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Abstract

Host resistance to a common protozoan parasite Toxoplasma gondii relies on a coordinated
immune response involving multiple cell types, including macrophages. Embryonically
seeded tissue-resident macrophages (TRMs) play a critical role in maintaining tissue
homeostasis, but their role in parasite clearance is poorly understood. In this study, we
uncovered a crucial aspect of host defense against T. gondii mediated by TRMs. Through
the use of neutralizing antibodies and conditional IFN-y receptor-deficient mice, we demon-
strated that IFN-y directly mediated the elimination of TRMs. Mechanistically, IFN-y stimula-
tion in vivo rendered macrophages unresponsive to macrophage colony-stimulating factor
(M-CSF) and inactivated mTOR signaling by causing the shedding of CD115 (CSFR1), the
receptor for M-CSF. Further experiments revealed the essential role of macrophage IFN-y
responsiveness in host resistance to T. gondii. The elimination of peritoneal TRMs emerged
as an additional host defense mechanism aimed at limiting the parasite’s reservoir. The
identified mechanism, involving IFN-y-induced suppression of CD115-dependent mTOR
signaling in macrophages, provides insights into the adaptation of macrophage subsets dur-
ing infection and highlights a crucial aspect of host defense against intracellular pathogens.

Author summary

This study revealed a vital aspect of host defense mediated by the rapid loss of tissue-resi-
dent macrophages (TRMs) during the acute phase of infection with the common proto-
zoan parasite Toxoplasma gondii. The researchers found that IFN-v, a crucial cytokine for
host resistance against T. gondii and other intracellular pathogens, was responsible for the
rapid elimination of TRMs. Through experiments with mice lacking receptors for this
cytokine, the team demonstrated that IFN-y causes the death of TRMs. Mechanistically,
IFN-y renders macrophages unresponsive to the macrophage growth factor M-CSF by
inducing the shedding of its receptor, known as CD115, and subsequently inhibiting
mTOR activation. The loss of responsiveness to M-CSF resulted in the selective death of
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TRMs and their replacement by proinflammatory monocyte-derived macrophages that, at
least at the site of infection, did not depend on M-CSF. The study revealed the importance
of TRM loss in response to IFN-y as a host defense mechanism, effectively limiting the
niche for parasite replication. This discovery sheds light on how IFN-y regulated macro-
phages during microbial infections.

Introduction

Macrophages play a central role in detecting and eliminating bacterial, parasitic, and viral
pathogens [1,2]. They are uniquely positioned to sample the environment in order to detect
pathogens, dead cells, and inflammatory mediators for the initiation of immune responses and
tissue repair [3-9]. There are two major types of macrophages, referred to as tissue-resident
(TRM) and monocyte-derived macrophages [10-13]. TRMs, such as large peritoneal macro-
phages (LPMs) and Kupffer cells are embryonically derived and are maintained through self-
proliferation independently from the monocyte-derived cells [14-17]. M-CSF signaling
through activation of its receptor, CSFR1 (CD115), is required for both TRM development
and maintenance in the peripheral tissues [18-21]. In contrast, monocyte-derived macro-
phages are frequently associated with both protective and pathological inflammatory responses
seen during microbial infections [4,22]. The requirement of M-CSF for monocyte-derived
macrophages is more complex; a complete deficiency in CD115-signaling results in develop-
mental defects while transient or partial M-CSF inactivation has a limited role on the fre-
quency or the absolute numbers of monocyte-derived macrophages [8,18-20].

Monocyte-derived macrophages play a central role in pathogen elimination via multiple
mechanisms including production of proinflammatory cytokines, nitric oxide, and reactive
oxygen species [3,4,7]. Monocytes and monocyte-derived macrophages closely cooperate with
dendritic cells in the regulation of T cell responses [23-25]. In contrast to monocyte-derived
macrophages, our knowledge of TRM functions in the context of microbial infection is rela-
tively limited. The unique response of TRMs to microbial infection is called the macrophage-
disappearance reaction (MDR) which is characterized by contraction of the TRM population
due to poorly understood mechanisms including tissue adherence, migration, and cell death
during the first phase of the inflammatory response [26,27]. Following their diminution during
microbial or viral insult, the remaining TRMs undergo M-CSFE-dependent proliferation,
which contributes to their repopulation. This repopulation is bolstered by recruited monocytes
that acquire a TRM-like phenotype during the resolution phase of the inflammatory response.
Being located in a sterile environment, peritoneal macrophages serve as an excellent experi-
mental model to study the first response of TRMs to microbial infections. Peritoneal macro-
phages are predominantly comprised of TRM:s that can be identified as CD11b+F4/80+CD102
+ cells expressing low levels of MHCII in naive mice [28]. Monocyte-derived macrophages
represent a minor subset and express low levels of F4/80 and CD102, and high levels of
MHCIL Here we investigate the dynamic response of the peritoneal TRMs to T. gondii, a com-
mon intracellular pathogen that triggers a highly polarized Th1 response [29,30]. We observed
that T. gondii infection and the associated immune response results in elimination of TRMs in
peritoneal cavity, liver, and intestine during the acute response to the parasitic infection. We
established that the loss of TRMs is mediated by IFN-y and resulted in the shedding of CD115
from the macrophage cell surface. Our additional experiments revealed that the loss of CD115
triggered the cell death of TRMs via an mTOR-dependent mechanism that we recently identi-
fied in the context of the epithelial cell responses to IFN-y [31]. Additional experiments
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uncovered that this TRM response to IFN-y played a role in host resistance to the parasite, and
the preservation of TRMs achieved by selectively targeting the IFN-y receptor in TRMs caused
an increased parasite burden responsible for the acute susceptibility of infected mice to T. gon-
dii infection. When combined, our results established that IFN-y was required and sufficient
for triggering the CD115 and mTOR-dependent mechanism of LPM death in vivo, revealing a
mechanism of host resistance to T. gondii mediated by limiting a reservoir for the common
intracellular parasite.

