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Abstract

Many helminth life cycles, including hookworm, involve a mandatory lung phase, where myeloid 

and granulocyte subsets interact with the helminth and respond to infection-induced lung 

injury. To evaluate these innate subsets, we employ Nippostrongylus brasiliensis infection of 

reporter mice for myeloid cells (CX3CR1GFP) and granulocytes (PGRPdsRED). Nippostrongylus 
infection induces lung infiltration of reporter cells, including CX3CR1+ myeloid cells and 

PGRP+ eosinophils. Strikingly, CX3CR1GFP/GFP mice, which are deficient in CX3CR1, are 

protected from Nippostrongylus infection with reduced weight loss, lung leukocyte infiltration, 

and worm burden compared to CX3CR1+/+ mice. This protective effect is specific for CX3CR1 
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as CCR2-deficient mice do not exhibit reduced worm burdens. Nippostrongylus co-culture with 

lung Ly6C+ monocytes or CD11c+ cells demonstrates that CX3CR1GFP/GFP monocytes secrete 

more proinflammatory cytokines, and actively bind the parasites causing reduced motility. RNA 

sequencing of Ly6C+ or CD11c+ cells shows Nippostrongylus-induced gene expression changes, 

particularly in monocytes, associated with inflammation, chemotaxis, and extracellular matrix 

remodeling pathways. We also identify cytotoxic and adhesion molecules as potential effectors 

against the parasite, such as Gzma and Gzmb, which are elevated in CX3CR1GFP/GFP monocytes. 

These studies validate a dual innate cell reporter for lung helminth infection and demonstrate that 

CX3CR1 impairs monocyte-helminth interaction.

Graphical Abstract
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1. Introduction

Soil-transmitted helminths afflict over one billion individuals worldwide, where they can 

cause debilitating symptoms, including growth retardation, organ pathology and failure.
[1] Given the development of anthelminthic drug resistance,[2] and the occurrence of re-

infection after drug treatment,[3] understanding how to trigger protective immune effector 

responses offers valuable therapeutic insight to promote helminth elimination by the host. 

Helminths are macroparasites with complex life cycles that frequently involve tissue 

migration through many organs, leading to tissue pathology and inflammation.[4] Immune 

effector responses at these sites of incoming larval parasites are especially critical in 

preventing long-term infections. In particular, the lung is a main infection site for many 
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helminths, including hookworms Necator americanus and Ancylostoma duodenale, where 

the infectious larvae migrate through the lung as an essential developmental step before 

reaching the small intestine.[5]

While clinical symptoms of pulmonary helminth infection in humans have been reported, 

including coughing, wheezing, and potentially respiratory failure, investigation of the 

immune-mediated mechanisms within the lung against the helminth are less well 

understood, and rely on in vivo models such as murine helminth infection. One such 

murine model is infection with Nippostrongylus brasiliensis, a natural helminth parasite of 

rodents, which has a transient migratory phase through the lung prior to reaching the small 

intestine, mimicking pulmonary hookworm infection.[6] Previous studies have shown that 

pulmonary immune responses, including neutrophils and macrophages, are critical against 

Nippostrongylus.[7, 8] These studies utilized secondary challenge with Nippostrongylus 
to show that CD4+ derived T helper type 2 cytokines and neutrophils promoted lung 

macrophage interaction and killing of Nippostrongylus larval parasites. The importance 

of other innate cells such as eosinophils have also been investigated, showing modest 

effects of eosinophils in promoting secondary effector responses to Nippostrongylus.[9] 

Eosinophil-dependent resistance was not required for resistance to the primary infection 

but was necessary for resistance to the secondary infection, which involves immobilizing 

worms and inhibiting their progression to the gut. These studies highlight the importance 

of innate effector cells in the lung, and prompted our study to investigate innate cells 

in Nippostrongylus infection. We focused on lung monocytes, which have been less 

well studied in lung helminth infection, although they are recruited and have important 

antimicrobial functions to a variety of other lung pathogens, and also can differentiate into 

dendritic cells and macrophages.[10] To this end, we investigated the CX3CR1 signaling 

pathway in influencing lung cell infiltration and activation in response to Nippostronglyus 
infection.

CX3CR1 is a G-protein coupled receptor that binds the chemokine CX3CL1/fractalkine. 

CX3CR1 is expressed on monocytes, where it is critical for effective monocyte adhesion 

and transmigration through the endothelium into the tissues. Within the tissue, and 

dependent on the inflammatory environment, CX3CR1-expressing monocytes differentiate 

into dendritic cells and macrophages, with essential protective functions against many 

pathogens, including bacteria and viruses.[11] CX3CR1 signaling also occurs in response 

to injury and fibrosis. In murine models of spinal cord injury and stroke, CX3CR1-deficient 

mice have ameliorated neural outcomes associated with a reparative phenotype in CX3CR1-

expressing microglia and macrophages.[12] In pulmonary and peritoneal fibrosis models, 

CX3CR1 signaling is also detrimental, exacerbating fibrosis. Further, in infection with 

Schistosoma japonicum, acute hepatic granuloma formation and liver pathology is increased 

by CX3CR1 signaling, with little effect on parasite burdens.[13] Together, these studies 

suggest that CX3CR1 signaling is important for optimal effector responses to multiple 

pathogens, but needs to be tightly regulated to reduce inflammatory outcomes and tissue 

pathology. However, CX3CR1 signaling in pulmonary helminth infection has not previously 

been examined. We utilized CX3CR1-GFP knockout/knock-in transgenic mice to determine 

the kinetics of CX3CR1-expressing cells in the lung and investigate their role in infection 

with Nippostrongylus brasiliensis. To evaluate granulocyte lung subsets at the same time, 
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we generated dual reporters by crossing CX3CR1GFP mice to reporter mice for PGRP-

S, a peptidoglycan recognition protein identified in neutrophil granules.[14] Following 

