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Clodronate is not protective in
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inflammatory monocyte
infiltration in the CNS
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Bone marrow (BM)-derived monocytes induce inflammation and tissue damage
in a range of pathologies. In particular, in a mouse model of West Nile virus (WNV)
encephalitis (WNE), nitric oxide-producing, Ly6C" inflammatory monocytes
from the BM are recruited to the central nervous system (CNS) and contribute
to lethal immune pathology. Reducing the migration of these cells into the CNS
using monoclonal antibody blockade, immune-modifying particles or CSF-1R
inhibitors reduces neuroinflammation, improving survival and/or clinical
outcomes. Macrophages can also be targeted more broadly by administration
of clodronate-encapsulated liposomes, which induce apoptosis in phagocytes.
In this study, clodronate reduced the inflammatory infiltrate by 70% in WNE,
however, surprisingly, this had no effect on disease outcome. More detailed
analysis demonstrated a compensatory increase in neutrophils and enhanced
activation status of microglia in the brain. In addition, we observed increased
numbers of Ly6C" BM monocytes with an increased proliferative capacity and
expression of SCA-1 and CD16/32, potentially indicating output of immature
cells from the BM. Once in the brain, these cells were more phagocytic and had a
reduced expression of antigen-presenting molecules. Lastly, we show that
clodronate also reduces non-myeloid cells in the spleen and BM, as well as
ablating red blood cells and their proliferation. These factors likely impeded the
therapeutic potential of clodronate in WNE. Thus, while clodronate provides an
excellent system to deplete macrophages in the body, it has larger and broader
effects on the phagocytic and non-phagocytic system, which must be
considered in the interpretation of data.
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1 Introduction

Inflammatory monocyte-derived cells (MCs) are key inducers
of pathology in various infectious and non-infectious diseases (1-8).
These include West Nile virus (WNV) encephalitis (WNE), in
which nitric oxide (NO)-producing, CCR2* Ly6C" inflammatory
MCs are recruited to the central nervous system (CNS) and
contribute to lethal immune pathology (1-3, 9). These cells cross
the endothelium at the blood-brain barrier in a Ly6C- and VLA-4-
mediated manner to enter the CNS parenchyma and cause the
characteristic pathology associated with WNE (2, 9, 10). WNV is
the third leading cause of all virus-induced hospitalized encephalitis
(11) and currently has largest world-wide distribution among
Flaviviridae (12-14). Its expanding distribution and propensity to
cause epidemics (15) that are unpredictable in location and
magnitude, make WNV a continuing global threat (11).
Neuroinvasion, the most debilitating feature of WNV, occurs in
approximately 1% of cases, resulting in meningitis, encephalitis
and/or acute flaccid paralysis, with 8-10% fatality (11, 14, 16-18).
Currently, no vaccine or therapy exists for use in humans, with
treatment relying on palliative care.

WNV is maintained in an enzootic cycle between birds and
mosquitoes with human transmission occurring incidentally via the
bite of an infected mosquito (19, 20). As such, natural human WNV
infection is often studied in mice subcutaneously inoculated with WNV
in the footpad (21). Although intravenous and intraperitoneal infection
routes have also been used (22, 23). In general, using a low viral load,
neuro-attenuated or non-neuroinvasive strain of WNV, mice develop
systemic disease that is often cleared within a few weeks. However,
inoculating a virulent strain and/or high viral load subcutaneously
produces uncontrollable virus replication resulting in neuroinvasion,
encephalitis and death. In mice infected with WNV intraperitoneally or
subcutaneously to model systemic disease, an effective humoral, T cell
and macrophage response is required to limit virus replication and
spread to the CNS (14, 22, 24-27). Intriguingly, in these models, it has
been shown that macrophage depletion increases viremia, mortality and
morbidity, highlighting the requirement of these cells during systemic
phase of WNV-infection to prevent an increased or extended viremia
that often results in neuroinvasion and encephalitis (21, 22, 28, 29).

To explicitly study CNS responses in viral encephalitis
independently of systemic disease, virus is delivered via an
intranasal route. This results in the CNS almost exclusively being
infected. Similar to other neurotropic viral infections, WNV infects
the olfactory epithelium and is transported via the olfactory nerve to
the olfactory bulbs where it is initially detected in the CNS (30).
Although other mechanisms of neuroinvasion have also been
demonstrated (14). Nonetheless, intranasal WNV infection results
in the massive recruitment of NO-producing macrophages into the
CNS, promoting immunopathology and death (1-3, 9). This is in
contrast to studies using subcutaneous inoculation routes to study
systemic infection, highlighting the temporally dependent functions
of macrophages, with these cells required to limit virus dissemination
prior to CNS infection, however, upon CNS infection these cells are
recruited in a pathogenic manner. Supporting this, Ly6C or VLA-4
monoclonal antibody (mAb) blockade profoundly reduces the
infiltration of Ly6C" inflammatory MCs into the CNS post
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intranasal WNV infection. This results in reduced clinical scores
despite no change in viral load or survival of >60% of mice that would
otherwise succumb to disease (2, 4, 9). Similarly, targeting
inflammatory monocytes in the blood stream by immune-
modifying microparticles (IMP), reduces their immigration into the
CNS by > 50% in WNE and increases survival (1). More recently, we
showed that the CSF-1R inhibitor and microglia depletion agent,
PLX5622, reduces mature bone marrow (BM) monocyte proliferation
and production which consequently inhibited monocyte infiltration
by 70% (4). This also substantially reduced neuroinflammation and
disease score, despite increased viral load in the brain of PLX5622-
treated mice (4).

