were analyzed using the AACT method using
SYBR Green chemistry (Applied Biosystems) with B-actin (Acth) sewving as the
endogenous housekeeping gene. Samples were normalized to naive controls.
The following QuantiTech primer assays from Qiagen were used (see Supporting
Information for catalog numbers): Actb, Tnf, I1b, 116, 1112b, 1118, Arg1, Retnla,
Chil3, Ccl2, Haver1, Crp, Mgl2, F10, Foxo1, Fbxo32, Trimé3, and iNOS.

T Cell Stimulations and ELISAs. Single-cell suspensions were made from
mesenteric lymph nodes. Cells were cultured in RPMI complete medium and
treated with or without anti-CD3 (clone 145-2C11; BD Biosciences) and anti-
CD28 antibodies (clone 37.51; BD Biosciences) for 72 h. Standard sandwich
ELISA was performed to measure IL-4 (clones 11B11 and BVD6-24G2) levels in
the cell-free superatants. Plasma quantities of IgE (BD Biosciences), leptin
(Thermo Fisher Scientific), ghrelin (Sigma-Aldrich), alanine transaminase (Sigma-
Aldrich), creatine kinase (Sigma-Aldrich), endotoxin (Pierce Biotech), and Crp
(Abcam) were measured by commercial ELISA kits.

Microglia Stimulation. Microglia were isolated from the brains of naive or
T. spiralis-infected (8 dpi) WT mice via cell sorting (CD45™4CD11b* cells). Micro-
glia (25,000 per well) were cultured in 150 pL of RPMI complete tissue culture
media. Microglia isolated from infected mice were incubated with 40 nM
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recombinant F10 or 1 pg/mL recombinant YM1 (37°C, 5% CO,) for 5 h.
Afterward, all microglial cultures were stimulated with PMA (50 ng/mL) and iono-
mycin (500 ng/mL) for another 5 h. Supematants were collected, and the pro-
duction of TNF was evaluated via ELISA (Thermo Fisher Scientific).

Immunofluorescent Staining. Unstained sections cut from paraffin-embedded
brain tissue were deparaffinized and rehydrated by washing three times with
xylene, once with 100% ethanol, once with 95% ethanol, once with 70%
ethanol, and then once with ddH,0. Antigen retrieval was accomplished by
microwave heating the sections in 10 mM of citric acid buffer (pH 6.0).
Sections were blocked with goat serum (Vector Labs) for 1 h at room tempera-
ture. Afterward, sections were treated with Fc block (BD Biosciences) diluted
in normal goat serum (1:100) for 10 min at room temperature. Primary anti-
body (IBA1; Thermo Fisher Scientific) or the appropriate isotype control
(diluted in goat serum, 1:200) was then added followed by incubation in a
humidifying chamber ovemight at 4 °C. The following day, sections were
covered with biotinylated secondary antibody (diluted in goat serum, 1:200;
Vector Labs) for 2 h at room temperature, followed by incubation with Fluores-
cein Avidin DCS (diluted in Hepes buffer, 1:400; Vector Labs) for 10 min at
room temperature. Coverslips were applied to the slides using Vectashield
mounting media with DAPI. Slides were incubated overnight in the dark at
4°C and analyzed the next day. Images were taken using a Leica DM6000B
microscope and Leica Application Suite Advanced Fluorescence software.

RNA-seq. Total cellular RNA was extracted using TRIzol reagent according to the
manufacturer's instructions (Thermo Fisher Scientific). The quality of RNA was first
checked for integrity on an Agilent Bioanalyzer 2100; samples with an RNA
integrity number (RIN) >7.0 were used for subsequent processing. Total RNA
was subjected to two rounds of poly(A) selection using oligo-d(T)25 magnetic
beads (New England Biolabs). The Illumina compatible RNA-seq library was pre-
pared using New England Biolabs next ultra RNA-seq library preparation kit. The
DNA libraries were purified using AmpureXP beads and quantified on an Agi-
lent Bioanalyzer and qubit analysis. Equimolar amounts of barcoded libraries
were pooled and sequenced on lllumina NextSEq. 500 platform (Illumina) with
1 % 75 configuration.

CLC Genomics Workbench v11.0.1 (Qiagen) was used for RNA-seq analysis.
Demultiplexed fastq files from an RNA-seq libraries were imported into the CLC
software. Bases with low quality were trimmed and reads were mapped to refer-
ence genome Mus musculus genome GRCm38. The reference genome
sequence and annotation files were downloaded from ENSEMBL, release.92
(Mus_musculus.GRCm38.92.fa, and  Mus_musculus.GRCm38.92.gtf). The
aligned reads were obtained using the RNA-Seq Analysis Tool of CLC Genomics
Workbench. Statistical analysis of differentially expressed genes was carried out
based on a negative binomial model (85) using the standard tools within the
CLC Genomic Workbench. Replicates were averaged, differentially expressed sig-
nificant genes with a false-discovery rate (FDR) P < 0.05 and fold-change (FC) of
an absolute value > 1.5/< —1.5 was used as the cutoff for analysis.
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Up-regulated and down-regulated genes were analyzed through GSEA (v4.0.3)
to identify enriched pathways.

Single-Cell RNA-seq. Cells isolated from the whole brains of naive WT, infected
WT, and infected CCR2-DTR mice were sort-purified on live CD45™ cells from five
biological replicates and pooled. Sort-purified cells were then processed using
the 10X Genomics Chromium Controller. Cell suspensions were loaded onto the
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