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Abstract: 

Arthritogenic alphaviruses cause disease characterized by fever, rash, and incapacitating joint pain. 

Alphavirus infection stimulates robust inflammatory responses in infected hosts, leading to the 

upregulation of several cytokines, including granulocyte colony-stimulating factor (G-CSF). G-

CSF is secreted by endothelial cells, fibroblasts, macrophages, and monocytes and binds to colony 

stimulating factor 3 receptor (CSF3R, also known as G-CSFR) on the surface of myeloid cells. G-

CSFR signaling initiates proliferation, differentiation, and maturation of myeloid cells, especially 

neutrophils. Importantly, G-CSF has been found at high levels in both the acute and chronic phases 

of chikungunya disease; however, the role of G-CSF in arthritogenic alphavirus disease remains 

unexplored. Here, we sought to test the effect of G-CSF on chikungunya virus (CHIKV) and 

Mayaro virus (MAYV) infection using G-CSFR-deficient mice (G-CSFR-/-). We observed 

sustained weight loss in G-CSFR-/- mice following viand MAYV infection compared to wild-type 

mice. Furthermore, G-CSFR-/- mice had a significantly higher percentage of inflammatory 

monocytes and reduction in neutrophils throughout infection. The difference in weight loss in G-

CSFR-/- mice induced by alphavirus infection was corrected by blocking type I IFN signaling. In 
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summary, these studies show that type I IFN signaling contributes to G-CSFR mediated control of 

arthritogenic alphavirus disease.   

 

Introduction: 

Arthritogenic alphaviruses, including chikungunya virus (CHIKV), Ross River virus (RRV), 

O’nyong nyong virus (ONNV), and Mayaro virus (MAYV) are significant public health threats 

(1, 2). These viruses are spread worldwide: CHIKV is endemic to Africa, Southeast Asia, and, 

more recently, the Caribbean and South America. RRV, ONNV, and MAYV are endemic to 

Australia, Africa, and South America, respectively (3). The disease caused by arthritogenic 

alphaviruses is characterized by high fever, rash, myositis, and arthritis, which can persist for years 

in roughly half of affected patients (4-9). However, there are no specific therapies available for the 

treatment of alphavirus arthritis except the use of anti-inflammatory drugs for symptomatic relief 

(10, 11). Thus, there is an urgent need to understand the immune mechanisms that control 

arthritogenic alphavirus disease outcomes in order to develop therapeutics. 

During arthritogenic alphavirus infection, the virus replicates in fibroblasts, muscle 

satellite cells, macrophages, and other cells, initiating inflammatory responses (12, 13). This 

results in the influx of various immune cells, leading to tissue damage and the production of 

proinflammatory cytokines, including granulocyte colony-stimulating factor (G-CSF) (14-16). 

Previous studies have shown that G-CSF is upregulated in acute and chronic arthritogenic 

alphavirus-infected humans (17-20) and mice (21). G-CSF is a glycoprotein secreted from 

endothelial cells, fibroblasts, macrophages, monocytes, and bone marrow stromal cells (reviewed 

in (22, 23)). Its function is driven by binding to its cognate receptor, the G-CSF receptor (G-CSFR) 

(24-26), present on the surface of myeloid precursor cells and some non-immune cells. Binding 

initiates signal transduction and activation of cellular pathways that drive proliferation, 

differentiation, and maturation of granulocytes, especially neutrophils, (27, 28) which play an 

important role in arthritogenic alphavirus pathogenesis (29-31). Previous studies shows that higher 

influx of neutrophils into joint tissues during CHIKV infection is associated with worse disease 

outcomes in mice (30, 32). Furthermore, MyD88-dependent influx of neutrophils along with 

monocytes impairs lymph node B cell responses to CHIKV infection (29). Collectively, these data 

highlight the important role of G-CSF and neutrophils in arthritogenic alphavirus infection, which 

is still vastly understudied. 
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In this study, we investigated the contribution of G-CSF in the development of CHIKV and 

MAYV-induced disease. We infected G-CSFR knockout (G-CSFR-/-) (28) mice with CHIKV and 

MAYV and monitored disease development. We observed a sustained weight loss in infected G-

CSFR-/- animals compared to wild type (WT) control groups. Blood immune cell profiling showed 

that G-CSFR depletion led to a decrease in neutrophils and a significant increase in different 

monocyte populations throughout infection. Alphaviruses are highly sensitive to type I IFN 

restriction and monocytes are known to produce type I IFNs in response to CHIKV or RRV 

infection (33, 34). Therefore, we blocked IFN signaling, which corrected the weight loss 

differences observed between G-CSFR-/- and WT mice. Future studies can be conducted to explore 

the role of G-CSF in mediating inflammatory responses during arthritogenic alphavirus infection, 

and the potential of targeting G-CSF or its receptor therapeutically.  

 

Materials and Methods 

 

Ethics statement 

All experiments were conducted with the approval of Virginia Tech’s Institutional Animal Care & 

Use Committee (IACUC) under protocol number 24-060. Experiments using CHIKV and MAYV 

were performed in a BSL-3 or BSL-2 facility, respectively, in compliance with CDC and NIH 

guidelines and with approval from the Institutional Biosafety Committee (IBC) at Virginia Tech.   

