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 2 

Abstract 14 

 15 

Rabies virus (RABV) is able to reach the central nervous system (CNS) without triggering a strong 16 

immune response, using multiple mechanisms to evade and suppress the host immune system. 17 

After infection via a bite or scratch from a rabid animal, RABV comes into contact with 18 

macrophages, which are the first antigen-presenting cells (APCs) that are recruited to the area and 19 

play an essential role in the onset of a specific immune response. It is poorly understood how 20 

RABV affects macrophages, and if the interaction contributes to the observed immune 21 

suppression. This study was undertaken to characterize the interactions between RABV and human 22 

monocyte-derived macrophages (MDMs). We showed that street RABV does not replicate in 23 

human MDMs. Using a recombinant trimeric RABV glycoprotein (RABV-tG) we showed binding 24 

to the nicotinic acetylcholine receptor alpha 7 (nAChr ɑ7) on MDMs, and confirmed the specificity 25 

using the nAChr ɑ7 antagonist alpha-bungarotoxin (ɑ-BTX). We found that this binding induced 26 

the cholinergic anti-inflammatory pathway (CAP), characterized by a significant decrease in tumor 27 

necrosis factor ɑ (TNF-ɑ) upon LPS challenge. Using confocal microscopy we found that 28 

induction of the CAP is associated with significant cytoplasmic retention of nuclear factor κB (NF-29 

κB). Co-cultures of human MDMs exposed to street RABV and autologous T cells further revealed 30 

that the observed suppression of MDMs affects their function as T cell activators as well, as we 31 

found a significant decrease in proliferation of CD8+ T cells. Lastly, using flow cytometric analysis 32 

we observed a significant increase in expression of CD163, hinting that street RABV is able to 33 

polarize macrophages towards a M2-c anti-inflammatory phenotype. Taken together, these results 34 

show that street RABV is capable of inducing an anti-inflammatory state in human macrophages, 35 

which affects T cell proliferation.  36 
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 3 

Author summary 37 

 38 

Rabies virus (RABV) is transmitted by a bite or a scratch from an infected animal. Infection leads 39 

to a lethal encephalitis and once clinical symptoms occur, there is no effective treatment available. 40 

The virus is able to travel from the initial site of infection to the central nervous system without 41 

triggering a strong immune response, using multiple mechanisms to evade and suppress the 42 

immune system. Up to present it is unclear when and where this immunosuppression is initiated, 43 

and if local immune cells are involved as well. Understanding the complete mechanisms of 44 

immunosuppression by RABV is essential for the development and improvement of effective post-45 

exposure treatments. In this paper we studied if RABV is able to suppress human primary 46 

macrophages as these will be the first antigen-presenting cells that are recruited to the site of 47 

infection, and are known to be important in initiating an efficient immune response. We show that 48 

RABV is able to bind, but not infect, human macrophages. Binding induces an anti-inflammatory 49 

pathway, which leads to limited T cell proliferation and directs macrophages towards and anti-50 

inflammatory state. These results show that RABV-macrophage interactions might indeed be one 51 

of the early steps in the onset of RABV-induced immunosuppression.   52 
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 4 

Introduction 53 

 54 

Rabies is a zoonotic viral encephalitis responsible for 60 000 reported human deaths annually, 55 

although the true burden is suspected to be much higher (Hampson et al., 2015). The disease is 56 

caused by members of the genus Lyssavirus, -ssRNA viruses of the Rhabdoviridae family. While 57 

multiple lyssaviruses have been reported to cause rabies in humans, over 99 percent of all reported 58 

human cases are caused by dogs infected with rabies virus (RABV) (WHO, 2018). Nevertheless, 59 

in North and South America bats are the main source of human infections, mostly caused by silver-60 

haired bat rabies virus (SHBRV) (Dietzschold et al., 2000).  61 

While effective pre- and post-exposure prophylaxis is available, no treatment options are currently 62 

available once clinical symptoms occur. This makes rabies the deadliest zoonosis with a case-63 

fatality rate approaching 100%. The virus is able to reach the CNS without triggering a strong local 64 

immune response (Schnell et al., 2010; Yamaoka et al., 2013); neither is a systemic immune 65 

response induced, as indicated by the low or absent neutralizing antibodies at the end-stage of 66 

disease of most patients (Kasempimolporn et al., 1991; Noah et al., 1998). This lack of immune 67 

activation is caused by limited viral replication at the inoculation site (Charlton et al., 1997; 68 

Murphy and Bauer, 1974), as well as by active immune evasion and suppression, as extensively 69 

reviewed (Katz et al., 2017; Scott and Nel, 2016). Previous research identified major immune 70 

evasive mechanisms, including the blocking of RIG-I activation by the nucleoprotein (N) 71 

(Masatani et al., 2013, 2011, 2010) and the IFN signal transduction pathway by the phosphoprotein 72 