Monocyte lineage cells can also be targeted more broadly by
administration of dichloromethylene-bisphosphonate (clodronate)-
encapsulated liposomes, which are engulfed by these phagocytic
cells. Once in the cell, liposomes fuse with lysosomes causing the
disruption of liposome bilayers, which allows the intracellular
release of clodronate. Above a threshold concentration,
clodronate causes irreversible damage to the cell and subsequent
apoptosis (31-34). Administered intravenously, clodronate
encapsulated liposomes substantially deplete circulating
monocytes in the blood, and resident macrophages in the BM,
spleen and liver (31, 33, 35). However, they spare CNS microglia,
which lie behind the blood-brain barrier (3). This reagent has been
used therapeutically in a variety of murine models in which
monocytes mediate pathology (36).

Intriguingly, we observed no protective effect of clodronate
despite a massive reduction in the number of infiltrating
inflammatory MCs in the WNV-infected CNS. This cannot be
explained by the non-specific depletion of important myeloid
subsets in the spleen by clodronate, as splenectomized mice show
an enhanced survival in a sublethal infection model. More detailed
analysis demonstrated a compensatory increase in the number of
neutrophils and an enhanced activation status of microglia in the
CNS of clodronate-treated mice, potentially promoting
neuroinflammation in the CNS. We further show a “left-shift” in
the BM with enhanced proliferation of BM monocytes. Once in the
brain these cells have reduced expression of antigen-presenting and
co-stimulatory molecules, as well as an enhanced phagocytic ability,
potentially indicating an immature MC phenotype. Additionally,
we show that clodronate reduces other non-myeloid cell subsets
cells in the spleen and BM, potentially secondary to monocyte
depletion. Thus, this work highlights larger and broader effects on
the phagocytic and non-phagocytic system by clodronate, which
must be considered in the interpretation of data.

2 Materials and methods
2.1 WNV-infection of mice

Female 9-10-week-old C57BL/6 mice from the Animal
Resource Centre (ARC) (Western Australia, Australia) were kept
in individually ventilated cages under specific pathogen-free
conditions with access to food and water ad libitum. All
experiments were performed in accordance with National Health
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and Medical Research Council’s ethical guidelines with the animal
ethics approval numbers 2011/3/5660, 2016/976 and 2019/1696,
approved by the University of Sydney Animal Ethics Committee.
Mice were anesthetized prior to being infected intranasally with
WNV (Sarafend) delivered in 10 pL of sterile PBS (as previously
described (3)). Mice were infected with 1.2 x 10° plaque forming
units (PFU) or 6 x 10% PFU of WNV, doses that are lethal in 100%
(LD100) and 50% (LDs,) of mice, respectively. Mice were sacrificed
no later than dpi 7.

2.2 Animal treatments

2.2.1 Abrogating CNS macrophage infiltration
2.2.1.1 Intravenous delivery of clodronate-
encapsulated liposomes

Clodronate liposomes (Liposoma, AMS) were vortexed and
delivered intravenously via the lateral tail vein at a dose of 200
UL at 4 dpi, 4 and 5 dpi, 5 dpi or 4, 5 and 6 dpi (as indicated in
schematics and figure legends) in the LD, infection model. In the
sublethal lethal model (LDsg), mice were treated once with
clodronate at 5 dpi. For control-treated animals, mice were
injected intravenously with 200 uL of PBS. Phagocytosis of empty
liposomes can alter macrophage function, hence PBS has been
recommended as a more appropriate control over PBS-loaded
liposomes (22). Additionally, previous studies have shown no
differences between PBS-liposomes and untreated mice (37). To
test the efficacy of each clodronate liposome batch, the spleens of
treated mice were examined 24 hours after clodronate injection to
assess depletion of splenic macrophages, as previously
recommended (38).

2.2.1.2 Monoclonal antibody blockade against
Ly6C, VLA4 and CCL2

All mAbs were purchased from BioXcell (NH, USA) and
injected intraperitoneally at a dose of 200 ug per mouse, prepared
in sterile PBS. Mice were treated with a cocktail of anti-Ly6C
(BE0203), anti-VLA-4 (BE0071) and anti-CCL2 (BE0185)
(Supplementary Figure 6) or just anti-Ly6C (BE0203)
(Supplementary Figure 5) at 5 and 6 dpi and culled at 7 dpi.
Control mice were treated with isotype controls BE0089 (for anti-
Ly6C), BE0090 (for anti-VLA4) and BE0091 (for anti-CCL2).

2.2.2 Intravenous delivery of
immune-modifying particles

Carboxylated nanoparticles (Polyscience) were vortexed and
delivered intravenously via the lateral tail vein at a dose of 4x10°
particles in 300 pL of sterile PBS. Mice were treated with a single
dose of IMP in the morning upon 5% weight loss in a sublethal
infection model and until mice regained weight.