  

Mice 

C57BL/6J mice (strain# 000664) and colony stimulating factor 3 receptor gene knockout mice 

(B6.129X1 (Cg)-Csf3rtm1Link/J; herein referred to as G-CSFR-/-) (28) were purchased from The 

Jackson Laboratory at 6-8 weeks of age. Heterozygous G-CSFR+/- mice were bred at Virginia Tech 

to obtain homozygous G-CSFR-/- mice. Primers used to confirm homozygous colonies are 

presented in supplementary table S1. Homozygous G-CSFR-/- mice were used to perform studies 

with CHIKV and MAYV infections. Mice were kept in groups of four or five animals per cage at 

ambient room temperature with ad libitum supply of food and water.     

 

Cell culture and viruses 
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Vero cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA) and 

grown in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) with 5% fetal bovine serum 

(FBS. Genesee), 1 mg/mL gentamicin (Thermo Fisher), 1% non-essential amino acids (NEAA, 

Sigma) and 25 mM HEPES buffer (Genesee) at 37°C with 5% CO2. CHIKV SL-15649 (ECSA 

lineage), rescued from an infectious clone, was a gift from Dr. Mark Heise (the University of North 

Carolina at Chapel Hill (35), and MAYV strain TRVL 4675 was derived from an infectious clone 

(36, 37). Virus titers were determined by plaque assay as previously described (38).  

 

Mice infection 

Mice were injected in both hind footpads with 102 PFU or 105 PFU of CHIKV SL-15649 or 104 

PFU of MAYV in 50 μL viral diluent in each foot (39, 40). All virus dilutions were made in RPMI-

1640 media with 10 mM HEPES and 2% FBS, hereafter referred to as viral diluent. Mice were 

monitored for disease development following infection through daily weighing, and footpad 

swelling was measured using a digital caliper. Blood was collected via submandibular bleed for 

serum isolation to determine viremia and cytokine levels. At sixteen or twenty-one-days post-

infection (dpi), mice were euthanized, and blood were collected to isolate immune cells.     

 

Luminex assay and ELISA 

We quantified G-CSF levels in the serum of mock- and CHIKV/MAYV-infected animals using 

the mouse Luminex XL cytokine assay (bio-techne) and the G-CSF DuoSet ELISA kit (Catalog# 

DY414-05, R&D Systems) according to the manufacturer’s instructions. A standard curve was 

generated using the optical density values of the standards, which were used to estimate the 

cytokine levels in each sample. 

 

Type I IFN signaling blockage  

For in vivo interferon-α/β receptor (IFNAR) blockade, C57BL/6J and G-CSFR-/- mice were 

intraperitoneally (i.p.) inoculated with 0.1 mg of MAR1–5A3, anti-IFNAR antibody (Leinco 

Technologies, Fenton, MO) (41) one day prior to infection. Mice were then inoculated with 102 

PFU of CHIKV SL-15649 in 50 μL of viral diluent in both hind feet and monitored for disease 

development until 21 dpi. 
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Mouse blood immune cell isolation 

Mouse blood leukocytes were isolated using Mono-Poly resolving medium (M-P M, MP Bio, Cat. 

No. 091698049) according to the manufacturer’s instructions. Briefly, blood was mixed with an 

equal volume of PBS and layered slowly onto M-P M followed by centrifugation at 300 × g for 

30 min in a swinging bucket rotor at room temperature (20–25°C). We collected cell layers 

between the plasma and M-P M to isolate leukocytes and added them to a 15 mL conical tube 

containing 10 mL of cold 10% FBS containing RPMI-1640 (RPMI-10). Cells were spun at 

500 × g for 5 min at 4°C and used for flow cytometry.  

 

Flow cytometry 

Single cell suspensions were washed with PBS and resuspended in 100 μL Zombie aqua cell 

viability dye solution (1:400 prepared in PBS, Cat. No. 423101, BioLegend) and incubated at room 

temperature for 15-30 minutes. 200 μL flow cytometry staining (FACS) buffer (PBS containing 

2% FBS) was added and centrifuged at 500 × g for 5 min at 4°C. The resulting cell pellet was 

resuspended in FACS buffer with 0.5 mg/mL rat anti-mouse CD16/CD32 Fc block (Cat. No. 

553142, BD Biosciences) and incubated for 15 min on ice to block Fc receptors. For extracellular 

staining, a combined antibody solution was prepared in FACS buffer with fluorophore-conjugated 

antibodies: anti-mouse Alexa fluor 700 CD45 (Cat. No. 103128, BioLegend), anti-mouse 

PerCP/Cyanine 5.5 CD11b (Cat. No. 101227, BioLegend), anti-mouse APC Ly6G (Cat. No. 

127614, BioLegend), anti-mouse PE Ly6C (Cat. No. 128007, BioLegend), anti-mouse PE CD3 

(Cat. No. 100206, BioLegend), anti-mouse PerCP/Cyanine 5.5 CD4 (Cat. No. 116012, 

BioLegend), and anti-mouse FITC CD8a (Cat. No. 100706, BioLegend), and APC CD19 (Cat. 

No. 152410, BioLegend). 100 μL antibody cocktail was added to the single cell suspension, mixed, 

and incubated for 30 min on ice. Cells were washed with FACS buffer twice, and 100 μL 4% 

formalin (Thermo Fisher Scientific, Ref. No. 28908) was added to fix the cells. After 15 min 

incubation at room temperature, cells were washed with FACS buffer, resuspended in 100-200 μL 

PBS, and covered with aluminum foil before flow cytometry analysis. For each antibody, single 

color controls were run with Ultracomp ebeads (Cat. No. 01-2222-42, Thermo Fisher Scientific). 