(P) (Brzózka et al., 2006, 2005; Vidy et al., 2005).  73 

To date, the majority of research on immunosuppressive mechanisms focused on the response in 74 

neurons and the CNS. While the absence of an effective local immune response after infection 75 

with RABV has been described (Yamaoka et al., 2013), it is not clear how exactly RABV affects 76 

local immune cells at the site of infection. Suppression of local immune cells may be responsible 77 

for the lack of immune response in later stages of diseases, hence increasing the knowledge on 78 

interactions between RABV and local immune cells is indispensable in the development of 79 

effective and targeted treatment strategies. Given this importance, we aimed to investigate the 80 

functional effects of street RABV on macrophages. Macrophages are versatile innate immune cells 81 

and play an essential role in the uptake and clearance of pathogens, and initiation of a strong local 82 

response by producing pro-inflammatory cytokines, chemokines and nitric oxide (NO) (Koh and 83 
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Dipietro, 2019; Mosser and Edwards, 2008). After being bitten or scratched by a rabid animal, 84 

RABV first encounters resident macrophages in skin and muscle tissue, after which the inflicted 85 

physical damage and the presence of bacteria and other microbes in the wound area induce a strong 86 

influx of immune cells (Brancato and Albina, 2011; Daley et al., 2010). Large numbers of 87 

infiltrated macrophages have been found in peripheral sites after inoculation with RABV as well 88 

(Charlton and Casey, 1981); however, the interactions between RABV and macrophages have 89 

been studied incompletely. The  few studies focusing on the direct effects of RABV on 90 

macrophages showed that various RABV strains were able to induce NO production and CXCL10 91 

expression in RAW264 murine macrophages (Nakamichi et al., 2004), and induced macrophage 92 

apoptosis through involvement of various caspases (Kip et al., 2017). In the aforementioned 93 

papers, lab-adapted or attenuated RABV strains and murine macrophage-like cell lines were used, 94 

therefore the effects of street RABV strains on primary macrophages remain unstudied.  95 

Macrophages have a high functional plasticity. Upon encountering pathogens, and in combination 96 

with cytokines produced by resident cells, macrophages polarize towards diverse and distinct 97 

functional phenotypes, as are normally grouped into classically activated or inflammatory M1 98 

phenotypes, and alternatively activated or anti-inflammatory M2 phenotypes (Stout et al., 2005). 99 

A typical type 1/Th1 immune response, associated with M1 macrophages, aids the elimination of 100 

intracellular pathogens while a typical type 2/Th2 response, associated with M2 macrophages, will 101 

reduce viral clearance. Shifting macrophage polarization towards a phenotype beneficial for the 102 

virus is a strategy known for many viruses, as extensively reviewed (Sang et al., 2015). Studies on 103 

the effects of street RABV strains on macrophage polarization are lacking.  104 

Nicotinic acetylcholine receptors (nAChr) are a family of ligand-gated pentameric ion channels 105 

with a variety of pharmacological functions. The nAChr ɑ7 is a homopentameric nAChr that 106 

consists of five ɑ7 subunits and is involved in the cholinergic anti-inflammatory pathway (CAP), 107 

characterized by a decreased inflammatory response of macrophages upon binding of a typical 108 

ligand (nicotine, acetylcholine) to nAChr ɑ7 (Wang et al., 2003). RABV glycoprotein (RABV-G) 109 

can bind to nAChr ɑ7, but functional effects of this binding have not yet been studied (Kim et al., 110 

2010). We hypothesize that binding to the nAChr ɑ7 leads to suppression of the inflammatory 111 

response of macrophages.  112 

In the present study we showed that a street RABV strain does not replicate in human monocyte-113 

derived macrophages (MDMs). We confirmed specific binding of RABV-G to nAChr ɑ7 on 114 
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human MDMs and, for the first time, showed that a viral protein (RABV-G) was able to induce 115 

the cholinergic anti-inflammatory pathway (CAP) in MDMs. We found that the induction of the 116 

CAP was related to cytoplasmic retention of NF-κB in RABV-exposed MDMs, and that exposure 117 

of MDMs with RABV decreased proliferation of autologous T cells in vitro. In parallel, exposure 118 

of MDMs to RABV did not induce typical M1 phenotypic markers, but instead upregulated the 119 

M2-c phenotypic marker CD163, hinting at the possibility that RABV is able to shift macrophage 120 

polarization towards an anti-inflammatory M2-like phenotype.  121 
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Methods 122 
 123 

Virus  124 

A street rabies virus (RABV) strain known for its capability to cause human infections in North 125 

America, the silver-haired bat rabies virus (SHBRV), was used. The virus was propagated in the 126 

human neuroblastoma cell line SK-N-SH in Eagle’s Minimum Essential Medium (EMEM) with 127 

Earle’s Balanced Salt Solution (EBSS) (Lonza), supplemented with 10% (v/v) Fetal Calf Serum 128 

(FCS), 100 U penicillin (Gibco), 100 mg/mL streptomycin (Gibco), 2 mM L-glutamine (Gibco), 129 

1% nonessential amino acids (Lonza), 1 mM sodium pyruvate (Gibco) and 1.5 mg/mL sodium 130 

bicarbonate (Gibco). Virus titrations were performed by the median tissue culture infective dose 131 

(TCID50) endpoint dilution method of Reed and Muench (Reed and Muench, 1938) using the 132 

mouse neuroblastoma cell line MNA. MNA cells were cultured in Dulbecco’s Modified Eagle 133 