Results
Loss of tissue-resident macrophages during T. gondii infection in vivo

Macrophages are sentinels of the immune system and are present in all lymphoid organs and
tissues. These cells are involved in early interactions with pathogens, including T. gondii
[25,32-34]. Two distinct macrophage subsets coexist in the peritoneal cavity [28]. The large
peritoneal macrophages (LPMs) are seeded during embryonic development and represent the
dominant population in naive mice (Figs S1 and 1). LPMs are characterized by high levels of
the canonical surface markers CD11b and F4/80 (Figs 1A and S1). The LPM:s can also be iden-
tified as Lin-CD11b+CD102+ cells that express low levels of MHCII (Figs 1C and S1). In con-
trast, monocyte-derived small peritoneal macrophages (SPMs) express low levels of F4/80 and
CD102, and high levels of MHCII and represent a minor population in naive mice (Figs 1A
and 1B and S1). It has been established that monocytes and monocyte-derived macrophages
play a crucial role in host defense against the intracellular parasite T. gondii [30,32,35]; but the
roles of resident macrophages in controlling the immune response during infection with T.
gondii is largely unknown.

We noted major changes in the composition of macrophage subsets during the acute
response to T. gondii. We observed a nearly complete loss of the LPMs by day 5 post-infection
(Fig 1). This observation was established independently of the gating strategies used to define
the LPMs as either CD11b+F4/80+ (Fig 1A and 1B) or CD11b+CD102+MHCII- cells (Fig
1C*1F), strongly suggesting that the acute response to T. gondii led to LPM loss (Fig 1). In
striking contrast, SPMs became the dominant macrophage subset during the acute response to
the parasite. This was evident from the analysis of the absolute and relative frequencies of
SPMs on day 5 post infection (Fig 1B, 1D and 1F). While massive infiltration of monocyte-
derived macrophages to the site of T. gondii infection has been previously described [34,36-
38], the loss of the LPMs was unexpected and prompted us to further investigate the response
of this macrophage subset to the parasite. We observed that even during the chronic stage of
infection, LPMs were practically undetectable in the peritoneal cavity of the infected mice,
indicating the parasitic infection caused a long-term change in the macrophage subsets (Fig 1).
Not only was there a dramatic reduction in the relative frequencies of LPMs, which could be
explained by the migration of inflammatory monocytes, but an absolute quantification of
LPMs revealed a complete or nearly complete loss of this macrophage subset that persisted
past the acute stage of infection (Fig 1B, 1D and 1F).

Furthermore, experimental peritoneal infection resulted in a near complete elimination of
hepatic resident macrophages, known as Kupffer cells (KCs), that were identified via VSIG4
(also known as CRIg) that is selectively expressed by KCs (S2A Fig). The disappearance of KCs
coincided with the loss of LPMs (S2B Fig).

We also discovered that, similar to the experimental intraperitoneal T. gondii infection, the
natural oral route of infection led to the loss of the intestinal macrophages (Fig 2A-2C). Inter-
estingly, oral infection with T. gondii also resulted in the loss of LPMs (Fig 2D and 2E), but it
did not lead to significant recruitment of SPMs to the peritoneal cavity (Fig 2E). Therefore, the
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Fig 1. Resident peritoneal macrophages are lost during systemic T. gondii infection. (A) Flow cytometric analysis of large (CD11b+F4/80+) and small
(CD11b+F4/80-) peritoneal macrophages measured on days 5 and 30 post intraperitoneal infection with 20 cysts of ME49 T. gondii per mouse. (B) Relative
frequencies and absolute cell numbers of LPMs and SPMs measured on days 5 and 30 post intraperitoneal infection with T. gondii. (C-D) An alternative flow
cytometric analysis of LPMs (CD11b+CD102+MHCII-) and SPMs (CD11b+CD102-MHCII+) in peritoneal cavity on days 5 and 30 post T. gondii infection.
(E-F) Quantifications of LPMs (CD11b+CD102+F4/80+) and SPMs (CD11b+CD102-F4/80-) using the alternate gating strategy on days 5 and 30 post T. gondii
infection. The results are representative of at least five independent experiments. Error bars = mean + SEM ns P > 0.05, **** P < 0.00001.

https://doi.org/10.1371/journal.ppat.1011502.g001

death of LPMs and the recruitment of SPMs represent distinct events during immune
responses to T. gondii. Although these events occur simultaneously during intraperitoneal
infection with the parasites, they likely happen independently, as evidenced by the natural oral
route of infection (Fig 2D and 2E). This is evident from the dramatic reduction in the total
number of LPMs in orally infected mice compared to naive controls (Fig 2E). LPMs still con-
stituted a relatively large cellular population (Fig 2D) due to the low abundance of SPMs in the
peritoneal cavity of orally infected mice (Fig 2E).