Nippostrongylus infection, we observed CX3CR1GFP and PGRPdsRed cells in the lung and 

small intestine of infected mice. Flow cytometric characterization showed that these subsets 

were significantly increased at day 7 post-infection in the lung but not peripherally in the 

blood. The CX3CR1GFP subsets were composed mainly of Ly6C+ monocytes and CD11c+ 

DCs, while the main PGRPdsRed cells in the lung were eosinophils, identifying PGRPdsRed 

mice as useful reporters to visualize and track eosinophils. Comparison of CX3CR1+/+ 

and CX3CR1GFP/GFP mice revealed that CX3CR1-deficient mice were more protected 

against Nippostrongylus infection, associated with reduced infection-induced weight loss, 

lung leukocyte infiltration, and intestinal parasite burdens. In contrast, CCR2 deficiency did 

not show striking effects in Nippostrongylus infection. Nippostrongylus larval parasite co-

culture with CD11c+ or Ly6C+ sorted from the infected lungs identified Ly6C+ monocytes 

as the functional downstream effectors in CXCR1-deficient mice, with increased expression 

of proinflammatory cytokines, and enhanced binding to the parasite, leading to reduced 

worm motility. RNA-seq analysis was performed on Ly6C+ monocytes and CD11c+ cells 

sorted from the infected lungs of CX3CR1GFP/+ and CX3CR1GFP/GFP mice. The most 

differentially expressed genes was observed in Ly6C+ monocytes in response to infection, 

and the CX3CR1-deficient Ly6C+ monocytes demonstrated increased cytotoxic molecules 

and enhanced chemokines compared to CX3CR1GFP/+ monocytes. In contrast, CD11c+ 

CX3CR1-expressing cells represented a heterogeneous macrophage/dendritic population 

with some infection-induced changes in gene expression but no significant gene expression 

changes between CX3CR1GFP/+ and CX3CR1GFP/GFP CD11c+ cells. Together, these studies 

validate a dual reporter for myeloid and granulocyte subsets in Nippostrongylus infection, 

and identify a previously unrecognized role for CX3CR1 signaling in promoting infection-

induced weight loss and leukocyte infiltration and impairing optimal effector responses to 

Nippostrongylus, in part through effects on monocytes.

2. Results

2.1. Dynamic changes in CX3CR1-expressing myeloid cells and PGRP-expressing 
eosinophils in the helminth-infected lung.

The transgenic reporter GFP knock-in/knock out CX3CR1 (Cx3cr1) mouse offers the 

opportunity to track myeloid cells and investigate the function of CX3CR1 signaling,[15] 

while the dsRedPGRP-S (Pglyrp1) mice, in which the dsRed transgene, under the control 

of the Pglyrp1 promoter, is integrated into the genome, are reporters for a peptidoglycan 

recognition protein present in neutrophil granules.[14, 16] We generated dual reporter 

transgenic mice, CX3CR1GFP/+PGRPdsRed to determine their utility in tracking innate cells 

in helminth infection. Immunofluorescent imaging of lung and small intestine cryosections 

demonstrated strong GFP and dsRed signal in cells within the lung parenchyma and lamina 

propria of the small intestine (Figure 1A). Comparison of cryosections from naive or 

day 7 post-Nippostrongylus infection, when the adult parasites are present in the small 

intestine,[17] revealed infection-induced infiltration of reporter cells. This was particularly 

evident in the lung, reflecting the inflammatory response to the transient migration (day 

2–3 post-infection) of the helminth parasites, which is evident even after the parasite 
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has left the lung (day 3–4 post-infection). CX3CR1-positive cells were increased in the 

infected lungs but not the intestine, while PGRP-positive cells were increased in the lung 

and to a lesser extent in the small intestine. Given that these innate reporter cell subsets 

had not previously been investigated in pulmonary helminth infection, we utilized flow 

cytometry to characterize these subsets in the lung and determine their kinetics over the 

course of helminth infection. Flow cytometric analysis of single-cell suspensions from naive 

or infected CX3CR1GFP/+PGRPdsRed mice showed distinct single and double GFP/dsRed 

positive cells following infection (Figure 1B). Further gating and overlay with reporter 

negative wild-type (WT) mice revealed that the double-positive cells were in fact artifacts 

consisting of autofluorescent alveolar macrophages (Figure 1B, Figure S1A–C). This is 

consistent with prior studies showing that alveolar macrophages do not express CX3CR1,
[15] therefore we gated out these cells in subsequent analysis. The CX3CR1+ cells from 

the infected lungs were composed of three main subsets: CD11c+ dendritic cells (DC), 

interstitial macrophages (IM), and Ly6C+ monocytes with minimal contributions from CD3+ 

T cells and NK1.1+ Natural Killer (NK) cells (Figure S1D).

PGRP is reported to be a granule protein found in neutrophils and M cells.[14, 16] 

Unexpectedly, we observed that most of the PGRP+ cells in the infected lung, especially 

at day 7 post-infection were in fact eosinophils, followed by neutrophils (Figure 1B 

and S1C). To evaluate if the reporter protein was effective for live cell imaging, lung 

cells were isolated from Nb-infected CX3CR1+/+PGRPNeg, CX3CR1+/+PGRPDsRed, and 

CX3CR1+/GFPPGRPDsRed mice and co-cultured with Nb L3 larvae. CX3CR1 and PGRP 

single-positive cells exhibited strong signal and bound to the larvae suggesting that these 

reporter mice are also a valuable tool to image myeloid and granulocyte subsets (Fig 1C).

Flow cytometry analysis at various timepoints post-infection showed that both CX3CR1+ 

cells and PGRP+ cells peaked at day 7 post-infection in the lung (Figure 2A). The frequency 

of CX3CR1+CD11c+ cells in the lung increased 11 times (1% to 11%), and CX3CR1+ 

monocytes increased 2.5 times (2% to 5%) at day 7 post-infection compared to naive mice. 