The stained cells were analyzed using the FACSAria Fusion Flow cytometer (BD Biosciences). 

 

Statistical analysis 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


Statistical comparisons were performed using GraphPad Prism version 9. Data are presented as 

mean ± standard deviation. The statistical tests used to analyze data are described in figure legends.  

 

Results: 

 

1.1 G-CSF is upregulated in response to CHIKV and MAYV infection in C57BL/6J mice 

CHIKV and MAYV produce disease in C57BL/6J mice similar to outcomes in humans (39). G-

CSF is elevated in humans infected with arthritogenic alphavirus (17-20) and mice (21). To assess 

G-CSF levels following arthritogenic alphavirus infection, we infected mice with CHIKV and 

MAYV and collected blood at 2 and 7 dpi, the peak of viremia and footpad swelling, respectively 

(39). At 2 dpi, G-CSF levels increased 2.5-fold following CHIKV (p=0.0079) or 2-fold 

(p=0.0001) following MAYV infection (Fig. 1A-B) compared to mock-inoculated controls. To 

assess whether G-CSF remained elevated later in infection, we measured G-CSF levels in the blood 

at 7 dpi. Similarly, G-CSF levels were significantly higher at 7 dpi in CHIKV (p=0.01) and MAYV 

(p=0.04) infected mice, respectively, compared to mock-infected groups (Fig. 1C-D). This 

increase in G-CSF levels following CHIKV and MAYV infection in mice is consistent with reports 

in humans infected with arthritogenic alphaviruses (17-20).  
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Figure 1. G-CSF is upregulated in response to CHIKV and MAYV infection in C57BL/6J 

mice. 

6–8-week-old C57BL/6J mice were inoculated with viral diluent (mock), 105 PFU of CHIKV 

strain SL-15649, or 104 PFU of MAYV strain TRVL 4675 in each hind footpad, and blood was 

collected at 2 and 7 dpi for serum isolation. G-CSF levels were measured by ELISA and Luminex 

assay at 2 dpi (A, B) and by ELISA at 7 dpi (C, D), presented in picograms per milliliter of serum. 

The error bars represent the standard deviation, horizontal bars indicate mean values, and asterisks 

indicate statistical differences. Statistical analysis was done using an unpaired t-test; *, p < 0.05; 

**, p < 0.01; ****, p < 0.0001.   

1.2 Lack of G-CSF signaling causes sustained weight loss in mice infected with arthritogenic 

alphaviruses 

G-CSFR is present on the surface of granulocyte precursors, initiating signal transduction and 

activation of cellular pathways that drive proliferation, differentiation, and maturation of 

granulocytes, especially neutrophils (27, 28). To assess the impact of G-CSF signaling on 

arthritogenic alphavirus disease outcomes, we inoculated mice lacking the G-CSFR (G-CSFR-/-) 

(28). Following CHIKV infection, we observed a sustained weight loss in G-CSFR-/- mice 

compared to WT mice until 21 dpi, when the study was terminated (Fig. 2A). CHIKV-infected G-

CSFR-/- mice had a trend toward higher footpad swelling at 6 dpi but there was no statistical 

difference (Fig. 2B). No difference was observed in virus replication at 2 dpi (Fig. 2C, Fig. S1). 

MAYV-infected G-CSFR-/- mice showed a similar sustained weight loss compared to the WT 

group until 16 dpi (Fig. 2D). No difference was observed in footpad swelling and virus replication 

(Fig. 2E, 2F, Fig. S1). These data suggest that G-CSFR deficiency restricts the ability to recover 

from systemic arthritogenic alphavirus disease.     
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Figure 2. G-CSF receptor depletion cause sustained weight loss in mice infected with 

arthritogenic alphaviruses. 

C57BL/6J and G-CSFR-/- mice were inoculated with viral diluent (mock), 105 PFU of CHIKV 

strain SL-15649 (n=8), or 104 PFU of MAYV strain TRVL 4675 (n=10) in each hind footpad and 

monitored for disease development until 21 and 16 dpi, respectively. A-C. Weight loss (A), 

footpad swelling (B), and the development of viremia (C) were determined after CHIKV infection. 

D-F. Weight loss (D), footpad swelling (E), and virus replication (F) were measured following 

MAYV infection. Weight loss and footpad swelling were analyzed using multiple unpaired t-tests 

with the Holm-Sidak method for multiple comparisons, and viremia data was analyzed by unpaired 

t-test with Welch’s correction. The error bars represent the standard deviation, bars indicate mean 

values, dotted line represents the limit of detection, and asterisks indicate statistical differences. 