2.2.3 Detection and quantification of proliferating
cells with BrdU

Mice were injected intraperitoneally with 1 mg of
bromodeoxyuridine (BrdU) (Sigma-Aldrich, USA) in 200 pL
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sterile PBS 3 hrs before sacrifice to detect proliferating cells in the
spleen and brain. To quantify proliferating bone marrow cells, cells
were flushed from the bone marrow with 3 mL of PBS using a 30-
gauge needle and incubated ex vivo with 10 uM of BrdU at 37°C for
1 hr.

2.2.4 Splenectomy

Prior to surgery, each animal was given an intraperitoneal
injection of the analgesic anti-inflammatory drug, meloxicam (4.4
mg/kg) (Loxicom, Norbrook Laboratories, UK) and tramadol (0.7
mg/kg) (bioCSL, Victoria). Mice were fully anaesthetized in a gas
induction chamber and maintained with a facemask using
Isoflurane (Veterinary Companies of Australia, NSW, Australia).
Anaesthetised mice were placed on their right side, shaved and
swabbed with 70% ethanol above their left kidney. A small vertical
10-15 mm incision was made through the skin and abdominal wall
layers. The spleen was identified and carefully exteriorized through
the incision. The splenic arteries and veins were ligated using a 4-0
synthetic silk suture (Dynek, SA, Australia), the distal tissue
sectioned and the spleen removed. The abdominal muscle wall
and skin incision was then sutured separately and treated with
povidone-iodine. Mice were placed on a heatpad and monitored
every 30 min until they recovered (Reeves et al., 2001). On day 1 and
day 2 post-surgery, mice were given tramadol and meloxicam
orally, administered per drop with a syringe. Mice were then
checked twice daily for a 2-week period for any signs of infection

or discomfort prior to commencing any experimental procedures.

2.2.5 Enalapril administration
Enalapril (Sigma-Aldrich, USA) was administered
intraperitoneally at a dose of 100 mg/kg/day.

2.3 Flow cytometry

All mice were anaesthetized and transcardially perfused with ice
cold PBS prior to tissue collection. Femurs were dissected out and
flushed with cold PBS using a 30-gauge needle, while spleens were
gently forced through a 70 uM nylon mesh sieve using a syringe
plunger. RBC lysis buffer (Invitrogen, USA) was used to lyse
erythrocytes in single cell suspensions of splenocytes. Brains were
processed into single cell suspensions in PBS and DNase I (0.1 mg/
mL, DN25, Sigma-Aldrich, USA) and collagenase type IV (1 mg/
mL, C5138, Sigma-Aldrich, USA) using the gentleMACS
dissociator (Miltenyi Biotec, DE). Subsequently, a 30%/80%
Percoll gradient was used to isolate the cells from brain
homogenates. After tissue processing, live cells were counted with
trypan blue (0.4%) on a haemocytometer. Single cell suspensions
were incubated with purified anti-CD16/32 (Biolegend, USA) and
UV-excitable LIVE/DEAD Blue (UVLD) (Invitrogen, USA) and
subsequently stained with a cocktail of fluorescently-labelled
antibodies (See Supplementary Table 1). Cells were washed twice
and fixed in fixation buffer (Biolegend) or in Cytofix/Cytoperm (BD
Biosciences, USA), if staining for intracellular markers. Anti-BrdU
was stained intranuclearly, as previously described (39). Briefly,
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after cell surface staining and fixation, cells were incubated in
Cytofix/Cytoperm (BD Biosciences, USA), Cytoperm
Permeabilization Buffer Plus (BD Biosciences, USA) and DNase
(DN25, 30 U/sample) (Sigma-Aldrich, USA), prior to being stained
with anti-BrdU.

Fluorescently-tagged antibodies were measured on the
FACSDiva programme on an LSR-II fluorescence-activated cell
sorter (FACS) (Becton Dickinson, San Jose, CA). Acquired data
was analyzed in FlowJo (BD Biosciences, USA). Quality control
gating including time, single cells, non-debris/cells and Live/Dead
staining was applied to exclude debris, doublets and dead cells. Cell
numbers were quantified using cell proportions exported from
FlowJo and total live cell counts. Gating strategies used to analyze
brain and BM cells are shown in Spiteri el al., 2021 and
Supplementary Figure 3, respectively. T-distributed stochastic
neighbor embedding (tSNE) was applied to CSV files, in RStudio
using Spectre (40) with default settings i.e., perplexity = 30, theta =
0.5 and iterations = 1000.

2.4 RNA extraction and real-time
quantitative polymerase chain reaction

Brain tissue was homogenized in TRI Reagent (Sigma Aldrich,
USA) using a tissue homogenizer (TissueLyser, Qiagen, DE). The
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher
Scientific, USA) was used to generate cDNA and the Power
SYBR™ Green PCR Master Mix (ThermoFisher Scientific, USA)
was used to conduct qPCR, using primers all purchased from Sigma
Aldrich, USA (See Supplementary Table 2), on the CFX Opus Real-
Time PCR machine (Bio-Rad, USA). Gene expression values were
normalized to RplI3a. These reagents were kindly supplied by
Professor Laurence Macia.