These findings indicate that the recruitment of SPMs and the loss of LPMs can occur inde-
pendently during immune responses to T. gondii. While the mechanism of SPM recruitment
to the site of infection has been previously established as a CCL2 dependent process [39-42],
the loss of LPMs regardless of the infection route, prompted us to investigate the underlying
mechanism behind TRM depletion during acute responses to the parasite.

IFN-v is required and sufficient for the loss of large peritoneal
macrophages
IFN-y is a crucial cytokine that regulates both host resistance and immunopathological

responses to T. gondii infection [43-46]. IFN-y mediated activation of macrophages, known as
priming, is required for the elimination of intracellular pathogens including T. gondii
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Fig 2. Resident intestinal and peritoneal macrophages are lost during oral T. gondii infection. (A) Representative
immunohistochemical and (B) flow cytometric analysis of small intestinal macrophages defined as CD45+F4/80
+CXCR1+ cells on day 7 post oral or intraperitoneal (IP) infection with 20 cysts of ME49 T. gondii. DAPI was used as
nuclear stain. Original magnification 200X. (C) Frequency of CD45+CX3CR1+CD11b+ cells from the lamina propria
on day 7 following intraperitoneal (D7 IP) or oral (D7 Oral) infection with 20 cysts of ME49 T. gondii. (D) Flow
cytometric analysis of large (CD11b+F4/80+) and small (CD11b+F4/80-) peritoneal macrophages measured on day 7
post IP or oral infection with 20 cysts of ME49 T. gondii. (E) Quantifications of peritoneal LPMs (CD11b+CD102+F4/
80+) and SPMs (CD11b+CD102-F4/80-) on day 7 post IP or oral infection with T. gondii. The results are
representative of three independent experiments. Error bars = mean + SEM, ns P > 0.05, * P < 0.01, ** P < 0.00, ****
P < 0.00001.

https://doi.org/10.1371/journal.ppat.1011502.9002
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[7,30,44,47,48]. At the same time, the results from our and other laboratories revealed that
IFN-y can trigger major changes in tissue cellular composition via triggering cell death during
an inflammatory response [31,49-53]. To determine if IFN-y played a role in the observed loss
of LPMs seen in T. gondiii infected mice, we first analyzed macrophages in parasite-infected
mice in the presence of IFN-y blocking antibodies. We observed that neutralization of IFN-y
prevented the loss of LPMs during the acute response to the parasite (Fig 3A and 3B). These
results suggested that IFN-y was required for the disapperance of LPMs seen in T. gondii-
infected mice (Fig 3A and 3B).
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Fig 3. IFN-y mediates loss of LPMs in vivo. (A) Flow cytometric analysis of LPM (CD11b+F4/80+CD102+) and SPM (CD11b+F4/80-CD102-) populations
from naive, T. gondii infected, and T. gondii infected mice treated with 200 pg anti-IFN-y antibody on day 5 post intraperitoneal infection. (B) Quantification
of LPM and SPM frequencies and absolute numbers in mice infected with T. gondii in the presence or absence of IFN-y neutralizing antibody on day 5 post
intraperitoneal infection with the parasite (20 cysts per mouse of the ME49 T. gondii). (C) Flow cytometric analysis of LPM and SPM populations in mice
treated with recombinant IFN-y (200 ng per mouse) for 72 h. (D) Quantification of LPM and SPM frequencies and absolute numbers in mice treated with
recombinant IFN-y (200 ng per mouse) for 72h. (E) Flow cytometric analysis of LPM (CD11b+F4/80+CD102+) and SPM (CD11b+F4/80-CD102-) populations
in naive and T. gondii infected MLys-Cre x Ifngr2™/1°* (M-IFNgR KO) and Ifingr2"*1°* mice on day 5 post intraperitoneal infection with 20 cysts per mouse
of the ME49 T. gondii. (F) Quantification of LPM and SPM frequencies and absolute numbers in T. gondii infected MLys-Cre x Ifngr2"*%°* (M-IFNgR KO)
and Ifnngﬂ"X/ floX ice on day 5 post intraperitoneal infection. The results are representative of three independent experiments. Error bars = mean + SEM, ns

P > 0.05,* P < 0.01, ** P < 0.00, *** P < 0.0001, **** P < 0.00001.

https://doi.org/10.1371/journal.ppat.1011502.9003
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We next examined whether IFN-y was sufficient for the elimination of LPMs in vivo in the
absence of parasitic infection. This was crucial as T. gondii frequently infects macrophages and
can modulate their functions via multiple virulence factors injected into the infected cells [54-
58]. To test this possibility, naive mice were injected with recombinant IFN-y (rIFN-y) and the
macrophage subsets in the peritoneal cavity were analyzed 3 days later. We observed that a sin-
gle injection of rIFN-y, resulting in a comparable level of the circulating cytokine seen in T.
gondii-infected mice (S3 Fig), was sufficient to drive the loss of LPMs (Fig 3C and 3D). These
results strongly indicated that even in the absence of T. gondii infection, IFN-y can trigger the
dissaperance of LPMs. We also noted that the injection of rIFN-y alone was sufficient for
recruiting SPMs to the peritoneum (Fig 3D), an observation that requires additional further
studies. When combined, our results formally established that IFN-y was both required and
sufficient for the changes in peritoneal macrophage composition characterized by the loss of
LPMs (Fig 3A-3D).