The level of significance represented is as follows p<0.05,  p<0.01. 
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1.3 Lack of G-CSF signaling leads to the systemic reduction of neutrophils and increase in 

monocytes during arthritogenic alphavirus infection  

 

Next, we monitored the impact of the G-CSFR deficiency on the immune cell profile throughout 

the course of infection. We isolated blood leukocytes at various points following CHIKV- and 

MAYV-infection and profiled immune cell populations using flow cytometry. As expected, G-

CSFR deficiency led to a significant reduction in the proportion of neutrophils in blood compared 

to WT mice during CHIKV and MAYV infection (Fig. 3A and 3D). We also observed a 

significantly higher percentage of anti-inflammatory monocytes in the blood of CHIKV-infected 

G-CSFR-/- animals until 21 dpi (Fig. 3B). There was no difference in pro-inflammatory monocytes 

between G-CSFR-/- and WT mice 2 dpi with CHIKV; however, differences emerged at 7 and 14 

dpi, with pro-inflammatory monocytes increasing in proportion in G-CSFR-/- mice before returning 

to baseline at 21 dpi (Fig. 3C). Similarly, the percentage of anti-, and pro-inflammatory monocytes 

were higher in G-CSFR-/- mice throughout MAYV infection (Fig. 3E and 3F). These data 

demonstrate that G-CSFR-/- deficiency leads to substantial differences in myeloid cell populations 

in the blood following arthritogenic alphavirus infection. 

We also determined the effect of G-CSFR-/- deficiency on B and T cell dynamics during 

arthritogenic alphavirus infection. We observed no impact on CD4 T cells in CHIKV- and MAYV-

infected animals (Fig. S2A/D). CD8 T cells were similar between the groups except at 7 dpi 

following CHIKV infection, where the percentage of these cells was higher in G-CSFR-/- mice; a 

similar difference was observed following MAYV infection (Fig. S2B/E). In contrast, B cells were 

higher in G-CSFR-/- mice at 6/7 dpi following CHIKV and MAYV infection (Fig. S2C and S2F). 

These data demonstrate that G-CSFR-/- deficiency has minimal impacts on the proportion of T 

cells during infection but leads to a significant increase in B cells at 6-7 dpi.   
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Figure 3. Lack of G-CSF function leads to the systemic reduction of neutrophils and increase 

in inflammatory monocytes during arthritogenic alphavirus infection.  

C57BL/6J and G-CSFR-/- mice were inoculated with viral diluent (mock), 105 PFU of CHIKV 

strain SL-15649 (n=4), or 104 PFU of MAYV strain TRVL 4675 (n=5) in each hind footpad and 

blood was collected at the indicated timepoints. Leukocytes were isolated from the blood and 

subjected to flow cytometry. A-F. Dot plots presenting the percentage of neutrophils 

(CD45+CD11b+Ly6G+Ly6C+) (A/D), anti-inflammatory monocytes (CD45+CD11b+Ly6G-

Ly6Clow) (B/E), and pro-inflammatory monocytes (CD45+CD11b+Ly6G-Ly6Chigh) (C/F) in WT 

and G-CSFR-/- groups during CHIKV and MAYV infection. Data were analyzed using multiple 

unpaired t-tests and corrected with the Holm-Sidak method for multiple comparisons. The error 

bars represent the standard deviation, bars indicate mean values, and asterisks indicate statistical 

differences. The level of significance represented as follows *p < 0.05. 
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1.4 The impact of G-CSF on disease recovery depends on type I interferon signaling during 

arthritogenic alphavirus infection 

 

Alphaviruses are highly sensitive to type I IFN restriction, and mice deficient in IFNAR-signaling 

are highly susceptible to disease (30, 42). Monocytes are highly enriched in G-CSFR-/- mice (Fig. 

3) following CHIKV and MAYV infection and are known to produce type I IFNs in response to 

CHIKV or RRV infection (33, 34). Thus, we hypothesized that type I IFN might be responsible 

for worse systemic disease in G-CSFR-/- mice, and blockade of type I IFN signaling might reverse 

disease outcomes in G-CSFR-/- mice. To test this, we injected MAR1-5A3 antibody (41) to block 

IFNAR signaling one day prior to CHIKV infection. We observed a similar pattern of weight loss 

in CHIKV-infected WT and G-CSFR-/- groups, indicating that worse systemic disease observed in 

G-CSFR-/- mice is mediated by type I IFN signaling (Fig. 4A). We observed no differences in 

footpad swelling (Fig. 4B) or virus replication between groups (Fig. 4C). Overall, these data 

highlight that G-CSF plays an important role in control of systemic alphavirus disease, which is 

dependent on type I IFN signaling. 

 

Figure 4. The impact of G-CSF on disease recovery depends on type I interferons during 

arthritogenic alphaviruses. 

C57BL/6J and G-CSFR-/- mice were injected with 0.1 mg MAR1-5A3 antibody 1 day before 

infection to block type I IFN signaling. Mice were inoculated with 102 PFU CHIKV strain SL-

15649 in each hind footpad and monitored for disease development until 21 dpi (n=10). A-C. 

Weight loss (A), footpad swelling (B), and virus replication (C) was measured following CHIKV 

infection. Weight loss and footpad swelling were analyzed using multiple unpaired t-tests with the 

Holm-Sidak method for multiple comparisons, and viremia data was analyzed by unpaired t-test 
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with Welch’s correction. The error bars represent the standard deviation, bars indicate mean 

values, dotted line represents the limit of detection, and asterisks indicate statistical differences. 