Medium (DMEM, Gibco) supplemented with 10% FCS, 100U penicillin, 100 mg/mL 134 

streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate (Gibco). SK-N-SH and MNA Cells 135 

were maintained at 37 °C with 5% CO2.  136 

 137 

Primary cell isolation and macrophage maturation 138 

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats obtained from 139 

healthy, non-smoking and non-rabies vaccinated individuals (Sanquin). PBMCs were obtained by 140 

density centrifugation using Ficoll Paque PLUS (GE Healthcare). Monocytes and T cells were 141 

obtained from PBMC fractions by magnetic associated cell sorting using CD14+ and CD3+ beads, 142 

respectively, following manufacturers guidelines (Miltenyi Biotec). Purity of the sortings was 143 

confirmed by flow cytometry using a BD Lyric flow cytometer (BD Biosciences). 144 

Monocytes were seeded at a density of 100 000 cells per well in 96-well plates and were maturated 145 

for six days in Roswel Park Memorial Institute-1640 (RPMI-1640) medium containing 10% 146 

pooled human serum (Sanquin), 1% (v/v) GlutaMAX (Gibco) and 20 ng/mL monocyte colony-147 

stimulating factor (M-CSF, R&D Systems). Cells were maintained at 37 °C with 5% CO2 and the 148 

medium was replaced on day 2 and day 4. 149 

 150 

 151 

 152 
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Infection of human monocyte-derived macrophages 153 

Mature human monocyte-derived macrophages, obtained on day six of culture, were exposed to 154 

RABV for one hour in serum-free medium using a MOI of 0.1, 1, 10 or 50, after which the cells 155 

were washed once and were incubated in complete medium. At 8, 24, 48, and 72 hours post-156 

infection, cell culture supernatants were harvested for virus titration and cells were fixed in 80 % 157 

acetone for immunofluorescent detection of the nucleoprotein using a mouse FITC-labeled RABV-158 

N antibody (Fujirebio). Nuclear counterstaining with Hoechst 33342 (Sigma Aldrich) was 159 

included before image acquisition using a Zeiss LSM700 confocal laser scanning microscope. 160 

Virus titrations were performed by the TCID50 endpoint dilutions method of Reed and Muench 161 

using the mouse neuroblastoma cell line MNA, as described before. A total of six donors were 162 

included for the MOIs 0.1 and 1, and two donors for the MOIs of 10 and 50. Two wells were 163 

infected for every condition and all supernatants were titrated in triplicate. Infection of the highly 164 

susceptible neuroblastoma cell lines SK-N-SH and MNA cells were included as positive controls 165 

for virus infectiousness. 166 

 167 

rRABV-tG binding assay 168 

The ability of the RABV glycoprotein to bind to human monocyte-derived macrophages was 169 

investigated using a recombinantly expressed trimeric form of RABV-G (rRABV-tG, described in 170 

Koraka et al., 2014). rRABV-tG was labeled with a 0.1 mg/mL solution of FITC (Sigma Aldrich) 171 

in 0.5M bicarbonate buffer (pH 9.5) for one hour under constant stirring, after which unbound 172 

FITC was removed by overnight dialysis in PBS. Mature macrophages were incubated with 50 173 

µg/mL FITC-labeled rRABV-tG for 30 minutes at 4 ºC. In parallel, macrophages were incubated 174 

with ATTO-633 conjugated alpha-bungarotoxin (ɑ-BTX; Alomone labs) or with an antibody 175 

against the nicotinic acetylcholine receptor  ɑ7 (nAChr ɑ7; Alomone Labs) followed by an 176 

Alexa594 goat-anti-rabbit conjugate (Invitrogen). Nuclear counterstain with Hoechst 33342 177 

(Sigma) was included before cells were imaged using a Zeiss LSM700 confocal laser scanning 178 

microscope. 179 

For quantification of rRABV-tG binding, mature macrophages (n=6 individual donors) were 180 

detached using Accutase (Merck Millipore), blocked with 10% pooled human serum in PBS for 181 

30 minutes and incubated with various concentrations of rRABV-tG (0-100 µg/mL) for 30 minutes 182 

at 4 ºC. To verify the binding of rRABV-tG to the nAChr-ɑ7, macrophages were incubated with 183 
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various concentrations of the nAChr ɑ7 antagonist alpha-bungarotoxin (ɑ-BTX, 0-50 ug/mL) for 184 

15 minutes before addition of rRABV-tG. After two washes in FACS buffer, binding of rRABV-185 

tG, as well as the expression of nAChr ɑ7 was quantified using a BD Lyric flow cytometer (BD 186 

Biosciences). Data were analyzed using FlowJo V10.6.2. 187 

 188 

Macrophage stimulation and TNF-ɑ cytokine assay  189 

The anti-inflammatory effect of RABV on macrophages was studied using a lipopolysaccharide 190 

(LPS) stimulation. LPS is an outer membrane component of Gram-negative bacteria and is known 191 

to induce a strong inflammatory response. Briefly, mature macrophages (n=6–9 donors) were 192 

exposed to RABV (MOI of 10, 25 or 50) for one hour and subsequently with LPS (100 ng/mL) for 193 

six hours. Treatment with acetylcholine (1 µg/mL) was used as a positive control for induction of 194 

the cholinergic anti-inflammatory pathway. Wells without LPS challenge, or LPS challenge 195 

without pre-exposure to infectious RABV or acetylcholine, were included as negative and positive 196 

control, respectively. To confirm the binding of RABV to nAChr ɑ7, the specific antagonist alpha-197 

bungarotoxin (ɑ-BTX, 2 µg/mL) was used as a pre-treatment before cells were exposed to RABV 198 

or acetylcholine, and subsequently to LPS (Fig 3A). All conditions were tested in triplicate wells. 199 