2.5 Quantification of viral titres using
a plaque assay

Virus-susceptible Baby Hamster Kidney fibroblast (BHK) cells
were used to perform a virus plaque assay as previously described
(3). BHK cells were infected with ten-fold dilutions of brain tissue
homogenates for 1 hr, before being replaced with an Agarose plug.
Cells were incubated for a further 3 days before being fixed with
10% formalin (Sigma-Aldrich, USA) and stained with a 1% crystal
violet solution (Sigma-Aldrich, USA). The plaque forming unit
(PFU) per gram was determined using the number of plaques, the
inoculum volume and the dilution.

2.6 Statistical analysis

Non-parametric statistical tests were applied to data in
GraphPad Prism 9.5.0 (GraphPad Software, La Jolla, CA). For
each cell type examined, a Mann-Whitney test was used to
compare PBS- and clodronate-treated groups, while a Kruskal-
Wallis test was used to compare PBS-, clodronate- and anti-Ly6C
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treated groups. The significance of survival data was determined
using a Log-rank (Mantel-Cox) test. Error bars are shown as
standard error of the mean (SEM).

3 Results

3.1 Clodronate reduces inflammatory
monocyte infiltration without improving
clinical outcomes in lethal viral infection

In this study, mice were infected intranasally with WNYV,
resulting in CNS infection and massive recruitment of Ly6C™
inflammatory MCs from the BM into the brain, driving severe
immunopathology, neuroinflammation and lethal encephalitis (1-3,
5, 41-43). At 5 days post infection (dpi) mice were injected
intravenously with 200 UL of clodronate-encapsulated liposomes to
reduce MC infiltration (Figure 1A). This resulted in a massive 70%
reduction in the number of infiltrating pro-inflammatory Ly6Chi
MHC-II" MCs into the CNS at 7 dpi (Figures 1B, D), as well as a 80%
decrease in the number of Ly6C™ MHC-IT* MCs and a 50% decrease
in microglia-like MCs, i.e., BM-derived MCs with a microglia-like
phenotype (CD45™'CD11b"Ly6C™™'CX3CR1MCD64%) (10)
(Figures 1C, D). However, unexpectedly, this did not improve
weight loss, clinical score or survival in a lethal or sublethal model
of infection (Figures 1E-I). Instead, clodronate treatment non-
significantly enhanced weight loss and clinical scores at 6 and 7
dpi, respectively.

Notably, recruitment of neutrophils was significantly increased in the
brain of clodronate-treated animals while recruitment of NK cells and T
cells was reduced, compared with PBS-treated controls (Figures 1B-D).
As a major producer of reactive oxygen species, neutrophils may enhance
tissue damage and immunopathology in clodronate-treated mice. The
reduction in NK and T cell subsets cannot explain the lack of therapeutic
benefit of clodronate treatment, as these subsets are similarly reduced
with PLX5622, anti-Ly6C and IMP treatment, all which are protective
during WNV infection (1, 4, 10, 44).

To investigate this discrepancy, we firstly examined the brain
for changes in viral load and the expression of inflammatory
molecules (Figures 1J-L). Interestingly, clodronate-mediated
macrophage depletion had no effect on viral load in the brain at 7
dpi, nor the expression of specific pro- and anti-inflammatory
molecules (Ccl2, Ccl3, Ccl4, Ccl5, Ifn-y, Tnf, 1I-1f3, Tgf-B and 11-10)
(Figures 1J-L). This is likely due to the primary role of microglia in
viral clearance and expression of immune cell recruiting molecules
(44). Nonetheless, we observed a significant decrease in the
expression of Cxcl9, Argl and Nos2. The reduction in Argl and
Cxcl9 has previously been shown in WNV-infected mice treated
with anti-Ly6C to reduce 90% of MCs in the brain (44), suggesting
that the expression of these molecules are directly or indirectly
induced by infiltrating MCs. However, the significant reduction in
Nos2 in clodronate-treated mice has not previously been reported in
WNV infection and should theoretically be protective. Thus, the
limited therapeutic utility of clodronate in WNV encephalitis
cannot be explained by viral load or the expression of pro-
inflammatory molecules in the brain.
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FIGURE 1

Clodronate reduces inflammatory monocyte infiltration without improving clinical outcomes in lethal viral infection. (A) Schematic of experimental
design. Mice were infected with WNV, injected intravenously with clodronate-encapsulated liposomes (CLO) at 5 dpi and culled at 7 dpi. (B) Flow
cytometry dot plots showing the frequency of neutrophils, infiltrating MCs and microglia in the brains of PBS- (blue outline) and CLO-treated (green
outline) mice at 7 dpi. Numbers on dot plots represent the frequency of each subset out of the total leukocyte population in the brain.

(C, D) Number (C) and tSNE plot (D) of CD45"* leukocyte subsets in the brain of PBS- and CLO-treated mice at 7 dpi. (E-1) Weight (E), percent of
weight lost at 6 and 7 dpi (F), clinical score at 7 dpi (G) and survival of mice infected with a lethal dose (lethal dose 100%, LD1g0) (H) or sublethal
dose (lethal dose 50%, LDsp) of WNV (I) and treated with PBS or CLO. (3, K) Viral load in the brain of 7 dpi mice treated with PBS or CLO, as
determined by the number of plaque-forming units (PFU) using a virus plaque assay (J) and Wnv expression with gPCR (K). (L) Expression of select
chemokines, pro-inflammatory and anti-inflammatory genes at 7 dpi in the brain of mice treated with PBS or CLO. Data is presented as mean + SEM
from 1-4 independent experiments with at least four mice per group, except the survival study which used a minimum of 25 mice per group ns, not

statistically significant.