 

Discussion 

Arthritogenic alphavirus infection causes acute and chronic disease characterized by fever, 

skin rash, myalgia, and debilitating joint pain. In the infected vertebrate host, inflammatory 

responses are activated in target tissues such as muscles and joints, leading to the up-regulation of 

several proinflammatory cytokines, including G-CSF (17-20). Here, we explored G-CSF’s role in 

arthritogenic alphavirus disease. We infected G-CSF receptor deficient mice and observed that 

CHIKV and MAYV infection cause sustained weight loss compared to WT mice. Blocking type I 

IFN signaling in G-CSFR-/- mice through anti-IFNAR1 antibody injection reversed this phenotype. 

Furthermore, we observed a higher percentage of monocytes in CHIKV- and MAYV-infected G-

CSFR-/- mice compared to WT animals. Together, these data suggest that G-CSFR-signaling 

controls systemic arthritogenic alphavirus disease through type I IFN signaling.  

G-CSF is a glycoprotein secreted by endothelial cells, fibroblasts, macrophages, 

monocytes and bone marrow stromal cells and upregulated in acute and chronic arthritogenic 

alphavirus-infected humans (17-20) and mice (21). Therefore, we hypothesized that G-CSF 

contributes to arthritogenic alphavirus disease. To test this, we inoculated G-CSFR-/- mice (28) 

with CHIKV and MAYV and monitored disease outcomes, viral replication, and immune cell 

dynamics. We observed a sustained delay in weight gain following CHIKV and MAYV infection 

in G-CSFR-/- mice compared to WT mice. No differences were observed in footpad swelling or 

systemic virus replication between G-CSFR-/- and WT mice. As expected, we observed that G-

CSFR-/- mice had a significant reduction in the proportion of neutrophils in the blood compared to 

WT mice during CHIKV and MAYV infection (27, 28). Neutrophil infiltration has been implicated 

in more severe footpad swelling following CHIKV infection (32); however, depletion of 

neutrophils in WT mice has no impact on disease outcome (29). Neutrophils were replaced in G-

CSFR-/- mice with both anti- (Ly6Clow) and pro-inflammatory (Ly6Chigh) monocytes. Recently, it 

has been reported that Ly6C+ monocytes facilitate alphavirus infection at the initial infection site, 

which promotes more rapid spread into circulation (43). Furthermore, Ly6Chigh monocyte 

recruitment to the draining lymph nodes during CHIKV infection impairs the virus-specific B cell 

responses by virtue of their ability to produce nitric oxide (29). The increase in Ly6C+ monocytes 
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in the absence of G-CSFR may have led to a dysregulated adaptive immune response, possibly 

contributing to sustained weight loss observed in G-CSFR-/- mice. In addition, G-CSF-stimulated 

neutrophils may serve to control monocyte activation in blood during arthritogenic alphavirus 

infection as neutrophils-induced immune modulation has been reported previously (44-47). These 

data suggest that G-CSF serves to maintain neutrophil populations during alphavirus infection, 

potentially keeping other immune cells in check. Further investigation is required to explore the 

complex effect of G-CSF on neutrophil and other immune cell’s functionality during alphavirus 

infection.  

Next, we aimed to explore the mechanism by which G-CSF contributes to controlling 

systemic arthritogenic alphavirus disease. In previous studies, it has been reported that 

dysregulated type I IFNs can lead to poor disease recovery from virus infection (48-51). Therefore, 

we hypothesized that G-CSF signaling might contribute to the regulation of type I IFN responses 

in alphavirus infected animals, mediating the control of systemic disease. When we blocked type 

I IFN signaling by blocking IFNAR1, we observed a similar pattern of weight loss in CHIKV-

infected WT and G-CSFR-/- mice. These findings highlight that G-CSF may provide a protective 

role in WT mice through the regulation of type I IFNs.  

Future experiments are needed to explore G-CSF’s impact on the functionality of specific 

immune cell populations, including but not limited to neutrophils and monocytes. Furthermore, 

the role neutrophil’s play in systemic disease should be assessed since most studies have focused 

on footpad swelling. Finally, G-CSF’s potential as a therapeutic to reduce systemic arthritogenic 

alphavirus disease should be tested in future studies.     

In summary, our study sheds light on the role of G-CSF signaling in CHIKV and MAYV 

pathogenesis. Our findings show that G-CSF signaling is crucial for controlling systemic disease 

during alphavirus infection. G-CSFR deficiency led to a marked reduction in neutrophils during 

infection, which were replaced by both anti- and pro-inflammatory monocytes and B cells in blood. 

Additionally, the effect of G-CSFR deficiency on weight loss was found to be dependent on type 

I interferon signaling. Given these insights, further exploration of G-CSF’s role at the molecular 

level in arthritogenic alphavirus disease is warranted. This could pave the way for its potential 

development as a therapeutic target for both acute and chronic forms of the disease. 

 

Acknowledgements  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


We are grateful to Melissa Makris for assisting with flow cytometry analysis. This work was 

supported by  NIAID R21AI153919-01 awarded to J.W-L. 

 

Disclosures  

The authors declare that they have no financial conflicts of interest. 

 

 

References 

1. Levi, L. I., and M. Vignuzzi. 2019. Arthritogenic Alphaviruses: A Worldwide Emerging 

Threat? Microorganisms 7. 

2. Mejía, C. R., and R. López-Vélez. 2018. Tropical arthritogenic alphaviruses. Reumatol 

Clin (Engl Ed) 14: 97-105. 