Supernatants were collected after six hours of stimulation with LPS and TNF-ɑ concentrations 200 

were determined using the Legendplex TNF-ɑ cytometric bead assay (BioLegend). Bead analysis 201 

was performed by a BD FACS Lyric flow cytometer and the data was analyzed using FlowJo 202 

V10.6.2. Relative TNF-ɑ reduction per individual donor was obtained by normalizing MFI’s 203 

against the TNF-ɑ production of the corresponding wells stimulated with LPS only.  204 

 205 

Quantification of NF-kB nuclear translocation and retention 206 

Macrophages (n=6 donors) were exposed to RABV (MOI of 50) or acetylcholine (1 µg/mL) and 207 

afterwards challenged for six hours with LPS (100 ng/mL) as described above. Wells were washed 208 

twice with PBS, fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes and permeabilized 209 

using PBS 0.1% Triton X-100 for 15 minutes. After blocking for 30 minutes with 2% FCS in PBS, 210 

wells were stained with a monoclonal antibody against the NF-kB the p65 subunit (Santa Cruz) 211 

and goat-anti-mouse Alexa488 (Invitrogen). Nuclei were counterstained with Hoechst 33342 212 

(Sigma Aldrich) and wells were imaged using a Zeiss LSM700 confocal laser scanning 213 

microscope. 214 
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An ImageJ macro was designed to perform automatic and user-independent quantification of 215 

nuclear and cytoplasmic NF-kB. Briefly, z-stacks were projected into single images by summing 216 

the intensity of all slices. Nuclear regions were defined by the Hoechst 33342 staining and a binary 217 

mask was created using an intensity threshold. Total NF-kB was detected by applying the Li 218 

intensity threshold on the Alexa488 channel, after which the signal was converted into a binary 219 

mask. In order to obtain the cytoplasmic NF-kB, the binary mask containing the nuclei was 220 

subtracted from the total NF-kB channel. The area and mean NF-kB intensity were measured in 221 

the original z-projection. Lastly, total NF-kB expression was determined by area * intensity of 222 

both the nuclear and cytoplasmic region and the average nuclear/cytoplasmic ratios were 223 

determined for each image. At least three high-magnification fields were imaged per well, and 224 

nuclear/cytoplasmic ratios were determined for six donors in total. 225 

 226 

T cell co-culture  227 

Macrophages (n=6 donors) treated with RABV (MOI of 50) for one hour were washed twice with 228 

medium (RPMI supplemented with10% FCS, 100U penicillin, 100 mg/mL streptomycin and 2 229 

mM L-glutamine) before autologous T cells were added. CD3+ T cells were stained with 2 µM 230 

carboxyfluorescein succinimidyl ester (CFSE) as described before (Piazzon et al., 2015), were 231 

activated with 2.5 µg/mL ɑ-CD3 (Invitrogen) and ɑ-CD28 (Invitrogen) and were co-cultured with 232 

macrophages in a 1:1 ratio. Non-stimulated T cells, as well as stimulated T cells cultured without 233 

macrophages, were taken along as controls for each donor. Cells were cultured in 3.5 days after 234 

which proliferation was determined by flow cytometry. To this end, T cells were washed twice 235 

with PBS, stained with the fixable viability dye ZombieViolet (Biolegend), fixed with 4% PFA for 236 

15 minutes and subsequently stained for 30 minutes with anti-CD4-APC and anti-CD8-BV605 237 

(Biolegend) in FACS buffer. Flow cytometry analysis was performed using a BD FACS Lyric 238 

flow cytometer and the data were analyzed using FlowJo V10.6.2. 239 

 240 

Macrophage maturation and polarization 241 

Mature macrophages (n = 6 donors) were stimulated for 48 hours with complete medium 242 

containing IFN-g (20 ng/mL, R&D Systems) and LPS (100 ng/mL, Sigma Aldrich), with IL-4 (20 243 

ng/mL, R&D Systems), or with IL-1 (20 ng/mL R&D Systems), to induce the M1, M2a or M2c 244 

phenotype, respectively. To investigate the effect of rabies virus on macrophage polarization, 245 
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macrophages were stimulated with complete medium containing RABV (MOI of 10). Expression 246 

of macrophage phenotypical markers was investigated by flow cytometry. Non-polarized 247 

macrophages, cultured for 48 hours with complete medium without additional cytokines, were 248 

taken along as controls for each donor.  249 

Macrophages were dissociated from the wells using Accutase (Merck Millipore) and were washed 250 

twice with PBS before staining for 30 minutes with the fixable viability dye ZombieViolet 251 

(Biolegend). Cells were fixed with 4 % PFA for 15 minutes, and after Fc receptor blocking with 252 

Human TruStain FcX (Biolegend), cells were stained with the following antibodies in FACS buffer 253 

(PBS with 2 % fetal calf serum, 0.2 mM EDTA, 0.01% sodium azide): anti-CD80-FITC, anti-254 