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1203561
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spiteri et al.

3.1.1 The limited therapeutic utility of clodronate
in WNV-infection cannot be explained by the
depletion of important splenic myeloid reservoirs

Reduced migration of inflammatory MCs into the WNV-
infected CNS improves clinical outcomes in PLX5622-, anti-
CCL2, anti-Ly6C, anti-VLA-4, and IMP-treated mice, despite an
increase or no change in viral titers in the brain (1-4, 9, 44).
Clodronate-encapsulated liposomes also reduce the number of MCs
in the WNV-infected CNS, however, they do not produce the same
clinical effect. We reasoned this may be due to the impact of
clodronate-encapsulated liposomes on cells in the periphery,
significantly impeding its therapeutic potential in lethal viral
infection. In contrast to the above treatments, clodronate
additionally depletes splenic monocyte-derived cells (32),
potentially an important reservoir of cells required for effective
anti-WNV responses. Confirming this, the number of Ly6C™ and
Ly6C'® monocytes and splenic macrophage populations were
significantly reduced following clodronate treatment in WNV-
infected mice (Figures 2A, B). Importantly, we also observed a
significant reduction in the number of classical dendritic cells
(cDC), T cells and NK cells in the spleen of clodronate-treated
mice (Supplementary Figure 1).

To establish whether the splenic reservoir is potentially
protective during WNV infection, we investigated numbers and
proliferation of monocytes in the spleen during the normal lethal
progression of disease in mice without clodronate treatment.
Numbers of Ly6C™ monocytes were decreased by 7 dpi
(Figure 2C), suggesting that these emigrate from the spleen
during infection. The absence of proliferation of these cells,
shown by the lack of bromodeoxyuridine (BrdU) incorporation
(Figure 2D), indicates there was no compensatory in situ
proliferation or immigration of proliferating cells.

To test the potentially protective effect of these emigrating cells
in WNV infection we treated animals with the angiotensin-
converting enzyme (ACE) inhibitor, enalapril. This drug
immobilizes splenic monocytes, preventing their emigration and
recruitment to sites of inflammation in an inflammatory model of
myocardial infarction (45). However, enalapril treatment failed to
maintain monocyte numbers in the spleen (Supplementary
Figure 2). In the absence of more specific methods to abrogate
this monocyte reservoir, we therefore splenectomized mice prior to
WNV infection (46) (Figure 2E). Intriguingly, splenectomized,
lethally-infected mice showed a significant reduction in the
recruitment of Ly6C™ MCs in the brain at 7 dpi (Figure 2E).
While there was no change in weight loss or survival following
lethal WNV infection (Figures 2F, G), in the sublethal infection
model, survival of splenectomized mice increased by 17% compared
to non-splenectomized mice, although this was not statistically
significant (Figure 2H).

This supports the notion that the spleen may contribute to the
lethal inflammatory outcome and infiltration of MCs into the CNS
in WNV infection. Thus, the lack of protection by clodronate in
WNV-infection cannot simply be explained by its depletion of the
splenic reservoir. However, development of methods that target
splenic MCs more specifically is required to confirm these studies,
since splenectomy removes other immune subsets, including T cells,
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that could also contribute to immunopathology, notwithstanding
their importance in anti-viral responses in WNV encephalitis (23).

3.2 Clodronate impacts both the
phagocytic and non-phagocytic
system in the bone marrow

Despite reducing inflammatory monocyte recruitment into the
WNV-infected CNS, clodronate did not provide therapeutic benefit
to mice. As inflammatory MCs are derived from the BM in lethal
WNV (3), we next profiled immune cell subsets in the BM of
clodronate-treated mice to investigate this discrepancy further
(Figures 3A-D). The gating strategy used to analyze BM cells is
shown in Supplementary Figure 3.

As previously reported, resident BM macrophages (SSC-
A°CD11b"°Ly6C'°F4-80*) were depleted following clodronate
treatment (47) (Figures 3A, B). We also observed the depletion of
F4/80" subsets within the early mature monocyte (Lin
CD48"CD11b™CD117") and stem/progenitor cell (Lin CD117")
gates (Supplementary Figures 4A, B). However, since bulk
populations were not significantly reduced with clodronate
(Figure 3B), it is likely that this marker was merely
downregulated by these cells as was the case with neutrophils
(SSC-A™CD48°Ly6G"), eosinophils (SSC-AMSiglec-F*) and
mature monocytes (Lin-CD48+CD11b+CD117-Ly6C+/-)
(Supplementary Figures 4C, D). However, we cannot exclude the
possibility of cell depletion as the F4/80" subsets comprised a small
proportion of the total population.

Interestingly, we also observed an 18% increase in the number
of mature Ly6C" monocytes in the BM and a 18% and 33% increase
in the BrdU* proportion of mature Ly6C" and Ly6C'® BM
monocytes, respectively (Figures 3B, D). This potentially indicates
a “left-shift” i.e., a proliferative response by cells, usually driven by
disease, to accommodate a local or systemic demand for more cells
of the same lineage, often resulting in the release of cells that are
more immature than those recruited under homeostatic demand
(48, 49). Supporting this, Ly6C" BM monocytes from clodronate-
treated mice showed significantly reduced expression of Ly6C and
increased expression of hematopoietic stem cell marker stem cell
antigen-1 (Sca-1) and the Fc receptor, CD16/32. Interestingly, these
cells also non-significantly increased their expression of the spleen
homing marker, CD62L (50) (Figure 3C), presumably to repopulate
splenic monocyte reservoirs depleted by clodronate.