3. Zaid, A., F. J. Burt, X. Liu, Y. S. Poo, K. Zandi, A. Suhrbier, S. C. Weaver, M. M. 

Texeira, and S. Mahalingam. 2021. Arthritogenic alphaviruses: epidemiological and 

clinical perspective on emerging arboviruses. Lancet Infect Dis 21: e123-e133. 

4. Kumar, R., S. Ahmed, H. A. Parray, and S. Das. 2021. Chikungunya and arthritis: An 

overview. Travel Med Infect Dis 44: 102168. 

5. Miner, J. J., H. X. Aw-Yeang, J. M. Fox, S. Taffner, O. N. Malkova, S. T. Oh, A. H. J. 

Kim, M. S. Diamond, D. J. Lenschow, and W. M. Yokoyama. 2015. Chikungunya viral 

arthritis in the United States: a mimic of seronegative rheumatoid arthritis. Arthritis 

Rheumatol 67: 1214-1220. 

6. Suhrbier, A., and M. La Linn. 2004. Clinical and pathologic aspects of arthritis due to 

Ross River virus and other alphaviruses. Curr Opin Rheumatol 16: 374-379. 

7. Zaid, A., P. Gérardin, A. Taylor, H. Mostafavi, D. Malvy, and S. Mahalingam. 2018. 

Chikungunya Arthritis: Implications of Acute and Chronic Inflammation Mechanisms on 

Disease Management. Arthritis Rheumatol 70: 484-495. 

8. Schilte, C., F. Staikowsky, T. Couderc, Y. Madec, F. Carpentier, S. Kassab, M. L. Albert, 

M. Lecuit, and A. Michault. 2013. Chikungunya virus-associated long-term arthralgia: a 

36-month prospective longitudinal study. PLoS Negl Trop Dis 7: e2137. 

9. Warnes, C. M., F. A. Bustos Carrillo, J. V. Zambrana, B. Lopez Mercado, S. Arguello, O. 

Ampié, D. Collado, N. Sanchez, S. Ojeda, G. Kuan, A. Gordon, A. Balmaseda, and E. 

Harris. 2024. Longitudinal analysis of post-acute chikungunya-associated arthralgia in 

children and adults: A prospective cohort study in Managua, Nicaragua (2014-2018). 

PLoS Negl Trop Dis 18: e0011948. 

10. Kennedy Amaral Pereira, J., and R. T. Schoen. 2017. Management of chikungunya 

arthritis. Clin Rheumatol 36: 2179-2186. 

11. Sutaria, R. B., J. K. Amaral, and R. T. Schoen. 2018. Emergence and treatment of 

chikungunya arthritis. Curr Opin Rheumatol 30: 256-263. 

12. Kim, A. S., and M. S. Diamond. 2023. A molecular understanding of alphavirus entry 

and antibody protection. Nat Rev Microbiol 21: 396-407. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://www.sciencedirect.com/science/article/pii/S2666166723003763?via%3Dihub#gs1
https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


13. Assunção-Miranda, I., C. Cruz-Oliveira, and A. T. Da Poian. 2013. Molecular 

mechanisms involved in the pathogenesis of alphavirus-induced arthritis. Biomed Res Int 

2013: 973516. 

14. Mostafavi, H., E. Abeyratne, A. Zaid, and A. Taylor. 2019. Arthritogenic Alphavirus-

Induced Immunopathology and Targeting Host Inflammation as A Therapeutic Strategy 

for Alphaviral Disease. Viruses 11. 

15. Chaaitanya, I. K., N. Muruganandam, S. G. Sundaram, O. Kawalekar, A. P. Sugunan, S. 

P. Manimunda, S. R. Ghosal, K. Muthumani, and P. Vijayachari. 2011. Role of 

proinflammatory cytokines and chemokines in chronic arthropathy in CHIKV infection. 

Viral Immunol 24: 265-271. 

16. Chow, A., Z. Her, E. K. Ong, J. M. Chen, F. Dimatatac, D. J. Kwek, T. Barkham, H. 

Yang, L. Rénia, Y. S. Leo, and L. F. Ng. 2011. Persistent arthralgia induced by 

Chikungunya virus infection is associated with interleukin-6 and granulocyte macrophage 

colony-stimulating factor. J Infect Dis 203: 149-157. 

17. Michlmayr, D., T. R. Pak, A. H. Rahman, E. D. Amir, E. Y. Kim, S. Kim-Schulze, M. 

Suprun, M. G. Stewart, G. P. Thomas, A. Balmaseda, L. Wang, J. Zhu, M. Suaréz-

Fariñas, S. M. Wolinsky, A. Kasarskis, and E. Harris. 2018. Comprehensive innate 

immune profiling of chikungunya virus infection in pediatric cases. Mol Syst Biol 14: 

e7862. 

18. Teng, T. S., Y. W. Kam, B. Lee, H. C. Hapuarachchi, A. Wimal, L. C. Ng, and L. F. Ng. 

2015. A Systematic Meta-analysis of Immune Signatures in Patients With Acute 

Chikungunya Virus Infection. J Infect Dis 211: 1925-1935. 

19. Chirathaworn, C., Y. Poovorawan, S. Lertmaharit, and N. Wuttirattanakowit. 2013. 

Cytokine levels in patients with chikungunya virus infection. Asian Pac J Trop Med 6: 

631-634. 