HLA-DR-APC-Cy7, anti-PD-L1-APC, anti-CD163-PE, anti-CD200R-PE-Cy7 and anti-CD206 255 

(BV786) (All Biolegend). Mean fluorescent intensities were quantified by flow cytometry using a 256 

BD Lyric flow cytometer (BD Biosciences) and the data were analyzed using FlowJo V10.6.2. 257 

 258 

Statistical analysis 259 

All statistical analyses were performed using SPSS Statistics 25 (IBM).  260 

For the rRABV-tG binding assay, the TNF-ɑ cytokine assay and the polarization study, One-Way 261 

ANOVAs were performed followed by Tukey’s post-hoc tests to test significant differences 262 

between treatments. For the NF-κB assay and the proliferation assay, paired sample T-tests were 263 

performed to determine significant differences. P values < 0.05 were considered significant and 264 

all results were expressed as mean ± SEM.  265 
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Results 266 

 267 

Street RABV does not replicate in human monocyte-derived macrophages 268 

To determine the immunomodulatory effects of RABV-macrophage interactions, we first 269 

investigated if exposure to street RABV leads to a productive infection in human MDMs, measured 270 

by an increase in virus over time. To this end, mature MDMs were exposed to street RABV in a 271 

MOI of 0.1,  1, 10 or 50, and at 8, 24, 48, and 72 hours post-infection (hpi) the presence of virus 272 

was examined by fluorescent microscopy and virus titration. The highly susceptible human 273 

neuroblastoma cell lines MNA and SK-N-SH were taken along as positive controls. RABV-N 274 

staining was detected from 24 hpi onwards in the MNA and SK-N-SH cells, but remained absent 275 

throughout all time-points in the human MDMs (Fig 1A). MNA and SK-N-SH cells exposed to a 276 

MOI of 1 reached a plateau phase around 48 hpi, with titers between 106.17 and 106.50 TCID50/mL, 277 

and cells inoculated with a MOI of 0.1 reached this phase around 72 hpi (Fig 1B). While a low 278 

positive signal (101 TCID50/mL) was detected at 24 hpi in human MDMs that were exposed to a 279 

MOI of 1, no increase was observed at 48 and 72 hpi, or in MDMs infected with a higher MOI 280 

This lack of increase of present virus, as well as the absence of RABV-N protein at all tested time 281 

points, shows that inoculation with a street strain of RABV does not lead to a productive infection 282 

of mature human MDMs.  283 

 284 

 285 
 286 

Fig 1. Qualitative and quantitative assessment of the ability of RABV to infect mature human 287 
monocyte-derived macrophages. Human monocyte-derived macrophages (MDMs) were 288 
exposed to street RABV at a MOI of 0.1, 1, 10 or 50, and  at 72 hours post-infection (hpi) cells 289 
were fixed and stained with an antibody against the RABV-N protein (A). The white scalebar 290 
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represents 500 µM and all images were acquired at the same magnification. In parallel, 291 
supernatants of 8, 24, 48 and 72 hpi were titrated on MNA cells (B). Bars represent the mean ± 292 
SEM of two-six donors; for each condition, two wells were infected per condition and all 293 
supernatants were titrated in triplicate. Highly susceptible MNA and SK-N-SH cells were taken 294 
along as positive controls. 295 
 296 

 297 

RABV glycoprotein binds to nAChr ɑ7 on human monocyte-derived macrophages 298 

As a first step in testing if RABV is able to induce the cholinergic anti-inflammatory pathway 299 

(CAP) in human macrophages, we investigated the ability of RABV-G to bind to nicotine 300 

acetylcholine receptor alpha-7 subunit (nAChr ɑ7) on human MDMs. Binding was examined by 301 

both flow cytometry and confocal microscopy, using FITC-labelled recombinant trimeric RABV-302 

G (rRABV-G). First, expression of nAChr ɑ7 was examined on mature MDMs by confocal 303 

microscopy (Fig 2A) and flow cytometry (Fig 2B), confirming a strong expression of this receptor. 304 

In parallel, investigation on the binding of nAChr ɑ7 antagonist alpha-bungarotoxin (ɑ-BTX) and 305 

the FITC-labeled rRABV-tG by confocal microscopy, showed that both ɑ-BTX and rRABV-tG 306 

could efficiently bind to human MDMs (Fig 2A). Next, macrophages were incubated with various 307 

concentrations of rRABV-tG, and flow cytometric analysis revealed a concentration-dependent 308 

binding to the MDM surface (Fig 2C). In order to confirm that rRABV-tG binds to nAChr ɑ7, a 309 

pre-treatment with ɑ-BTX was used. Although no significant inhibition of rRABV-tG binding was 310 

observed at any of the tested ɑ-BTX concentrations (0-50 µg/mL), binding showed a decreasing 311 

trend with increasing concentrations of ɑ-BTX (Fig 2C). This confirms that ɑ-BTX and rRABV-312 