IFN-y signaling in macrophages is required for the loss of large peritoneal
macrophages

IFN-y has pleiotropic effects on multiple cell types [59]. Experiments with systemic blockage
of or supplementation with IFN-y do not discriminate between the direct effects of this cyto-
kine on peritoneal macrophages or indirect effects caused by IFN-y activating other cell types
(Fig 3A-3D). This knowledge is crucial for deciphering the molecular mechanisms required
for the loss of LPMs during T. gondii infection.

To examine whether the direct effects of IFN-y on macrophages are responsible for LPM
loss during the acute response to T. gondii, mice with an IFN-y receptor deficiency specific to
myeloid cells were generated by crossing Mlys-cre mice with Infgr2"1°* mice. Myeloid-cell-
specific IFN-yRII knockout mice (M-IFNgR KO) and their cre-negative littermate controls
were next infected with the parasite and changes in macrophage populations were analyzed on
day 5 post-infection (Fig 3E and 3F). As anticipated, cre-negative mice were indistinguishable
from the wild-type (WT) controls and lost their LPMs during the acute response to T. gondii
(Fig 3E and 3F). In contrast, we observed that both the frequencies and absolute numbers of
LPM and SPM populations were practically unchanged when comparing day 5 infected and
naive control M-IFNgR KO mice (Fig 3E and 3F). These results indicate that IFN-y acting
directly on peritoneal macrophages is responsible for the loss of LPMs (Fig 3E and 3F).

IFN-y treatment drives the death of large peritoneal macrophages

Several non-mutually exclusive mechanisms can explain the rapid loss of LPMs during the
acute response to T. gondii. Among the major possibilities are migration of LPMs caused by T.
gondii infection, or IFN-y mediated death of LPMs, a mechanism recently reported for intesti-
nal epithelial cells [31,49].

We first examined whether IFN-y can trigger LPM migration to the omentum. The omen-
tum is located in the peritoneal cavity and is composed of two mesothelial sheets enclosing adi-
pose tissue. Recenly, it was observed that T. gondii infected macrophages and dendritic cells
can rapidly relocate from the peritoneum to the omentum for induction of T cell responses to
the parasite [60]. To minimize artifacts associated with cell isolation or incomplete analysis of
the omentum, the entire omenta from naive and T. gondii infected mice were next analyzed by
whole-mount imaging (5S4 Fig). While an increase in CD11b+ cells was observed in the omen-
tum analyzed from T. gondii infected mice, only an incremental amplification in peritoneal
LPM-specific CD102+ cells [61,62] was seen (S4 Fig). These results indicate that the loss of
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LPMs during parasitic infection was not the result of detectable cell relocation from the perito-
neal cavity to the omentum.

To test a hypothesis that T. gondii-induced IFN-y lead to the death of LPMs via a mecha-
nism recently reported by us for Paneth cells [31], we first applied an in vitro system with
enriched peritoneal LPMs stimulated with rIFN-y (Fig 4A and 4B). Timelapse imaging analysis
of macrophages treated with rIFN-y was performed for 18 hours and dying cells were detected
with propidium iodide (PI) staining (Fig 4A). We observed that IFN-y treatment resulted in
the rapid appearance of PI+ cells (red) during the course of the experiment (Fig 4A and 4B). In
contrast, only minimal cell death was seen in the untreated controls. These results revealed
that IFN-y can trigger the death of LPMs, but does not formally demonstrate the direct causal-
ity of this cytokine in the induction of macrophage death. To examine the direct effect of IFN-
v signaling on macrophages, we isolated macrophages from the peritoneal cavity of M-IFNgR
KO mice and treated them with rIFN-y prior to utilizing imaging flow cytometry to assess cel-
lular death. We observed that a lack of responsiveness to IFN-y precluded the death of LPMs
(Fig 4C and 4D). At the same time and analogous to the WT macrophages, the cre-negative
Ifngr®1°* macrophages were PI+ within 18 hours of treatment with rIEN-y (Fig 4C and 4D).
When combined, these results revealed that IFN-vy signaling in macrophages directly leads to
the loss of LPMs due to their death.
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https://doi.org/10.1371/journal.ppat.1011502.9005

We also observed that LPMs exhibited substantially higher sensitivity to cell death triggered
by IFN-y compared to SPMs when both were exposed to the same cytokine in vitro (S5 Fig).
This heightened sensitivity suggests a potential explanation for the selective loss of LPMs
observed during potent type I immune responses elicited during T. gondii infection (Fig 1).

IFN-v triggers a CD115- and mTOR-dependent death of large peritoneal
macrophages

IFN-v triggers profound metabolic changes in multiple cell types, including macrophages
[63,64]. One of the key molecules that senses cell metabolism is the mTORCI kinase complex,
which plays a critical role in integrating growth receptor signaling with cellular functions,
including cell survival [65]. In addition, we have recently observed that in the context of T.
gondii infection, IFN-y leads to the death of intestinal Paneth cells via an mTOR-dependent
mechanism distinct from apoptosis, necroptosis, or pyroptosis [31]. Furthermore, it has been
demonstrated that IFN-y can suppress the activity of mTORCI in other cell types including
macrophages [66]. Considering that, we next examined if mTOR supression was also responsi-
ble for the death of LPMs.