Other cell subsets, including cDCs, T cells, NK cells, B cells and
red blood cells (RBCs) were also significantly reduced with
clodronate treatment (Figures 3A, B). The reduction in DCs in
clodronate-treated mice has previously been reported and is likely
to be a direct effect of clodronate treatment (51, 52). However, the
mechanism for the reduction in the other cell subsets is less clear
and more likely to be secondary to macrophage depletion, as RBCs,
T cells, NK cells and B cells are not phagocytic and have not been
reported to take up clodronate-encapsulated liposomes. Notably, we
observed that the physical color of the BM of clodronate-treated
mice was white, rather than the usual red, consistent with the
massive reduction in both RBC numbers and proportion of BrdU™
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cells in this lineage (Figures 3A, B, D). This indicates that these cells
are substantially affected by clodronate. We also showed a
significant increase in the proportion of BrdU" neutrophils
despite some reduction in their numbers (Figures 3B, D),
suggesting that neutrophils are also targeted by clodronate.
However, this could also be a result of increased neutrophil
emigration from the BM to support the 30% increase in their
number in the brain of clodronate-treated mice (Figures 1B, C).
Taken together, clodronate substantially reduces numbers of both
phagocytic and non-phagocytic cell lineages in the BM and

10.3389/fimmu.2023.1203561

periphery, likely explaining its limited therapeutic utility in
WNV-infection.

To determine whether these effects were specific to clodronate,
we compared the BMs from mice treated with anti-Ly6C or
clodronate. Both treatments reduce monocyte infiltration into the
WNV-infected CNS, however, unlike clodronate, anti-Ly6C
significantly reduces morbidity (4). Intriguingly, while both
treatments reduced the number of leukocytes in the BM by ~30%,
clodronate appears to specifically ablate RBCs and their
proliferative capacity, as well as increase mature monocyte
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FIGURE 2
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numbers and deplete ¢cDCs and resident BM macrophages
(Supplementary Figure 5). This may in part explain why anti-
Ly6C is protective in WNV encephalitis but clodronate is not.

3.3 Clodronate alters the effector functions
of MCs infiltrating the virus-infected CNS

To examine how enhanced proliferation of phenotypically-
altered BM monocytes affects their infiltration and function in the
virus-infected CNS, we examined brain homogenates of clodronate-
treated mice (Figure 4). Supporting the notion of a proliferative
“left-shift” response in the BM, additional daily doses of clodronate
in the latter half of infection did not further reduce the number of
Ly6C™ MCs infiltrating the brain (Figures 4A-D). For example, a
single injection of clodronate on 4 dpi reduced the number of cells
infiltrating the brain by 5 dpi (Figures 4A, B), however, injecting
mice on 4 and 5 dpi (two treatments) had minimal effect on the

10.3389/fimmu.2023.1203561

number of infiltrating MCs by 6 dpi, compared to control-treated
mice (Figures 4A, C). Furthermore, three treatments of clodronate
on 4, 5 and 6 dpi resulted in the same number of MCs infiltrating
the CNS by 7 dpi, compared to mice treated only once with
clodronate on 5 dpi. This strongly suggests that the enhanced
proliferation of BM monocytes in clodronate-treated mice during
WNYV infection promotes their production and deployment to the
brain, making further treatment ineffective.

Detailed phenotypic profiling demonstrated a lower frequency of
both neutrophils and Ly6C™ MCs expressing NO, as shown by reduced
DAF-FM" staining, following clodronate treatment in WNV-infected
mice (Figure 4E). While this was not significant, this supports the
reduction in Nos2 expression in the brain (Figure 1L) and may indicate
functional impairment of these cells. However, as there is a significant
increase in the number of neutrophils in the brains of clodronate-
treated mice (Figure 1C) this likely promotes damage in the CNS.
Interestingly, as well as showing a reduced expression of NO, Ly6C™
MCs in the brain of clodronate-treated mice show substantially
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Clodronate alters effector functions of MCs infiltrating the virus-infected CNS. (A) Schematic of experimental design. Mice were infected with WNV,
injected intravenously with clodronate (CLO)-encapsulated liposomes at 4 dpi, 4 and 5 dpi, 5 dpi or 4, 5 and 6 dpi and euthanized at 5, 6 and 7,
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increased expression of Ly6C, opposite to what we observed in the BM,
as well as reduced expression of antigen-presenting and stimulation
molecules MHC-II and CD86, and the Fc receptor, CD64 (Figures 4F,
G). Notably, we observed the opposite effect in microglia, with these
cells increasing the expression of most markers profiled (Figures 4H, I),
potentially indicating an enhanced activation status. However, the effect
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on microglia is likely due to monocyte depletion rather than a direct
effect of clodronate, a reduction in the number of MCs infiltrating the
WNV-infected CNS with mAbs correlated with increased microglia
activation status (Supplementary Figure 6).