tG compete for the same receptor and that indeed rRABV-tG binds to nAChr ɑ7 on human MDMs. 313 
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 314 
Fig 2. Presence of nAChr ɑ7 on mature human monocyte-derived macrophages and binding 315 
of recombinant trimeric RABV glycoprotein to this receptor. (A) The presence of nAChr ɑ7 316 
on mature human MDMs, as well as the binding of ɑ-BTX and FITC-labeled rRABV-tG was 317 
visualized by confocal laser scanning microscopy. Nuclei were stained with Hoechst 33342. The 318 
white scalebar represents 500 µM. The rightmost plot shows an overlaid image of the nAChr ɑ7 319 
staining and ɑ-BTX and rRABV-tG binding. Presence of nAChr ɑ7 was confirmed by flow 320 
cytometry (B) and this technique was also used to quantify binding of FITC-labeled rRABV-tG, 321 
shown by the mean-fluorescent intensity (MFI) of the FITC channel representing rRABV-tG 322 
binding, as well as the blocking of binding by pre-incubation with the nAChr ɑ7 specific antagonist 323 
ɑ-BTX (C). Bars represent the mean ± SEM for a total of six donors. P values < 0.05 were 324 
considered significant and are indicated with an asterisk (*). Non-significant comparisons were 325 
indicated with n.s. 326 
 327 

 328 

Binding of RABV to nAChr ɑ7 induces the cholinergic anti-inflammatory pathway in human 329 

macrophages through cytoplasmic retention of NF-кB 330 

After confirming that rRABV-tG binds to nAChr ɑ7 on human macrophages we set out to 331 

investigate whether this binding could result in induction of the cholinergic anti-inflammatory 332 

pathway (CAP). Mature MDMs were exposed to various doses of RABV (MOI = 10, 25, 50), after 333 

which they were stimulated with LPS for six hours. Quantification of TNF-ɑ by cytometric bead 334 

assays showed that exposure to high concentrations of RABV (MOI of 50) resulted in a significant 335 

decrease in TNF-ɑ upon stimulation with LPS (Fig 3A). The decrease in TNF-ɑ production (30.1 336 
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% on average) was similar to the decrease observed with wells pre-treated with acetylcholine, a 337 

prototypical ligand of nAChr ɑ7. The lower concentrations of RABV (MOI of 10 and 25) did not 338 

induce this decrease, indicating that higher viral concentrations were required to induce the CAP. 339 

Importantly, by pre-treating macrophages with ɑ-BTX we were able to inhibit the induction of the 340 

CAP, as TNF-ɑ production was similar to the controls treated with LPS only. This confirms that 341 

observed induction of the CAP is caused by specific binding of RABV-G to nAChr ɑ7. 342 

Next, we aimed at investigating whether induction of the CAP by RABV also involves cytoplasmic 343 

retention of NF-κB, as is described for the prototypical ligands nicotine and acetylcholine. 344 

Macrophages were either treated with RABV (MOI of 50) or acetylcholine before challenge with 345 

LPS, after which the cells were fixed and stained with an antibody against the NF-κB p65 subunit. 346 

Nuclear and cytoplasmic NF-κB were quantified in confocal microscopy images using ImageJ 347 

batch image processing. Exposure of human MDMs to LPS led to nuclear translocation of NF-κB, 348 

hereby significantly increasing the nuclear/cytoplasmic ratio (Fig 3B and 3C). This translocation 349 

could be blocked almost completely by pre-treating macrophages with RABV or acetylcholine, 350 

causing cytoplasmic retention of NF-кB. Notably, the cytoplasmic retention caused by both RABV 351 

and acetylcholine could be blocked by pre-treating the cells with the nAChr ɑ7 specific antagonist 352 

ɑ-BTX, confirming that binding of RABV to the nAChr ɑ7 is essential for the observed NF-кB 353 

cytoplasmic retention. 354 
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 355 
Fig 3. Quantification of the anti-inflammatory effect induced of RABV on human 356 
macrophages and the role of cytoplasmic retention of NF-κB. (A) TNF-ɑ production in human 357 
macrophages after six hours stimulation with LPS (100 ng/mL), with (‘+’) or without (‘-‘) pre-358 
treatment of ɑ-BTX (2 µg/mL), RABV or acetylcholine (Ach; 1 µM), or a combination. Bars 359 
represent the mean ± SEM of TNF-ɑ normalized to cells stimulated with LPS only (positive 360 
control, dotted horizontal line) for each individual donor (n = 6–9). Horizontal lines represent 361 
paired comparisons, whereas asterisks without horizontal lines indicate comparisons with the 362 
positive control (LPS only). (B) Nuclear and cytoplasmic NF-κB was quantified by image analysis 363 
in ImageJ using a batch image analysis. Bars represent the mean ± SEM of six donors, for which 364 
three high-magnification fields were analyzed per treatment. P values < 0.05 were considered 365 
significant and are indicated with an asterisk (*). Representative pictures of NF-κB staining are 366 
depicted in panel (C). Pictures where the NF-κB staining (green) completely overlaps with the 367 
nuclei (blue) show full nuclear translocation, whereas pictures with non-complete overlap of NF-368 
κB and nuclei indicate cytoplasmic retention of NF-κB. The white scalebar represents 500 µM and 369 
all images were acquired at the same magnification. 370 
 371 
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RABV-exposed macrophages suppress T cell proliferation  372 