To test this hypotheiss, we first examined the requirements for mTORCI activity in LPMs
and SPMs. We observed that treatment of mice with the mTORCI inhibitor rapamycin
resulted in the rapid and selective loss of LPMs (Fig 5A and 5B). While this treatment blocked
mTOR activities in both LPMs and SPMs, only LPMs were susceptible to this treatment in
vivo as evidenced by the analysis of dying cells in response to rapamycin treatment (Fig 5C
and 5D). We observed that only a small fraction of SPMs were stained with the dead cell
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reporter dye zombie yellow (Fig 5C). Contrariwise, not only were practically all LPMs elimi-
nated in rapamycin-treated mice, but the remaing LPMs were primarily positive for the dead
cell dye (Fig 5C and 5D.) These results implicated mTOR activity as a critical component in
LPM survival, whereas SPM recruitment and survival were primarily mTOR-independent in
vivo, even though we cannot rule out the possibility of heterogeneous dependence of SPMs on
mTOR in vivo. The latter possibility may explain the partial death of SPMs in response to high
concentrations of the mTORCI inhibitor rapamycin in vitro (S6 Fig). Alternatively, a distinct
requirement for mTORCI1 activity in vivo (Fig 5) and in vitro (56 Fig) for SPMs may explain
the resistance of these macrophages to rapamycin treatment in vivo and their sensitivity to the
same treatment in vitro.

Among the various factors that are responsible for sustained mTORC1 activity in macro-
phages, the M-CSF-dependent activation of its receptor, CD115, is of particular interest.
M-CSF signaling plays an indispensable role in the development of macrophages and is essen-
tial for the survival and maintenance of LPMs in the peritoneal cavity [9,20]. For the above rea-
sons, we examined the expression of CD115 in naive or T. gondii infected mice, along with the
animals stimulated with rTFN-y. We observed that both parasitic infection and cytokine treat-
ment in vivo resulted in the rapid loss of CD115 cell surface expression (Fig 6A). Furthermore,
when examining the peritoneal exudate fluid collected from the same mice, we observed the
release of the extracellular portion of CD115 (Fig 6B), suggesting that IFN-y triggers shedding
of CD115 from peritoneal macrophages.

To determine if direct IFN-y stimulation of macrophages leads to the loss of CD115 from
the cell surface during T. gondii infection, CD115 expression was next analyzed in M-IFNgR
KO mice infected with the parasite. We observed that the lack of IFNgR prevented the loss of
CD115 cell surface expression in myeloid cells (Fig 6C). In addition, the lack of IFNgR pre-
vented the release of soluble CD115 into the peritoneal cavity of the infected mice (Fig 6D). As
anticipated, the appropriate cre-negative IfngrlI"™°* mice behaved indistinguishable from
the WT controls, and lost CD115 from the cell surface of the peritoneal macrophages (Fig 6).
When combined, these data revealed that IFN-y leads to the shedding of CD115 in both LPMs
and SPMs, but considering that M-CSF is essential for the survival and maintenance of TRMs
but not SPMs, the loss of CD115 resulted in the selective death of LPMs in vivo (Fig 6). Of
note, blocking CD115 in vitro failed to induce rapid death of peritoneal macrophages (S7 Fig),
suggesting distinct requirements for M-CSF signaling in the survival of peritoneal macro-
phages in vivo and in vitro.

Macrophage IFN-y signaling is required for host survival during acute
toxoplasmosis

The IFN-y-mediated selective loss of LPMs in response to T. gondii infection prompted us to
investigate whether this phenomenon is a host defense mechanism or an immunopathological
response induced by IFN-y. To distingushing among those possibilities, we first examined the
survival of M-IFNgR KO mice infected with T. gondii. We observed acute susceptibility in
these mice, displaying kinetics similar to those of complete IFN-y-deficient mice (Fig 7). These
findings established that the macrophage response to IFN-y is crucial for resistance against
parasitic infection, even when other cell types can respond to IFN-y (Fig 7A). The acute sus-
ceptibility observed in the mice was directly associated with an uncontrolled parasite burden
(Fig 7B and 7C).

We next investigated whether the IFN-y-dependent death of f LPMs limits the replication
niche for the parasite. In vitro experiments revealed that T. gondii parasites frequently target
LPMs (Fig 7D and 7E), supportring a model that LPMs are an important reservour for the
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parasite. To further investigate this in an in vivo setting, we employed a strategy to deplete
LPM:s by blocking the CD115 receptor (Fig 7F). This approach allowed us to achieve depletion
of LPMs in an IFN-y-independent manner. We observed that the depletion of LPMs through a
CD115 blockade had no impact on the parasite burden in wild-type (WT) mice, as they were
already experiencing LPM loss due to IFN-y, irrespective of the additional treatment (Fig 7F,
7G and 7H). However, when the response to IFN-y was abolished due to complete inactivation
of the receptor for this cytokine, the depletion of LPMs resulted in a significant reduction in
successful parasite replication (Fig 7H). Although CD115-mediated depletion did not decrease
the parasite burden in IFN-y receptor-deficient mice to the level observed in WT controls (Fig
7H), our experimental findings strongly support the hypothesis that the IFN-y-mediated elimi-
nation of LPMs plays a role in host defense by controlling the elimination of a reservoir for the
intracellular parasite T. gondii (Fig 7H).
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Discussion

Our study unveils a novel host defense mechanism against T. gondii infection, which involves
the IFN-y-mediated elimination of LPMs. We have demonstrated that IFN-y directly impacts
LPMs, leading to their death through CD115 and mTOR-dependent pathways in vivo. This
host defense process plays a role in restricting the available niche for the intracellular parasite.
Our findings expand upon the existing understanding of IFN-y-mediated host resistance to
intracellular pathogens, characterized by the activation of macrophages prior or during infec-
tion with T. gondii.