Lung eosinophils in the PGRP+ cell subset were also significantly increased (5-fold) at day 

7 post-infection, but there were no significant differences in the frequency of these cells in 

the blood (Figure 2A), indicating that infection-induced changes in these subsets occurred 

mostly at the infection site. These significant changes in eosinophils and CX3CR1+ myeloid 

cells were transient, with recovery to naive frequencies at day 10 post-infection. Together, 

this data shows dynamic changes in lung innate effector cells in response to helminth 

infection. These included significant but transient increases in myeloid cells and eosinophils, 

which can be efficiently tracked by transgenic mouse reporters for CX3CR1 and PGRP 

respectively.

2.2. CX3CR1-deficient mice show improved outcomes to Nippostrongylus infection.

To determine the role of CX3CR1 signaling in helminth infection, wild-type (WT) and 

CX3CR1GFP/GFP (KO) mice were infected with Nippostrongylus. Both WT and KO 

mice exhibited infection-induced weight loss at days 2 and 3 post-infection (Figure 3A), 

consistent with the pathologic consequence of parasite migration through the lung. However, 

KO mice had ameliorated outcomes with significantly reduced infection-induced weight loss 
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compared to WT mice. Since a higher weight loss is typically associated with stronger 

inflammatory responses, the number of immune cells in the lung was enumerated (Figure 

3B). Consistent with the reduced weight loss, lung leukocyte counts were significantly lower 

in KO mice. Different immune cell populations in the lung were analyzed by flowcytometry, 

and monocytes, alveolar macrophages, and CD11c+ cells were significantly decreased in 

infected KO mice, which is consistent with the importance of CX3CR1 signaling for 

myeloid subset recruitment (Fig 3C). Although there was a significant increase in eosinophil 

frequency in KO mice, there were no differences in lung eosinophil or neutrophil numbers 

between WT and KO mice. The expression of CD206 (mannose receptor), a surrogate for 

M2 macrophage activation[18], was significantly increased in alveolar macrophages and in 

CD11c+ cells from KO mice compared to WT mice, suggesting increased M2 polarization 

in the absence of CX3CR1 signaling. M2 polarized macrophages are important effector 

cells against lung migrating larvae such as Nippostrongylus,[4, 7] therefore we tested the 

hypothesis that KO mice may have improved innate responses to Nippostrongylus leading 

to reduced parasite burdens. Intestinal worm counts at day 7 post-infection confirmed an 

almost 3-fold decrease in worm burdens and an 8-fold decrease in fecal egg counts (Figure 

3D). This was associated with decreased parasite viability, measured by ATP quantification 

of adult worms recovered from the intestine.

We tested whether this protective effect was specific for CX3CR1 deficiency, or if deficiency 

in myeloid cell recruitment through another chemokine receptor such as CCR2, also resulted 

in lower lung leukocyte infiltration and parasite burdens. CCR2 deficiency (CCR2RFP/RFP) 

did not have any significant effect on infection-induced weight loss or worm burden (Figure 

S2A, B). This was despite significantly reduced lung leukocyte numbers and strikingly 

decreased infiltration of monocytes (33-fold) (Figure S2C), which validated the mice and 

confirmed that monocyte responses were CCR2-dependent. Additionally, CCR2 deficiency 

resulted in reduced frequency and numbers of alveolar macrophages, which may reflect 

deficiencies in monocyte-derived alveolar macrophages which have been identified in 

response to lung infection.[19] Nonetheless, we observed significantly increased surface 

expression of CD206 in CCR2-deficient alveolar macrophages suggesting that CCR2 

deficiency, similar to CX3CR1 deficiency, may also cause M2 macrophage activation. We 

validated the CCR2 reporter, showing that Ly6C+ monocytes were RFP-positive (Figure 

S2D). Thus, deficiency in CCR2 signaling did not significantly affect worm clearance 

although this receptor was important for recruiting monocytes and influenced macrophage 

M2 polarization. In contrast, CX3CR1 signaling had an unexpected and detrimental role in 

helminth infection, where it promoted lung myeloid cell responses and infection-induced 

pathology, but impaired M2 macrophage activation and optimal worm clearance.

2.3. CX3CR1-deficient Ly6C+ monocytes are more active against the Nippostrongylus 
parasites and secrete more proinflammatory cytokines.

Both CCR2 and CX3CR1 deficiency led to decreased myeloid cell recruitment in the lung, 

however, the reduced parasite burden in CX3CR1 KO mice suggests that CX3CR1 signaling 

may have functional effects beyond its chemotactic function that impairs the innate immune 

response to parasitic worms. Given that Ly6C+ monocytes and CD11c+ myeloid cells were 

the main CX3CR1+ cells in the lung at day 7 post-infection (see Figure 1), we investigated if 
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CX3CR1 deficiency in these subsets affected their effector function against Nippostrongylus 
parasites. In in vivo infection, Nippostrongylus infectious L3 larvae migrate to the lung 

triggering innate effector cells, therefore we investigated this lung cell interaction in vitro by 

co-culture of lung cells with Nippostrongylus L3 parasites based on previously established 

methodologies.[20] CD11c+ and Ly6C+ cells were enriched by magnetic bead purification 

of dissociated lung cells from day 7-infected CX3CR1 WT and KO mice followed by 

co-culture with L3 Nippostrongylus larvae (Figure 4A). Microscopic visualization of co-

cultures at day 3 revealed that both WT and KO CD11c+ cells were effective at binding the 

larval parasite. In comparison, WT Ly6C+ monocytes showed minimal larval binding, while 

KO Ly6C+ monocytes exhibited strikingly increased adherence to the worm (Figure 4B). 