Macrophages play an important role in initiating adaptive immune responses by presenting 373 

antigens and producing various cytokines that either inhibit or activate T proliferation upon 374 

interaction with these cells. We investigated if the observed anti-inflammatory response of RABV 375 

on human MDMs could also affect T cell proliferation in vitro. To study this, we performed co-376 

cultures of macrophages exposed to RABV (MOI of 50), and autologous T cells that had been 377 

activated with soluble ɑ-CD3 and ɑ-CD28. T cells were stained with CFSE, and after 3.5 days T 378 

cell proliferation was analyzed by flow cytometry. Proliferation of CD8+ T cells was significantly 379 

decreased upon co-culture with RABV-exposed macrophages (average decrease of 8.6 %) when 380 

compared to T cells cultured with control macrophages not exposed to RABV (Fig 4). Although 381 

not significant, CD4+ T cells showed a similar trend (average decrease of 7.8 %). This shows that 382 

exposure of human MDMs to RABV is able to suppress T cell proliferation in vitro.  383 

 384 

 385 
Fig 4. Proliferation of autologous T cells during in vitro co-culture with human monocyte-386 
derived macrophages exposed to RABV. Proliferation of CFSE-stained T cells was quantified 387 
by flow cytometry after 3.5 days of co-culture with autologous MDMs previously exposed to 388 
RABV (MOI = 50). T cells cultured in the presence of macrophages that were not exposed to 389 
RABV were taken along as controls. Individual donors (n = 6) are shown in (A) and representative 390 
CFSE plots showing the fluorescent intensity and percentages of proliferation are shown in (B). P 391 
values < 0.05 were considered significant and are indicated with an asterisk (*). 392 
 393 

 394 

 395 

 396 
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RABV does not polarize human macrophages towards a M1 phenotype but induces 397 

upregulation of the M2-c marker CD163  398 

After showing that exposure to RABV induces an anti-inflammatory pathway in human MDMs, 399 

we investigated whether longer exposure (48 hours) to RABV (MOI of 10) was able to induce 400 

polarization of human MDMs. A panel of M1, M2-a and M2-c phenotypical markers was used to 401 

investigate the macrophages’ phenotype by flow cytometry; polarizing cytokine cocktails known 402 

to induce M1, M2-a and M2-c phenotypes were taken along as controls. Polarization with IFN-γ 403 

and LPS induced a typical M1 phenotype, characterized by significant upregulation of CD80, 404 

HLA-DR and PD-L1 (Fig 5). Contrary to this, the typical M2-a markers CD200R and CD206 were 405 

upregulated after polarization with IL1-4. CD163, a typical M2-c marker, was not only upregulated 406 

after polarization with IL-10, but also after exposure to RABV. Although PD-L1 was also 407 

upregulated in macrophages polarized in the presence of RABV, the upregulation was lower than 408 

observed in macrophages polarized with IL-4. All together these findings demonstrate that while 409 

RABV does not induce a typical M1 phenotype, it might steer macrophage polarization towards 410 

an M2-c phenotype, as characterized by the upregulation of CD163. 411 

  412 

 413 
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 414 
Fig 5. Expression levels of macrophage phenotypical markers after 48 hours of polarization 415 
with various cytokines or RABV. Panels represent typical M1 markers (CD80, HLA-DR and 416 
PD-L1), M2-a markers (CD200R and CD206) and the M2-c marker CD163. Mean fluorescent 417 
intensities (MFI) were measured by flow cytometry after 48 hours of polarization. Bars represent 418 
the mean ± SEM of six donors. Values were considered significant when P < 0.05 and are indicated 419 
with an asterisk (*). P < 0.005 are indicated with (**).  420 
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Discussion 421 

 422 

In this study we investigated if street RABV can induce anti-inflammatory pathways in human 423 

MDMs and if interaction between RABV and macrophages can affect T cell proliferation. 424 

Knowledge on the early interactions between RABV and local immune cells are of utmost 425 

importance in order to develop and improve efficient post-exposure treatments. We demonstrate 426 

that a street RABV strain (SHBRV) has an anti-inflammatory effect on human MDMs by inducing 427 

the CAP through binding of RABV-G to nAChr ɑ7, characterized by cytoplasmic retention of NF-428 

κB and a decreased TNF-ɑ response upon LPS stimulation. We further show that exposure of 429 

macrophages to RABV decreases T cell proliferation in vitro and upregulates surface expression 430 

of CD163, a marker of the anti-inflammatory M2-c phenotype. 431 

Before studying the immunomodulatory effects of street RABV on human MDMs, we investigated 432 

if street RABV is able to replicate in human MDMs and concluded that this is not the case (Fig 1). 433 

This lack of replication was also reported in murine bone marrow- or peritoneal-derived 434 

macrophages infected with various street RABV strains (Ray et al., 1995), indicating that primary 435 

macrophages are non-permissive to infection with street RABV strains. In contrast, primary 436 

murine macrophages did show replication of the lab-adapted CVS-11 and attenuated HEP Flury 437 

strains (Kip et al., 2017) and the recombinant matrix gene-deleted vaccine strain rRABV-DM 438 

(Lytle et al., 2015). This indicates that in contrast to street RABV strains, some attenuated strains 439 

are able to productively infect primary macrophages.  440 

We next confirmed that RABV-G specifically binds to the nAChr ɑ7 on human MDMs, as binding 441 

of the recombinant trimeric rRABV-tG was decreased when cells were pre-treated with the 442 

receptor-specific antagonist ɑ-BTX. However, pre-treatment did not block binding of rRABV-tG 443 

completely, indicating that RABV-G binds to other receptors on human MDMs as well. 444 