20. Wauquier, N., P. Becquart, D. Nkoghe, C. Padilla, A. Ndjoyi-Mbiguino, and E. M. 

Leroy. 2011. The acute phase of Chikungunya virus infection in humans is associated 

with strong innate immunity and T CD8 cell activation. J Infect Dis 204: 115-123. 

21. Patil, D. R., S. L. Hundekar, and V. A. Arankalle. 2012. Expression profile of immune 

response genes during acute myopathy induced by chikungunya virus in a mouse model. 

Microbes Infect 14: 457-469. 

22. Garland, J. M., P. J. Quesenberry, and D. J. Hilton. 1997. Colony-Stimulating Factors. 

Marcel Dekker New York. 

23. Roberts, A. W., and N. A. Nicola. 2020. Granulocyte colony-stimulating factor. In 

Colony-stimulating factors. CRC Press. 203-226. 

24. Fukunaga, R., E. Ishizaka-Ikeda, C. X. Pan, Y. Seto, and S. Nagata. 1991. Functional 

domains of the granulocyte colony-stimulating factor receptor. Embo j 10: 2855-2865. 

25. Hermans, M. H., C. Antonissen, A. C. Ward, A. E. Mayen, R. E. Ploemacher, and I. P. 

Touw. 1999. Sustained receptor activation and hyperproliferation in response to 

granulocyte colony-stimulating factor (G-CSF) in mice with a severe congenital 

neutropenia/acute myeloid leukemia-derived mutation in the G-CSF receptor gene. J Exp 

Med 189: 683-692. 

26. Rapoport, A. P., C. N. Abboud, and J. F. DiPersio. 1992. Granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF): 

receptor biology, signal transduction, and neutrophil activation. Blood Rev 6: 43-57. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


27. Lieschke, G. J., D. Grail, G. Hodgson, D. Metcalf, E. Stanley, C. Cheers, K. J. Fowler, S. 

Basu, Y. F. Zhan, and A. R. Dunn. 1994. Mice lacking granulocyte colony-stimulating 

factor have chronic neutropenia, granulocyte and macrophage progenitor cell deficiency, 

and impaired neutrophil mobilization. Blood 84: 1737-1746. 

28. Liu, F., H. Y. Wu, R. Wesselschmidt, T. Kornaga, and D. C. Link. 1996. Impaired 

production and increased apoptosis of neutrophils in granulocyte colony-stimulating 

factor receptor-deficient mice. Immunity 5: 491-501. 

29. McCarthy, M. K., G. V. Reynoso, E. S. Winkler, M. Mack, M. S. Diamond, H. D. 

Hickman, and T. E. Morrison. 2020. MyD88-dependent influx of monocytes and 

neutrophils impairs lymph node B cell responses to chikungunya virus infection via Irf5, 

Nos2 and Nox2. PLoS Pathog 16: e1008292. 

30. Cook, L. E., M. C. Locke, A. R. Young, K. Monte, M. L. Hedberg, R. M. Shimak, K. C. 

F. Sheehan, D. J. Veis, M. S. Diamond, and D. J. Lenschow. 2019. Distinct Roles of 

Interferon Alpha and Beta in Controlling Chikungunya Virus Replication and Modulating 

Neutrophil-Mediated Inflammation. J Virol 94. 

31. Muralidharan, A., and S. P. Reid. 2021. Complex Roles of Neutrophils during Arboviral 

Infections. Cells 10. 

32. Poo, Y. S., H. Nakaya, J. Gardner, T. Larcher, W. A. Schroder, T. T. Le, L. D. Major, 

and A. Suhrbier. 2014. CCR2 deficiency promotes exacerbated chronic erosive 

neutrophil-dominated chikungunya virus arthritis. J Virol 88: 6862-6872. 

33. Haist, K. C., K. S. Burrack, B. J. Davenport, and T. E. Morrison. 2017. Inflammatory 

monocytes mediate control of acute alphavirus infection in mice. PLoS Pathog 13: 

e1006748. 

34. Felipe, V. L. J., A. V. Paula, and U. I. Silvio. 2020. Chikungunya virus infection induces 

differential inflammatory and antiviral responses in human monocytes and monocyte-

derived macrophages. Acta Trop 211: 105619. 

35. Morrison, T. E., L. Oko, S. A. Montgomery, A. C. Whitmore, A. R. Lotstein, B. M. 

Gunn, S. A. Elmore, and M. T. Heise. 2011. A mouse model of chikungunya virus-

induced musculoskeletal inflammatory disease: evidence of arthritis, tenosynovitis, 

myositis, and persistence. Am J Pathol 178: 32-40. 

36. Chuong, C., T. A. Bates, and J. Weger-Lucarelli. 2019. Infectious cDNA clones of two 

strains of Mayaro virus for studies on viral pathogenesis and vaccine development. 

Virology 535: 227-231. 

37. Coffey, L. L., and M. Vignuzzi. 2011. Host alternation of chikungunya virus increases 

fitness while restricting population diversity and adaptability to novel selective pressures. 

J Virol 85: 1025-1035. 

38. Weger-Lucarelli, J., N. K. Duggal, A. C. Brault, B. J. Geiss, and G. D. Ebel. 2017. 

Rescue and Characterization of Recombinant Virus from a New World Zika Virus 

Infectious Clone. J Vis Exp. 