Quantification of cell numbers per worm confirmed a more than 4-fold increase in binding 

of KO Ly6C+ compared to WT Ly6C+ monocytes, with no significant difference between 

WT and KO CD11c+ cells (Figure 4C). We evaluated the outcome of enhanced cell binding 

by quantifying larval motility, and confirmed that co-culture with cells from all four groups 

led to reduced larval motility compared to larvae cultured alone. Co-culture with Ly6C+ KO 

monocytes resulted in significantly reduced larval motility compared to WT monocytes, 

consistent with more efficient binding to the worm. Measurement of proinflammatory 

cytokines in the co-culture supernatants revealed that KO monocytes secreted 10-fold more 

TNFα and IL-6, and 20-fold more MCP-1 than WT monocytes (Figure 4D). In contrast, 

there was no difference between WT and KO CD11c+ cells, nor differences in secretion of 

IFNγ, IL-10 or IL-12 in any of the groups (data not shown). We investigated if addition 

of live Nippostrongylus larvae was necessary for this cytokine production by lung cells in 

the co-culture, but observed that there were no significant differences in cytokine production 

between lung cells alone, or cells incubated with Nippostrongylus larvae (Figure 4E and 

data not shown). Together, our data indicate that CX3CR1 deficiency has targeted effects 

on monocytes infiltrating the helminth-infected lung, including increased proinflammatory 

cytokines and adherence to the parasite, which leads to improved effector responses against 

the parasite.

2.4. RNA expression profiling of Ly6C+ and CD11c+ subsets reveals Nippostrongylus-
induced and CX3CR1-dependent changes particularly in lung Ly6C+ monocytes

Our previous data identified an unexpected role for CX3CR1 signaling in the lung in 

impairing effector responses to helminth parasites, therefore we investigated potential 

differences between CX3CR1+/GFP (Het) and CX3CR1GFP/GFP (KO) lung by RNA-

sequencing analysis, focusing on Ly6C+ and CD11c+ cells as the main CX3CR1-expressing 

subsets in the lung. PGRP+CX3CR1 Het and KO mice were infected with Nippostrongylus 
L3, and we validated, as before, reduced parasite burden and lung leukocyte counts in the 

KO mice (Figure S3A). To determine infection-induced changes in the CX3CR1-expressing 

subsets, we also examined PBS-treated Het mice. At day 7 post Nippostrongylus infection, 

CX3CR1+GFP+ subsets were sorted based on Figure 5A, where the gating strategy 

included removing PGRP+ cells to minimize contamination from granulocytes and alveolar 

macrophages. We evaluated gene expression changes between naïve and infected groups, 

CD11c+ and Ly6C+ cells, and CX3CR1-Het and KO genotype. Ly6C+ cells exhibited the 

most differential gene expression according to infection status (naïve vs infected, n=180) 

and according to genotype (CX3CR1 Het vs KO, n=20) (Figure 5B). Functional enrichment 

Kim et al. Page 7

Adv Biol (Weinh). Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of differentially expressed genes in CX3CR1-expressing Ly6C+ monocytes from naïve or 

infected lungs revealed that Nippostrongylus infection was associated with changes in 

genes involved with migration (e.g. regulation of cell migration, monocyte chemotaxis), 

inflammation (e.g. inflammatory response, cellular response to TNF), and tissue remodeling 

(e.g. collagen fibril organization, angiogenesis, ECM receptor interaction) (Figure 5C, 

D). Heatmap of the most differentially expressed genes in monocytes following infection 

suggests infection-induced increases in chemokines (Ccl12, Ccl24, Ccl7, Cxcl16) and matrix 

metalloproteinases (Mmp14, Mmp19, Timp1), indicating that monocytes were involved in 

promoting leukocyte recruitment to the infected tissue and in tissue remodeling (Fig 5E). 

In contrast, several collagen-encoding genes were downregulated upon infection (Col1a1, 
Col1a2, Col14a1), suggesting decreased function in collagen matrix deposition.

When comparing Cx3CR1 Het and KO Ly6C+ monocytes sorted from infected lungs, 

most DEG were upregulated in Ly6C+ KO cells, and indicated enhanced chemotactic and 

cytotoxic responses. These included Ugcg, Sh2d2a, Eomes, Gzma and Gzmb, which are 

associated with innate and adaptive effector cell responses, especially cytotoxic NK and 

CD8 T cell function.[21] y6C+ KO cells expressed significantly decreased Maged1, a gene 

identified in NK cells which triggers cell death. Downregulation of this gene may suggest 

the increased longevity of the CX3CR1-deficient monocytes.[22]. Ets1, which mediates 

vascular inflammation and remodeling, was upregulated in KO Ly6C+ cells. Ets-1 is a 

known activator of CCL2, which supports the increased monocyte activity in the co-culture 

data.[23] Unexpectedly, Ccl3 was also significantly reduced in KO Ly6C+ cells, which is 

in contrast to the significantly upregulated secretion of another chemokine, MCP-1/CCL2, 

in the co-cultures. This result may reflect differences between RNA and protein levels, 

the different chemokines, or differences between the in vivo versus in vitro environment. 

Cytotoxic genes are usually expressed in CD8 and NK cells and not typically in monocytes, 

however, the flow cytometry characterization suggested that Ly6C+CX3CR1-expressing 

subset had minimal contamination from these cytotoxic effector subsets (see Figure S1C). 

To investigate this further, we utilized ImmQuant for digital cell quantification of the RNA-

seq datasets based on the immunological genome (Figure S4).[24] Overall, the top cell hits 

for the sorted Ly6C+ subsets were monocytes from various lymphoid tissues. Although most 

of the datasets used for ImmQuant reflect naive conditions and lymphoid organs, these 

findings support our sorting strategy for monocytes. While Ly6C+ cells from infected Het 

mice did not show similarities to NK nor CD8 T cells, KO Ly6C+ cells matched NK and 

CD8 T cell subsets, albeit at a lower score than that for monocytes. It is possible that the 

Ly6C+ KO cells may be monocytes that acquire NK and CD8 T cell cytotoxic characteristics 

in the absence of CX3CR1 signaling. Alternatively, there may be more contamination of 

CD8 and NK cells in the KO subset. Despite these caveats, our data indicate that CX3CR1 

deficiency promotes cytotoxic functions, which may be linked to the improved immunity 

and damage to the Nippostrongylus parasites.