TRMs are recognized as key regulators in tissue homeostasis, organ development, and the
resolution of infections. Although extensive research has been conducted on the development
and lineage of TRMs using lineage tracing and RNAseq techniques [61], their specific role in
host defense remains incompletely understood. The loss of TRMs during microbial infection
is a distinctive feature known as the MDR [27]. This response has been observed in relation to
diverse microbial components, such as zymosan, LPS, and live bacterial pathogens, and the
current study extends this concept to IFN-y. Notably, the MDR or MDR-like loss of TRMs is
not confined to the peritoneal cavity but has also been observed in other tissues. For instance,
in the intestine, microbiota drives replacement of TRMs by monocyte-derived macrophages,
suggesting that even low concentrations of microbial ligands can trigger the MDR [27]. Simi-
larly, inflammatory responses can lead to the replacement of liver TRMs with monocyte-
derived cells [67], indicating that the loss of TRMs is a common physiological or pathophysio-
logical response to microbial ligands and inflammatory cytokines.

In our investigation, we discovered that IFN-y stimulation in vivo renders macrophages
unresponsive to M-CSF by inducing the shedding of its receptor, CD115. Given the critical
role of M-CSF in TRM development and survival, the loss of CD115 is a crucial step contribut-
ing to the elimination of TRMs. M-CSF is a tighly controlled growth factor that contributes to
monocyte to macrophage differentiation. Both macrophages and fibroblasts can prodcue
M-CSF, and its levels regulate macrophage presence through autocrine and paracrine mecha-
nisms [9,68]. Thus, the regulation of M-CSF responsiveness is an effective strategy to control
macrophage populations. Functionally, M-CSF can enhance phagocytic activity [69], antigen
presentation [70], and cytokine production [71-73], thereby augmenting the ability of macro-
phages to eliminate pathogens and modulate immune responses. The distinct requirement for
mTOR signaling may suggest that monocyte-derived macrophages are better equipped to
combat intracellular pathogens in the highly inflammatory environment caused by large
amounts of IFN-vy seen during T. gondii infection. This may explain why TRMs cannot be
reprogrammed by IFN-vy to acquire the functions of proinflammatory SPMs, although further
investigation is needed to fully explore this hypothesis. Our study suggests that the IFN-y-
induced CD115 shedding is a rapid and efficient strategy to eliminate the preexisting TRMs.
Intriguingly, IFN-y-induced CD115 shedding was not limited to LPMs, but the distinct depen-
dence on M-CSF determines the selective loss of TRMs during the acute response to T. gondii
infection. This mechanim of host defense cooperates with TLR-dependent and independent
production of CCL2 that leads to the recruitment of monocytes to the site of infection that are
indispensible for host resistance to T. gondii [39-42]. Our results also revealed that the loss of
LPMs and the recruitment of monocytes and monocyte-derived macrophages are distinct
events that can be separated, as seen in orally infected mice. These findings indicate that the
death of LPMs alone is insufficient for the recruitment of SPMs. Instead, while not formally
proven, our data suggest that the presence of the parasite or parasite-derived molecules is
required for the recruitment of monocytes during T. gondii infection, providing a location-
specific immune response to the pathogen. While future biochemical studies are needed to
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define IFN-y inducible enzymes responsible for CD115 shedding, it has been reported that
metalloproteases, particularly ADAM17 (a disintegrin and metalloprotease 17) and ADAM10
(a disintegrin and metalloprotease 10) cleave the extracellular domain of CD115, releasing it as
a soluble form into the extracellular environment [74-76]. These enzymes can be activated in
response to various stimuli, including cytokines and microbial components [77], suggesting a
general strategy to regulate macrophage responses in different physiological and pathological
conditions via regulation of responsivness to M-CSF.

In summary, our study reveals an IFN-y-induced mechanism of host resistance to T. gondii,
characterized by suppression of CD115-dependent mTOR signaling in macrophages at the site
of infection and potential the sites of parasite dissemination. Although additional studies are
necessary to fully understand the necessity of TRM elimination, we speculate that it is a com-
mon host defense mechanism against intracellular infections. We provide experimental evi-
dence supporting the concept that the elimination of TRMs and their subsequent replacement
by monocyte-derived cells represents an IFN-y-mediated host defense strategy against a com-
mon protozoan parasite capable of infecting macrophages.

Materials and methods
Ethics statement

All animal experimentation in this study was reviewed and approved by the University of
Rochester’s University Committee on Animal Resources (UCAR), the Institutional Animal
Care and Use Committee (IACUC).

Mice

C57BL/6 mice were originally purchased from the Jackson Laboratories and maintained in a
pathogen-free animal facility at the University of Rochester of Medicine and Dentistry. Ifngr2-
flox/flox mice were generated using targeted embryonic stem cells obtained from the Knockout
Mouse Project repository and injected into C57Bl/6 albino blastocysts by the Fox Chase Can-
cer Center Transgenic Mouse Facility as previously described [31,78]. Mlys-Cre (LysM-Cre,
Strain #004781) mice were purchased from the Jackson laboratory. Mice for all experiments
were age- and sex-matched.