39. Weger-Lucarelli, J., L. Carrau, L. I. Levi, V. Rezelj, T. Vallet, H. Blanc, J. Boussier, D. 

Megrian, S. Coutermarsh-Ott, T. LeRoith, and M. Vignuzzi. 2019. Host nutritional status 

affects alphavirus virulence, transmission, and evolution. PLoS Pathog 15: e1008089. 

40. Rai, P., E. M. Webb, L. Kang, and J. Weger-Lucarelli. 2023. Insulin reduces the 

transmission potential of chikungunya virus and activates the toll pathway in Aedes 

aegypti mosquitoes. Insect Mol Biol 32: 648-657. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


41. Sheehan, K. C., K. S. Lai, G. P. Dunn, A. T. Bruce, M. S. Diamond, J. D. Heutel, C. 

Dungo-Arthur, J. A. Carrero, J. M. White, P. J. Hertzog, and R. D. Schreiber. 2006. 

Blocking monoclonal antibodies specific for mouse IFN-alpha/beta receptor subunit 1 

(IFNAR-1) from mice immunized by in vivo hydrodynamic transfection. J Interferon 

Cytokine Res 26: 804-819. 

42. Locke, M. C., L. E. Fox, B. F. Dunlap, A. R. Young, K. Monte, and D. J. Lenschow. 

2022. Interferon Alpha, but Not Interferon Beta, Acts Early To Control Chronic 

Chikungunya Virus Pathogenesis. J Virol 96: e0114321. 

43. Holmes, A. C., C. J. Lucas, M. E. Brisse, B. C. Ware, H. D. Hickman, T. E. Morrison, 

and M. S. Diamond. 2024. Ly6C(+) monocytes in the skin promote systemic alphavirus 

dissemination. Cell Rep 43: 113876. 

44. Tang, F. S. M., P. M. Hansbro, J. K. Burgess, K. J. Baines, and B. G. G. Oliver. 2015. A 

novel immune-modulatory role of neutrophils in viral infections. American Journal of 

Respiratory and Critical Care Medicine 191. 

45. Tang, F. S. M., P. M. Hansbro, J. K. Burgess, A. J. Ammit, K. J. Baines, and B. G. G. 

Oliver. 2016. A novel immunomodulatory function of neutrophils on rhinovirus-activated 

monocytes in vitro. Thorax 71: 1039 - 1049. 

46. Reaves, M., D. M. L. Storisteanu, M. R. Wills, E. R. Chilvers, and A. S. Cowburn. 2012. 

P257 Human Cytomegalovirus Binding to Neutrophils Triggers a Pro-Survival 

Secretome That Modulates Monocyte Migration, Activation and Phenotype. Thorax 67: 

A177 - A177. 

47. Walters, N. A., J. Zhang, X. Y. Rima, L. T. H. Nguyen, R. N. Germain, T. Lämmermann, 

and E. Reátegui. 2021. Analyzing Inter-Leukocyte Communication and Migration In 

Vitro: Neutrophils Play an Essential Role in Monocyte Activation During Swarming. 

Frontiers in Immunology 12. 

48. Brunet-Ratnasingham, E., S. Morin, H. E. Randolph, M. Labrecque, J. Bélair, R. Lima-

Barbosa, A. Pagliuzza, L. Marchitto, M. Hultström, J. Niessl, R. Cloutier, A. M. Sreng 

Flores, N. Brassard, M. Benlarbi, J. Prévost, S. Ding, S. P. Anand, G. Sannier, A. Marks, 

D. Wågsäter, E. Bareke, H. Zeberg, M. Lipcsey, R. Frithiof, A. Larsson, S. Zhou, T. 

Nakanishi, D. Morrison, D. Vezina, C. Bourassa, G. Gendron-Lepage, H. Medjahed, F. 

Point, J. Richard, C. Larochelle, A. Prat, J. L. Cunningham, N. Arbour, M. Durand, J. B. 

Richards, K. Moon, N. Chomont, A. Finzi, M. Tétreault, L. Barreiro, G. Wolf, and D. E. 

Kaufmann. 2024. Sustained IFN signaling is associated with delayed development of 

SARS-CoV-2-specific immunity. Nat Commun 15: 4177. 

49. Lee, J. S., S. Park, H. W. Jeong, J. Y. Ahn, S. J. Choi, H. Lee, B. Choi, S. K. Nam, M. Sa, 

J. S. Kwon, S. J. Jeong, H. K. Lee, S. H. Park, S. H. Park, J. Y. Choi, S. H. Kim, I. Jung, 

and E. C. Shin. 2020. Immunophenotyping of COVID-19 and influenza highlights the 

role of type I interferons in development of severe COVID-19. Sci Immunol 5. 

50. Channappanavar, R., A. R. Fehr, R. Vijay, M. Mack, J. Zhao, D. K. Meyerholz, and S. 

Perlman. 2016. Dysregulated Type I Interferon and Inflammatory Monocyte-Macrophage 

Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe 19: 

181-193. 

51. Davidson, S., M. K. Maini, and A. Wack. 2015. Disease-promoting effects of type I 

interferons in viral, bacterial, and coinfections. J Interferon Cytokine Res 35: 252-264. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 13, 2024. ; https://doi.org/10.1101/2024.10.09.617470doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.09.617470
http://creativecommons.org/licenses/by-nc-nd/4.0/