Compared to monocytes, there were minimal gene expression changes in CD11c+ cells, 

with only 65 DEG between naïve and infected groups, and no significant DEG were 

found between CX3CR1 Het and KO cells (Figure S3). These findings may reflect the 

greater heterogeneity in the CD11c+ lung subsets, which would mask any significant gene 

expression changes. Additionally, there was no functional difference between Het and 
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KO CD11c+ cell when co-cultured with Nb larvae (see Figure 4). ImmQuant analysis 

of the CD11c+ subsets supported a heterogeneous subset with gene expression profiles 

that matched both DCs and macrophages from a variety of tissues including the lung 

(Figure S4). Comparison of DEG between Het CD11c+ cells sorted from naïve and infected 

lungs indicated most DEG were downregulated genes in infection (52 downregulated vs 

13 upregulated). Downregulated genes were associated with proliferation (Pou2f2),[25] anti-

inflammatory function (CD300e),[26] and cell adhesion (Itga1, Itgb7), suggesting that the 

CD11c+ subset was more quiescent in the infected lungs. Interestingly, CD11c+ cells from 

infected lungs also had reduced expression of the angiotensin-converting enzyme Ace, 

which has been reported to in pulmonary granuloma formation.[27]

Overall, these results demonstrate that Nippostrongylus infection induces gene expression 

changes, especially in CX3CR1-expressing lung monocytes, associated with chemokines, 

inflammation, and matrix remodeling pathways. These data also identify candidate cytotoxic 

and adhesion molecules as effectors against the parasite.

3. Discussion

The overall goals of this study were to characterize innate effector lung cells in response 

to Nippostrongylus infection, and to determine the function of chemokine receptor 

signaling through CX3CR1 and CCR2 in infection-induced inflammation and parasite 

clearance. Using dual reporters for CX3CR1 and PGRP, we show that CX3CR1-expressing 

monocytes and dendritic cells are induced in the Nippostrongylus-infected lungs, and 

identify the significant infection-induced infiltration of PGRPdsRed eosinophils. We found 

that eosinophils have strong PGRPdsRed signal that can be detected by fluorescence 

microscopy and flow cytometry, suggesting that this transgenic model may be useful to 

visualize eosinophils. PGRP proteins are critical innate sensors of bacterial peptidoglycan, 

triggering innate signaling to promote microbicidal responses.[28] Prior to these studies, 

PGRP expression in mice had been reported in the granules of neutrophils and M cells.
[14, 16] However, a bovine study reported expression in eosinophils,[29] which is in line 

with our findings. In that study, PGRP was microbicidal against the fungal pathogen 

Cryptococcus and gram-negative bacteria in which peptidoglycan was buried (Salmonella), 

suggesting a potential function for these proteins that may not be mediated by peptidoglycan 

recognition. Beyond its utility as a reporter for eosinophils and neutrophils, investigation of 

PGRP effector responses against helminth parasites may be warranted.

We investigated chemokine receptor signaling through CX3CR1 and CCR2, which are 

expressed in monocytes.[15, 30] Monocytes infiltrate tissues in response to infection and 

injury, and have critical roles in various microbial infections, including viral, bacterial and 

protozoan. [10, 31] However, few studies have investigated monocyte responses in helminth 

infection, or monocyte-helminth interaction. Here we identify both chemotactic and non-

chemotactic functions for CX3CR1-expressing monocytes in Nippostrongylus infection. 

Deficiency in CX3CR1 signaling led to reduced lung leukocyte infiltration, with reductions 

in monocyte and DC subsets, consistent with these cells requiring CX3CR1 for recruitment 

to inflamed tissues.[15, 32] Although lung alveolar macrophages do not express CX3CR1, 

they were also reduced in CX3CR1-deficient mice. In influenza infection studies, infiltrating 
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monocytes differentiate into alveolar macrophages, referred to as monocyte-derived alveolar 

macrophages, which then downregulate CX3CR1 expression.[33] It is possible that the 

reduction in alveolar macrophages in Nippostrongylus-infected CX3CR1-deficient mice 

may reflect reduction in these monocyte-derived subsets.

Functionally, CX3CR1-deficient mice exhibited ameliorated outcomes to Nippostrongylus 
infection, including reduced infection-induced weight loss, and significantly reduced 

parasite burdens. This protective effect was not observed in CCR2-deficient mice, although 

these mice also had reduced monocyte and alveolar macrophage frequencies in the 

lung, consistent with the CCR2-mediated chemotaxis. These data therefore suggest a 

non-chemotactic function for CX3CR1 that is distinct from CCR2. Functional differences 

between CCR2 and CX3CR1 are supported by prior studies showing that inflammatory 

monocytes have high CCR2, while resident monocytes, as well as macrophages and DC 

in specific tissues, express CX3CR1.[34] Overall, there is general consensus that CCR2 is 

specific for inflammatory monocytes, while CX3CR1 is expressed on anti-inflammatory 

macrophages.[35] Related to our findings, a study investigating pulmonary hypoxia reported 

that CX3CR1 deficiency was protective against hypoxia while CCL2 deficiency had no 

effect.[36] In our study with lung helminth infection, we observed that CX3CR1-deficient 

Ly6C+ monocytes were more effective at migrating and binding to the Nippostrongylus 
larvae, and also secreted higher levels of proinflammatory cytokines. These findings 

indicate an inhibitory function for CX3CR1 in suppressing effector responses in monocytes, 

and suggest that therapeutically targeting CX3CR1 signaling may enhance immunity to 

helminths through promoting tissue monocyte responses. In viral and fungal parasite 

infection, CX3CR1 signaling is protective for pathogen killing,[32, 37] yet in our studies 

with helminth infection, CX3CR1 signaling impaired parasite clearance and was associated 

with reduced M2 macrophage activation. It is possible that CX3CR1 signaling influences 

the balance between M1/M2, favoring M1 macrophage activation instead of anti-helminthic 