Murine T. gondii infection and treatments

MEA49 strain T. gondii tissue cyst (bradyzoite) stages were maintained through serial passage in
Swiss Webster mice. For infections, brains of chronically infected Swiss Webster mice were
mechanically homogenized by passage through a series of 18-gauge, 20-gauge, and 22-gauge nee-
dles. Experimental mice were intraperitoneally or orally infected with 20 T. gondii brain cysts
(MEA49 strain). In some experiments, mice were injected IP with 200 pg anti-IFN-y (clone XMG1.2,
BioXCell) on days 0, and 3 post T. gondii infection, with 200 ng of recombinant mouse IFN-y alone
(Genscript), 250 pg anti-CD115 (clone ASF98, BioXCell), or 300 pig Rapamycin (Sigma).

Macrophage isolation and flow cytometric analysis

Peritoneal exudate cells (PECs) were isolated via lavage and single cell suspensions were briefly
washed with PBS prior to red blood cell lysis using ACK lysis buffer. Prepared cells were
stained with Zombie Yellow (BioLegend) to assess live status of cells. The following antibodies
were used, though not necessarily all in the same panel: F4/80- BV785 (BioLegend; Clone
BM8), CD115-BV421 (BioLegend; Clone AFS98), CD11¢c-BV421 (BD Bioscience; Clone HL3),
CD115-BUV395 (BD Bioscience; Clone AFS98), CD19-BUV737 (BD Bioscience; Clone 1D3),
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CD226-PE (BD Bioscience; Clone TX42.1), CD11b-PE (eBioscience; Clone M1/70), MHCII
(I-A/I-E)- PE/Cy7 (BioLegend; Clone M5/114.15.2), Ly6G-PE/CF594 (BD Bioscience; Clone
1A8), Ly6C-APC/eFluor780 (eBiosceince; Clone HK1.4), CD102-Alexa Fluor 647 (BioLegend;
Clone 3C4 (mlC2/4)), CD102-Alexa Fluor 488 (eBioscience; Clone 3C4 [mIC2/4]),
CCR2-FITC (BioLegend; Clone SA203G11), and CD11b-PerCP/Cy5.5 (BioLegend; Clone M1/
70). Antibody cocktails were prepared in FACs staining buffer (phosphate-buffered saline, 1%
FBS, 1% 0.5mM EDTA). Cellular fluorescence was measured using an LSRII Fortessa flow
cytometer, and data were analyzed using Flow]o software (Tree Star).

Visualization of macrophage death in vitro

For time-lapse imaging, 2x10° peritoneal macrophages enriched for LPMs through cell adhe-
sion exhibited a purity of at least 95% were imaged using a TE2000-U microscope (Nikon)
coupled to a CoolSNAP HQ CCD camera with a 20X objective. Images were taken at the fol-
lowing intervals: brightfield images every 30 seconds and DAPI/Cy5 channels every 1 minute.
Imaging took place over 18 hours in a humidified, temperature-controlled chamber main-
tained at 37°C for the duration of imaging. To assemble the time-lapse move, images were
compressed at normal quality and set at 100 ms speed.

For quantitative analysis of cell death, 2x10* freshly isolated PECs were plated in each well of a
black-walled, clear bottom 96 well plates, and macrophages were enriched for a final density of
1x10* macrophages per well. Prior to imaging, an additional 100 ul complete media was added to
the wells containing either rIFN-y or PBS (untreated) and a mixture of Hoescht 3364 and PI.
Images were then captured using the Total (Brightfield) + Live (Blue-Hoescht) + Dead (Red-PI)
setting on a Celigo Imaging Cytometer (Nexcelom). In some experiments, cell-sorted purified
LPMs and SPMs were incubated with the indicated amounts of rTFN-y or rapamycin for 18 hours
(as well as for 12 and 24 hours) prior to the analysis of cell death by Zombie Yellow staining.

Determination of pathogen loads during infection

To determine T. gondii pathogen loads, total genomic DNA from animal tissue was isolated by
using the DNeasy Blood and Tissue Kit (Qiagen) according to manufacturer’s instructions.
PCR were performed by using SSOFast Eva Green Supermix (BioRad). Samples were mea-
sured by qPCR using a MyiQ Real-Time PCR Detection System (BioRad), and data from geno-
mic DNA was compared with a defined copy number standard of the T. gondii gene B1.

Immunofluorescence staining of the liver

For Immunofluorescence images, livers were fixed in 4% PFA in PBS at 4°C for 1 hour. Fol-
lowing fixation, samples were incubated in a 30% sucrose solution in PBS overnight at 4°C.
Samples were then frozen in OCT (Tissue Tek) compound. 10 um liver sections were washed
three times with 50mM NH,Cl in PBS for 3 minutes prior to permeabilization with 0.25% Tri-
ton X-10 solution in PBS for 10 minutes at room temperature. Primary antibody staining for
VSIG4 was performed in 2% serum in PBS overnight at 4°C. Slides were mounted in ProLong
Gold (Molecular Probes). Specimens were imaged with a Leica SPE system (Leica DMi8) fitted
with a Leica 63X objective NA 1.4.

Identification of TRMs within the small intestine

For flow cytometric analysis of intestinal TRMs in the lamina propria, small intestine segments
were washed, flattened, cut into 1.5cm pieces and shaken in 2 changes of HBSS with 5% FBS
and 2 mM EDTA for 20 min at 37C. The suspension was passed through a mesh strainer to
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remove epithelial cells. The intestinal pieces were chopped using scissors and shaken in diges-
tion media containing HBSS (Gibco) with 5% FBS, 1mg/ml Collagenase D, 2U/ml DNase I,
0.1U/ml Dispase for 30 mins at 37C. The digested samples were then vortexed briefly and
passed through a 100-micron filter followed by staining for flow cytometry.