In mice receiving both clodronate and IMP treatment, MCs
substantially increased their uptake of IMP, suggesting an enhanced
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phagocytic ability (Figures 4], K). This is in line with their modest
increase in CD68 expression (Figure 4G). Importantly, as previously
shown, IMPs alone increased the survival of mice infected with a
sublethal dose of WNV (1), however, the addition of clodronate
with IMP treatment slightly decreased the therapeutic efficacy of
IMP (Figure 4L), suggesting that these phagocytic cells together
with the multifarious effects caused by clodronate are detrimental to
disease outcome.

4 Discussion

Modulating the infiltration of inflammatory monocytes into the
WNV-infected CNS using monoclonal blocking antibodies,
immune-modifying particles or PLX5622 reduces
neuroinflammation and disease severity (1-4, 9, 10, 44).
Surprisingly, targeting phagocytic macrophages in the periphery
using clodronate-encapsulated liposomes had no effect on disease
outcome, despite reducing the monocyte infiltrate in the CNS by
70%. This was not due to clodronate depletion of immune cell
subsets in the spleen, as splenectomized mice show enhanced
survival following infection. More detailed analysis suggests that
the limited therapeutic outcome of clodronate in WNE could be due
to 1) a “left-shift” in the BM, enhancing the proliferation of
immature Ly6C™ BM monocytes, which, once they enter the
CNS, have modulated effector functions, including an enhanced
phagocytic ability and reduced expression of co-stimulatory and
antigen presenting molecules, 2) reduction in other important
immune cell subsets in the BM and spleen, as well as BM RBCs,
3) enhanced ‘activation’ status of microglia and/or 4) the 1.5-fold
increase in the number of neutrophils in the CNS, potentially
promoting further neuroinflammation.

In this short report we have not investigated other potential
effects of clodronate which could also account for its limited
therapeutic efficacy in WNV-infection. As such, we cannot
exclude the possibility that other phagocytes or important
immune cell types in the periphery were also depleted. For
instance, it has previously been shown that clodronate treatment
depletes immune-suppressive myeloid cell populations in lymphoid
tissues. While this was protective in a tumor model, augmenting the
antitumor activity of T and NK cells to inhibit tumor growth (53),
in infectious settings where the immune response is detrimental
such as in WNE, the depletion of immune suppressive cells may be
pathogenic, promoting inflammation. Additionally, it has
previously been reported that clodronate can impair vascular
integrity, disrupt ATP metabolism and promote the upregulation
of proinflammatory molecules (54), potentially contributing to the
limited therapeutic outcome in clodronate-treated WNV-
infected mice.

A single dose of clodronate following WNV infection resulted
in a massive reduction in inflammatory MCs into the CNS,
however, those infiltrating the CNS had a slightly higher
expression of CD68 and accumulated more IMP, indicating an
enhanced phagocytic phenotype. The resurgence of a CD68"
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phagocytic myeloid population following clodronate treatment
has previously been reported (55, 56). Intriguingly, a 20%
increase in this phagocytic population was therapeutic in a mouse
model of osteoporosis, promoting dead cell clearance, tissue
regeneration and enhanced bone mass (55). Importantly, this was
not recapitulated in monocyte-depleted MAFIA mice which express
the Fas suicide/apoptotic system under the CSF-1R promoter,
suggesting that this effect was due to clodronate and not
monocyte depletion. In WNE, phagocytic markers were enhanced
at the expense of co-stimulatory and antigen-expressing molecules,
including CD86 and MHC-II. These are potentially required to
enhance effector functions of T cells in the CNS to promote virus
clearance, especially in the earlier phase of infection (44). Thus,
while this clodronate-induced phagocytic population of MCs may
be protective in osteoporosis, in an infectious context such as WNE,
this may be detrimental.

Alternatively, this phagocytic macrophage phenotype may
represent a more immature cell with functional impairments.
This is supported by the “left-shift” response in the BM where we
observed an increased number of Ly6C™ mature monocytes with an
enhanced proliferative capacity and expression of CD16/32 and
SCA-1. Perhaps these “immature” cells were released at the expense
of producing more “emergency” cells for deployment to the infected
brain. While future experiments are required to clarify this, the
enhanced proliferative capacity of these cells may explain in part
why clodronate did not reduce the number of BM monocytes, as
previously reported (47). Additional treatments of clodronate,
however, may be required to deplete these cells due to the
transitionary nature of the BM (57). Alternatively, these cells may
be completely unaffected by clodronate treatment, as depletion of
70% of CD11b"F4/80" monocyte/macrophage populations
following clodronate treatment in the BM is solely due to
depletion of CD11b"F4/80" CD169" and not CD11b"F4/
80"CD169 cells (58). Thus, the mature monocytes identified in
this report, may be CD169-negative and thus not reduced
with treatment.

The substantial reduction in MCs in the WNV-infected CNS
following clodronate treatment resulted in a compensatory increase
in the infiltration of neutrophils. These cells likely emigrated from
the BM as the number of neutrophils were slightly decreased here.
The enhanced recruitment of neutrophils post clodronate treatment
has previously been shown in models of obesity (59) and peritonitis
(60). In this work, it was predicted that the reduction by clodronate
in circulatory and splenic monocytes deployed neutrophils as the
next phagocytic population, potentially required to clear dead cells
affected by clodronate (59). Enhanced neutrophil recruitment in fat
tissue of obese mice increased inflammation and the expression of
IL-6 and IL-B and CCL2 (59). While we did not see a reduction in
II-1B and Ccl2, neutrophils produce an array of other inflammatory
mediators not examined here, that may have been increased in the
brain to induce immunopathology, promoting neuroinflammation
and reducing the therapeutic potential of clodronate in WNE.