M2 macrophage responses. Studies in neural tissue injury showed that CX3CR1 signaling 

exacerbates inflammation and CX3CR1 KO macrophages show a reparative phenotype.
[12] This is consistent with our findings, where we show that CX3CR1-deficient cells 

have higher expression of M2 marker CD206. Other studies in the lung investigated the 

function of CX3CR1 signaling in response to hypoxic pulmonary tension or bleomycin-

induced fibrosis,[36, 38] which trigger similar pathways and share disease etiologies with 

Nippostrongylus infection of the lungs.[6] Consistent with our findings, those studies showed 

that CX3CR1 deficiency led to increased inflammatory cytokines (CCL2, TNFα), however, 

they noted a shift from M2 to M1 macrophage polarization in CX3CR1-deficient mice. This 

highlights the complex role of CX3CR1 signaling in the lung, which may depend on the 

inflammatory context and stressor (e.g., hypoxia, chemical, infection).

To identify candidate downstream effectors of CX3CR1 signaling that regulate host-

helminth interaction, we conducted RNA-seq on CX3CR1GFP positive Ly6C+ and CD11c+ 

cells sorted from the lungs of CX3CR1 Het or deficient mice. We found that the greatest 

changes in gene expression occurred in Ly6C+ monocytes in response to Nippostrongylus 
infection, which were associated with pathways involved in chemotaxis, inflammation and 

extracellular matrix receptor interaction. These data indicate dynamic changes in monocytes 

recruited to the lung in response to helminth infection, where they secrete chemokines and 
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cytokines as a positive feedback loop to enhance tissue inflammation. These monocytes 

are also likely involved in interaction with other immune cells as well as the matrix, as 

a response to injury. Based on studies in other infection models,[31] these monocytes may 

also differentiate into macrophages and dendritic cells with functions that are distinct from 

the tissue-resident subsets. We evaluated CX3CR1-dependent gene expression in Ly6C+ 

monocytes, and found that CX3CR1 deficiency led to expression of genes associated with 

NK and CD8 T cells. We cannot exclude the possibility of contamination from these cell-

types, however, this data indicates CX3CR1 deficiency leads to an exacerbated cytotoxic 

effector function, such as the increased expression of granzymes (Gzma and Gzmb) and 

Serpinb9. Granzyme A caused membrane damage-mediated cell death, cleavage of many 

intracellular substrates,[39] and promotes proinflammatory cytokine expression, making 

it a candidate effector molecule for the enhanced effector response to Nippostrongylus 
observed in the CX3CR1-deficient mice. Granzyme B was shown to be upregulated in 

human monocytes by activation of TLR8 signaling and induced antibody-dependent cellular 

cytotoxicity.[40] Serpinb9, an endogenous natural antagonist regulating excessive granzyme 

B activity was also upregulated in KO monocytes, indicating potential regulation of this 

pathway.[41] Granzyme expression has been reported in both human and rodent helminth 

infections,[42] with divergent roles in the inflammatory response and anti-helminthic 

immunity. In infection with filarial nematode Litomosomoides sigmodontis, granzyme 

A deficiency increased susceptibility while deficiency in granzyme B promoted early 

inflammation and improved resistance.[43] Future experiments investigating the interplay 

between these effectors and regulators of the granzyme pathway, and how they might 

contribute to the enhanced cell binding to the larval parasite, may uncover new pathways 

that can be targeted to promote helminth killing. In conclusion, our study characterizes a 

dual reporter for innate myeloid and granulocyte subsets in pulmonary helminth infection, 

and identify a previously unrecognized role for CX3CR1 signaling in promoting infection-

induced pathology and impairing optimal anti-helminth effector responses.

4. Experimental Section/Methods

Animals

The following studies were performed using eight to ten weeks old mice. CX3CR1GFP/

PGRP-SdsRed double transgenic mice were generated as previously described,[16] and 

maintained in vivaria at the University of California Riverside (UCR). Briefly, GFP-

expressing Cx3cr1tm1Litt mice from Jackson Laboratory (Bar Harbor, ME) were crossed 

with PGRP-S dsRed transgenic mice. Colonies of wild-type C57BL/6 and RFP-expressing 

transgenic Ccr2tm2.1Ifc mice were obtained from Jackson Laboratory and maintained in UCR 

vivaria. CX3CR1GFP/CCR2RFP mice were generated by crossing Cx3cr1tm1Litt mice and 

Ccr2tm2.1Ifc mice, originally obtained from Jackson Laboratory. All animal procedures were 

approved by the UCR Institutional Animal Care and Use Committee https://or.ucr.edu/ori/

committees/iacuc.aspx; protocol A-20180023.

Nippostrongylus brasiliensis (Nb) culture, infection, and ATP assay

Nb life cycle was maintained in Sprague-Dawley rats obtained from Harlan Laboratories 

(Indianapolis, IN). L3 stage infective Nb larvae were extracted from feces of previously 
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infected rats. Mice were subject to subcutaneous injection of 500 L3 Nb or PBS for 

naïve groups. Mice were euthanized and tissue was harvested at days 3, 4, 7, 10, and 29 

post-infection. Nb eggs in feces of infected mice were quantified using a McMaster chamber 

between days 6–10 after infection. To enumerate and extract L5 stage Nb, small intestines of 

infected mice were cut longitudinally and incubated in PBS for ≥ 2 hours at 37°C. Following 

extraction from the small intestine Nb were washed 3 times, then homogenized in PBS. ATP 

levels were quantified in Nb homogenates using CellTiter-Glo Luminescent Cell Viability 

Assay (Promega; Madison, WI), according to the manufacturer’s instructions.