Cells were stained with the following fluorochrome-conjugated surface antibodies:
CD45-BUV395 (BD Biosciences; Clone 30-F11), CD64-PE/Cy7 (Biolegend; Clone X54-5/7.1),
CD11c-Alexa Fluor 488 (eBioscience; Clone N418), CD11b-APC/Cy7 (Biolegend; Clone M1/
70), CX3CR1-BV785 (Biolegend; Clone SA011F11), and F4/80-APC (eBioscience; Clone
BMS8). Cellular fluorescence was measured using an LSRII Fortessa flow cytometer, and data
were analyzed using FlowJo software (Tree Star).

Whole mount immunofluorescence of the omentum

Mice were sacrificed and whole omenta were excised. Samples were placed in 6ml polypropyl-
ene tubes and blocked using FC Block (PharMingen, San Diego, CA) at 10ug/ml in 200 pl of
FACs buffer and placed on a shaker for 15 minutes at 4°C. Following incubation, samples
were stained with the following antibodies for 2 hours at 4°C: CD11b-PE (eBioscience; Clone
M1/70), CD102-Alexa Fluor 647 (BioLegend; Clone 3C4), and CD115-BV421 (BioLegend;
Clone AFS98) or left unstained. Samples were washed twice by the addition of 4ml FACs
buffer and rotated at 4°C for 30 minutes. After the final wash, samples were collected from the
tubes using a snipped off P1000 tip and placed onto glass slides with FACs buffer. A cover slip
was placed on top of the omentum and pressed down. Samples were viewed via fluorescence
microscopy and digital images were acquired.

Statistical analysis

All data were analyzed with Prism (Version 9.4.1; GraphPad, La Jolla, CA). p values were cal-
culated using unpaired Student’s t-test or ANOVA. These data were considered statistically
significant when P-values were <0.05. *: p < 0.05, **: p < 0.01, ***: p < 0.001, and ****:

p < 0.0001.

Supporting information

S1 Fig. Peritoneal macrophage gating strategy. To identify peritoneal macrophage subpopu-
lations, live (Zombie Yellow negative) single cells were gated for CD19- cells. LPMs were iden-
tified as F4/80+CD11b+ cells and SPMs were identified as F4/80-CD11b+ cells. LPMs and
SPMs were additionally gated on CD102 and MHCII expression to validate the use of the alter-
nate gating strategy for identifying LPMs as CD102+MHCII- cells and SPMs as
CD102-MHCII+ cells.

(TIF)

S2 Fig. Systemic loss of TRMs during T. gondii infection. (A) Representative immunohis-
tochemistry images and their quantification showing the expression of VSIG4 in liver on days
3 and 5 post intraperitoneal infection with 20 cysts of ME49 T. gondii. (B) Flow cytometric
analysis of large (CD11b+F4/80+CD102+) and small (CD11b+F4/80-CD102-) peritoneal mac-
rophages measured on days 3 and 5 post intraperitoneal infection with T. gondii. The results
are representative of three independent experiments.

(TIF)

$3 Fig. In vivo treatment with rIFN-y. Mice were treated with recombinant 200 ng IFN-y for
12 hours, and the peritoneal levels of the cytokine were analyzed by ELISA in comparison to T.
gondii-infected mice (days 3 and 5 post intraperitoneal infection). The results are
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representative of three independent experiments.
(TIF)

S4 Fig. Analysis of LPMs migration to the omentum during T. gondii infection. WT
(C57BL/6) mice were either uninfected (Naive) or infected intraperitoneally with 20 cysts of
the ME49 strain of T. gondii for 5 days (D5). Entire omenta from the infected and controlled
mice were analyzed by whole mount staining for the presence of CD11b, CD102, and CD115
expressing cells. The results are representative of three independent experiments.

(TIF)

S5 Fig. IFN-y mediates the death of LPM:s in vitro. Cell-sort purified LPMs (CD45+ CD11b
+F4/80+CD102+) and SPMs (CD45+ CD11b+F4/80-CD102-) were cultivated in a tempera-
ture, CO2, and humidity-controlled chamber in the presence of the indicated concentrations
of rIFN-v for 18 h. Dead or dying LPMs (grey bars) and SPMs (black bars) were detected by
incorporation of Zombie Yellow. Error bars = mean + SEM. The results are representative of
three independent experiments.

(TIF)

S6 Fig. Rapamycin sensitivity of LPMs and SPMs in vitro. Cell-sort purified LPMs (CD45

+ CD11b+F4/80+CD102+) and SPMs (CD45+ CD11b+F4/80-CD102-) were cultivated in a
temperature, CO2, and humidity-controlled chamber in the presence of the indicated concen-
trations of rapamycin 18 h. Dead or dying LPMs (grey bars) and SPMs (black bars) were
detected by incorporation of Zombie Yellow. Error bars = mean + SEM. The results are repre-
sentative of three independent experiments.

(TIF)

S7 Fig. Analysis of peritoneal macrophage death induced by anti-CD115 antibody treat-
ment in vitro. Purified peritoneal CD11b+ myeloid cells were cultured in a temperature, CO2,
and humidity-controlled chamber in the presence of the aCD115 antibody for 18 hours. Dead
or dying cells were detected by the incorporation of PI. Dead cells were quantified as PI+ cells.
The results are representative of three independent experiments.

(TIF)
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