Two days after a single injection of clodronate we observed a
massive reduction in the number of RBCs in the BM. It has
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previously been shown that clodronate reduces the expression of
CD47 on RBCs (61). CD47 regulates phagocytosis of RBCs by
binding the inhibitory receptor, signal regulatory protein alpha on
macrophages, aborting the phagocytic response altogether (62).
Thus, the reduction in RBCs in this report, may be explained by
their reduced expression of CD47, promoting their rapid removal
by macrophages. The enhanced phagocytic profile of MC shown
here, may also accelerate their clearance. Alternatively, the
reduction in mature RBCs could be due to the loss of resident
BM macrophages which are required for erythroblast proliferation
and survival (63). This is supported by the ablation of RBC
proliferation in clodronate-treated mice but not in anti-Ly6C
mice. Interestingly, previously published work has reported that
clodronate causes anemia with reduced absolute hemoglobin and
hematocrit levels (59, 63). This was not explained by a reduction in
RBCs as these were unchanged in wild-type mice (63). However, as
RBC counts were measured 4 weeks after several clodronate
treatments, numbers of RBCs may have been reduced upon
treatment, as we have shown, with the restoration of numbers to
normal levels by 4 weeks. These RBCs may be functionally altered,
potentially explaining the reduced hemoglobin levels and anemia in
clodronate-treated mice. Future studies are required to examine the
impact of this massive decline in RBCs on the physiology of WNV-
infected animals to confirm whether this explains the lack of
therapeutic utility of clodronate in mice.

Reducing the infiltration of MCs into the brain using clodronate
had no effect on viral load. Similarly, inhibiting MC infiltration by
90% with a Ly6C mADb also had no impact on viral load in WNE
(44). Together, this strongly suggests that these cells are not
required for viral clearance in the encephalitic phase of WNV-
infection. This correlates with other studies using clodronate in
mice infected intracerebrally or intranasally with Theiler’s murine
encephalomyelitis virus (TMEV) (37) or vesicular stomatitis virus
(30). Alternatively, perhaps the rate of viral replication in the CNS
outstrips virus clearance mechanisms by macrophages. Intriguingly,
depletion of lymph node or splenic macrophages increased viral
load and mortality in mice infected with WNV subcutaneously in
the peritoneum or footpad (21, 22, 28, 29). This work highlights the
importance of MCs in the systemic phase of disease to inhibit virus
dissemination to the CNS, potentially via IFN-I signaling (64).
Therefore, therapeutic strategies targeting MCs for depletion in
neuroinvasive infection require a finely-tuned regime, as MC
depletion is detrimental and protective in the earlier and later
phase of disease, respectively. Regardless, the lack of therapeutic
outcome in WNV-infected mice treated with clodronate cannot be
explained by a change in viral load in this work, especially since viral
load is not predictive of morbidity in this model (4).

The reduced infiltration of MCs with clodronate treatment
resulted in a compensatory increase in the activation profile of
microglia following intranasal WNV-infection. Interestingly, this
has previously been reported in TMEV infection, in which
intravenous clodronate treatment similarly reduced 70% of the
monocyte infiltrate into the CNS, reducing seizure occurrence
without affecting hippocampal damage (37). It was suggested that
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the enhanced activation profile of microglia prevented the reduction
in hippocampal damage. We have previously shown using scRNA-
seq that microglia also produce an array of pro-inflammatory
molecules and chemokines, including Tnf, Il-1a, Ccl2-5, Cxcl9 and
Cxcl10, following CNS infection (44). This enhanced activation
profile shown in clodronate-treated mice would likely correspond to
an increase in these inflammatory molecules in the CNS, further
enhancing immune cell recruitment and neuroinflammation. This
is also supported by the limited reduction in chemotactic and
proinflammatory molecules with clodronate treatment, despite a
substantial reduction in MCs, which can also produce these
molecules. However, it is likely that this is a compensatory
response for the 70% reduction in MCs and not specific to
clodronate treatment, as mice treated with mAbs to reduce CNS
infiltration also demonstrate this.

Here we demonstrate that beyond macrophage depletion,
clodronate also induces additional detrimental effects that can
inhibit its hypothetical therapeutic effect in WNE. We show that
while clodronate reduces the inflammatory infiltrate by 70% in
WNE, which is protective using other monocyte modulatory
treatments, this had no effect on disease outcome and resulted in
a compensatory increase in neutrophils and an enhanced activation
status of microglia, likely promoting neuroinflammation in the
CNS. In addition, we show that clodronate promotes a “left-shift”
response in the BM, increasing the production of Ly6C™ monocytes
that show altered effector functions in the CNS, as well as reducing
non-myeloid cells in the spleen and BM. Thus, while clodronate
provides an excellent system to effectively deplete myeloid-lineage
cells in the body, it has larger and broader effects on the phagocytic
and non-phagocytic system, which must be considered in the
interpretation of data to prevent incorrectly attributing roles of
monocytes in homeostasis and pathology.
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