Immunofluorescence

Lungs were inflated through the trachea with a solution containing ⅓ 1% PFA/30% sucrose 

and ⅔ optimal cutting temperature (OCT) compound (Sakura Finetek USA; Torrance, 

CA), then placed in 4% PFA/30% sucrose for 2 hours at room temperature. Following 

fixation, lung tissue was embedded into OCT and sectioned at 10μm. Lung sections were 

treated overnight with StartingBlock Blocking Buffer (ThermoFisher Scientific; Waltham, 

MA). Endogenous GFP and DsRed were visualized in mounting medium with DAPI 

(VECTASHIELD; Burlingame, CA) using a 20x objective on an epifluorescent microscope.

Flow cytometry analysis and cell sorting

Lung tissue was minced, then incubated with 30μg/mL DNAse I (Sigma-Aldrich; St 

Louis, MO) and 1mg/mL Collagenase/Dispase (Roche Diagnostics; Indianapolis, IN) for 

30 minutes in a 37°C shaking incubator. Single-cell suspensions were obtained by passing 

digested tissue over a 70μm cell strainer. Whole blood was collected from the mesenteric 

vein and mixed with 4% Sodium citrate. Leukocytes were separated from whole blood using 

Histopaque 1077 (Sigma-Aldrich). Cells were blocked with 25μg/mL of Rat IgG and anti-

CD16/32 (clone 2.4G2; BD Biosciences; San Jose, CA), then stained for flow cytometry 

analysis with CD11b (M1/70), CD11c (N418), F4/80 (BM8), Ly6C (HK1.4), MHC II 

(AF6-120.1), NK1.1 (PK136) from eBioscience (San Diego, CA); CD206 (MR5D3) from 

Bio-Rad (Hercules, CA); biotinylated Siglec F from R&D Systems (Minneapolis, MN); 

and CD3 (145-2C11), CD4 (RM4-5), Ly6G (IA8) from BD Biosciences (San Jose, CA). 

For flow cytometry cell sorting, cells were blocked as above and stained with CD11c and 

Ly6C. Data for analysis were collected using an LSRII (Becton Dickinson; Franklin Lakes, 

New Jersey); sorted cells were collected using FACSAria (Becton Dickinson), with over 

90% purity of the post-sorted cells. Data were analyzed using FlowJo v10.7.1 (Tree Star, 

Ashland, OR).

RNA Sequencing Bioinformatics Analysis

Flow cytometry-sorted cells were collected in RLT buffer (Qiagen; Hilden, Germany), 

and RNA was extracted and DNAse-treated using RNeasy Mini Kit (Qiagen) according 

to the manufacturer’s protocol. cDNA libraries were synthesized using Clontech 

SMARTer Stranded RNA-Seq kit (Mountain View, CA) with multiplexing primers. 

Quality of RNA and cDNA libraries were analyzed using 2100 BioAnalyzer (Agilent 

Technologies; Santa Clara, CA), then samples were sequenced with Illumina HiSeq2500 

(San Diego, CA). Quality reports of RNA-Seq reads were generated using FASTQC 

(version 0.11.5), and reads were trimmed using TrimGalore (version 0.4.1) (http://
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www.bioinformatics.babraham.ac.uk/projects/trim_galore/) ensuring a minimum Phred 

Quality Score of at least 20, read lengths of at least 50 base pairs and removing any 

remaining adapters. The trimmed reads were then aligned to Mus musculus genome 

(GRCm38) from Ensembl using splice aware short read aligner Bowtie2/TopHat in a strand-

specific manner.[44] Gene level counts were summarized based on Ensembl gene annotations 

(GRCm38.84) using GenomicRanges package in R,[45] counting reads that align to exonic 

regions only. Raw gene expression data have been submitted to NCBI GEO (SRA Project 

PRJNA744529). Differential gene expression (DEG) analysis was performed using edgeR 

package in R.[46] Briefly, genes with 0 counts in more than 50% of samples analyzed 

(lowly expressed genes) were excluded from differential testing. Data were normalized using 

TMM (Trimmed Mean of Means) normalization to account for compositional differences in 

libraries. Overall dispersion and differential metrics were computed using negative binomial 

GLM (Generalized Linear Models) functions in edgeR. DEGs were defined as those with 

fold change ≥ 1 and a false discovery rate (FDR) of ≤ 5%. Heatmaps were generated after 

normalizing raw counts using the RPKM (Reads Per Kilobase per Million Mapped Reads) 

method.[47] Functional enrichment of these DEGs was completed using DAVID Functional 

Annotation Tools to identify over-representative gene ontologies (GO) and KEGG pathways 

of interest (FDR ≤ 5%).[48]

In vitro Nb motility and cellular adherence, and cytokine quantification

Ly6C+ and CD11c+ cells from Nb-infected lungs of CX3CR1+/+ and CX3CR1GFP/GFP 

were enriched with magnetic assisted cell sorting (MACs) using biotinylated Ly6C (HK1.4; 

Abcam) and Streptavidin microbeads, or CD11c microbeads (Miltenyi Biotech; San Diego, 

CA), which resulted in ~70% purity. 0.25×106 cells were plated in 48 well plates with 

25 L3 stage Nb in the presence of 1:50 serum from the day 7 infected corresponding 

mouse group (WT serum for WT cells and KO serum for KO cells) according to previously 

reported methodologies.[20] Cells and Nb larvae were co-cultured for 4 days at 37°C. Nb 
motility was assessed as previously described,[20, 49] and cellular adherence was quantified 

by counting numbers of cells attached to each worm (n=6 per group, 3 replicate wells). 

Culture supernatants were collected for cytokine quantification by cytokine bead array, 

inflammation panel (Thermoscientific).

Statistical Analysis

Values are reported as means ± standard error of the mean (SEM). Multiple experiments 

were performed and combined for final data analysis, and data were analyzed by the 

unpaired t-test for 2-group comparison or one-way ANOVA for multiple groups comparison 

followed by post-Tukey or Dunnett’s multiple comparison test where appropriate using 

Graphpad Prism 9 (Graphpad Software, La Jolla, CA). For data collected over several 

time points, two-way ANOVA with post-Tukey or Sidak’s multiple comparison test 

was performed. Comparisons with P values less than 0.05 were considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nippostrongylus infection induces lung infiltration of CX3CR1+ myeloid cells and 
PGRP+ eosinophils.
CX3CR1+/GFP/PGRPdsRED transgenic mice were infected with 500 L3 Nb, followed by 

analysis of lung and blood at day 7 post-infection. (A) CX3CR1-GFP and PGRP-DsRed 

signal in frozen lung and small intestine (S.I.) sections. (B) Temporal changes in CX3CR1 

and PGRP cell populations were assessed by flow cytometry. (C) Lung cells were isolated 

from CX3CR1+/+PGRPNeg, CX3CR1+/+PGRPDsRed, and CX3CR1+/GFPPGRPDsRed mice at 

7 days post-infection, and co-cultured with Nb L3 larvae. Data are representative of 2 

experiments in (A and B) and of 1 experiment in (C).
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Fig 2. The recruitment of CX3CR1+ monocytes and CD11c+ cells peaked at day 7 post-infection.
CX3CR1+/GFP/PGRPDsRed transgenic mice were infected with 500 Nb L3, followed by 

analysis of lung and blood at various time points post-infection. (A-B) CX3CR1 and PGRP 

populations and subpopulations were quantified in (A) the lung and (B) blood. Values 

represent means ± SEM (n = 3–6 animals per time point), and data are representative of 

2 experiments. One-way ANOVA with Dunnett’s multiple comparison test and two-way 

ANOVA with post-Tukey multiple comparison test were performed, and P values less than 

0.05 were considered statistically significant. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, 

P≤0.0001)
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Figure 3. CX3CR1 deficiency reduces Nippostrongylus parasite burden and decreases infection-
induced weight loss and lung leukocyte infiltration.
CX3CR1 wild-type (WT) or CX3CR1GFP/GFP (−/−) mice were infected subcutaneously 

with 500 Nippostrongylus L3. (A) Infection-induced weight loss compared to pre-infection 

weight was calculated at multiple time points. (B) Total lung leukocytes were enumerated. 

(C) Myeloid and granulocyte subsets were determined and CD206 median fluorescence 

intensity (MFI) in alveolar macrophages, monocytes and CD11c+ lung cells were evaluated 

by flow cytometry. (D) Parasite burden was evaluated at day 7 post-infection by fecal egg 

count, intestinal worm count and measurement of worm viability by ATP quantification of 
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adult worms dissected from the small intestine. Values represent means ± SEM (n = 6–7 

per group), and data is representative of 3 experiments. Two-way ANOVA with post-Sidak 

multiple comparison test and the unpaired t-test were performed, and P values less than 

0.05 were considered statistically significant. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, 

P≤0.0001)

Kim et al. Page 20

Adv Biol (Weinh). Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CX3CR1-deficient Ly6c+ monocytes secrete more proinflammatory cytokines and 
actively bind Nippostrongylus L3 parasites.
(A) Schematic representation of magnetic assisted cell sorting (MACs) of cells from 

CX3CR1 wild-type (WT) and CX3CR1GFP/GFP (KO) Nippostrongylus-infected lungs, and 

co-culture with L3 Nippostrongylus parasites. (B) Representative micrographs of Ly6c+ and 

CD11c+ cells from WT or KO mice adhered to L3 Nb. (C) Cellular adherence and relative 

Nippostrongylus motility were assessed at day 3 co-culture. (D) Cytokines and chemokines 

in WT and KO cell co-culture medium were measured. (E) IL-6 secretion by lung cells 

isolated from Nippostrongylus-infected CX3CR1+/GFPPGRPDsRed (Het) mice cultured with 

or without Nippostrongylus larvae. Values represent means ± SEM (n = 5 animals, n = 

3–4 for cell culture replicates) and are representative of 3 experiments in (C and D) and 

1 experiment in (E). The unpaired t-test was performed, and P values less than 0.05 were 

considered statistically significant. (*, P≤0.05; **, P≤0.01; ***, P≤0.001; ****, P≤0.0001)
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Figure 5. RNA-sequencing analysis of lung Ly6C+ monocytes sorted from naive and infected 
CX3CR1+/GFP (Het) and Cx3CR1GFP/GFP (KO) mice.
CX3CR1+/GFPPGRPDsRed (Het) were injected with PBS control (naive) or infected with 

Nippostrongylus for 7 days, and compared to day 7-infected Cx3CR1GFP/GFP PGRPDsRed 

(KO) mice. (A) Ly6c+ and CD11c+ cells within the live, single cell-gated CX3CR1 

GFP+ cell populations were recovered via flow cytometry-assisted cell sorting from lung 

leukocytes of naïve CX3CR1+/GFP or infected CX3CR1+/GFP and CX3CR1GFP/GFP mice. 

(B) Bar graph summarizing transcriptional changes in monocytes - naïve CX3CR1+/GFP 

vs. infected CX3CR1+/GFP and infected CX3CR1+/GFP vs. CX3CR1GFP/GFP mice. X 

axis represents number of significantly different genes (log2 FC ≥ 1 and FDR ≤ 5%) 
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up-regulated (red) or down-regulated (blue) under each comparison (C-D) Bar graphs 

representing functional enrichment – (C) Gene Ontologies (GO) and (D) KEGG pathways 

of differentially expressed genes within the naïve CX3CR1+/GFP group. Ontologies were 

predicted using DAVID (FDR ≤ 5%). Number of genes mapping to each term is 

annotated. (E) Clustered heatmap of DEGs discovered in naïve vs. infected CX3CR1+/GFP 

mapping to GO terms “inflammatory response”, “regulation of cell migration”, and 

“collagen fibril organization”. (F) Clustered heatmap of DEGs discovered when comparing 

CX3CR1GFP/GFP to CX3CR1+/GFP Ly6c+ (F). n = 3–4 per group from one experiment.
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