Alternative receptors may include additional nAChr, given that the expression of a wide array of 445 

nAChr (including ɑ1, ɑ-3-6, ɑ9-10, b1-b4) have been described for human macrophages and 446 

macrophage-like cell lines (Chernyavsky et al., 2010; Galvis et al., 2006). 447 

While major immune evasive mechanisms have been identified for the RABV nucleoprotein (N) 448 

and phosphoprotein (P), affecting RIG-I activation (Masatani et al., 2013, 2011, 2010) and the IFN 449 

signal transduction pathway (Brzózka et al., 2006, 2005; Vidy et al., 2005) or cytokine signaling 450 

(Harrison et al., 2020) respectively, related mechanisms for the surface protein RABV-G have not 451 
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yet been identified. Our results show that exposure of human MDMs to RABV leads to a decreased 452 

TNF-ɑ response upon LPS challenge, caused by cytoplasmic retention of NF-κB. TNF-ɑ levels 453 

and NF-κB nuclear translocation was completely restored when MDMs were pre-treated with the 454 

nAChr ɑ7-specific antagonist ɑ-BTX, showing that the observed anti-inflammatory effects of 455 

RABV were caused by binding of the RABV-G to nAChr ɑ7. While multiple molecules have been 456 

found to induce the CAP in macrophages, including GTS-21 (van Westerloo et al., 2006), CAP55 457 

(Saeed et al., 2005) and PNU-282987 (Dash et al., 2016), to our knowledge this is the first study 458 

showing that a viral protein is able to induce this pathway. The CAP might have additional effects 459 

on RABV pathogenesis and disease development, as was shown that the nAChr ɑ7 antagonist 460 

GTS-21 attenuates the cytokine response in monocytes after stimulation with ligands for Toll-Like 461 

Receptor 2 (TLR2), TLR3, TLR4, TLR9 and RAGE. Furthermore, downregulating the 462 

inflammatory response was also observed in microglia (Egea et al., 2015), which are resident CNS 463 

macrophages that also express nAChr-ɑ7 (Shytle et al., 2004). 464 

Given the importance of the NF-κB signaling pathway in the initiation of an immune response, 465 

multiple viruses (including Borna disease virus, Epstein-Barr virus, Hantaan virus, Hepatitis C 466 

virus, Poliovirus, Varicella-zoster virus and West Nile virus, as extensively reviewed (Rahman 467 

and McFadden, 2011)) have acquired mechanisms to inhibit NF-κB activation. We showed that 468 

RABV induced cytoplasmic retention of NF-κB in vitro, which is described as an essential step in 469 

activation of the CAP (Wang et al., 2004). For RABV it is known that the matrix (M) protein is 470 

able to inhibit RelAP43 activation, a splice variant of the NF-κB subunit RelA, leading to 471 

decreased expression of various innate immune genes (Benoit et al., 2017; Khalifa et al., 2016; 472 

Luco et al., 2012). Similar effects have not yet been described for the other RABV proteins and 473 

our study is the first to show that RABV-G is able to specifically inhibit activation of the NF-κB 474 

signaling pathway. Contrary to our findings, microglia-like cell lines infected with the attenuated 475 

strain CVS-11 showed a strong activation of NF-κB (Nakamichi et al., 2005). However, productive 476 

infection was observed in the cell lines used in that study. 477 

Macrophages are APCs and potent cytokine producing cells, and therefore suppressed macrophage 478 

functioning can lead to decreased T cell activation. T cell activation requires three signals: T cell 479 

receptor (TCR) binding to antigens presented on major histocompatibility complexes (MHC) of 480 

APCs (signal 1), binding of costimulatory molecules (signal 2), and activation by cytokines. It has 481 

been proposed that IL-1 can provide the third signal for CD4+ cells (Curtsinger and Mescher, 2010; 482 
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Huber et al., 1998), resulting in T cell activation. Given that the inhibition of IL-1 had been 483 

described after induction of the CAP in macrophages (Sugano et al., 1998; Takahashi et al., 2006) 484 

the observed decrease in T cell proliferation might be caused by a decreased activation of CD4+ T 485 

cells. As a consequence, decreased cytokine production by CD4+ cells, and especially IL-2, can be 486 

a probable explanation for the significant decrease in CD8+ T cell proliferation.  487 

Viral antigens can be sensed by macrophages and are capable of steering macrophage polarization 488 

in a certain direction (Brancato and Albina, 2011; Daley et al., 2010); the classically activated M1, 489 

or pro-inflammatory macrophage, and the M2 macrophage, also known as alternatively activated 490 

or anti-inflammatory macrophages (Koh and Dipietro, 2019; Mosser and Edwards, 2008). 491 

Generally, macrophages polarize towards an M1 phenotype after recognition of intracellular 492 

pathogens, including viruses. We showed that exposure of human MDMs to a street RABV strain 493 

for 2 days significantly upregulated the M2-c marker CD163, while the typical M1-markers CD80 494 

and HLA-DR remained unchanged. While more in-depth investigation on surface marker 495 

expression and macrophage functioning is necessary, the results hint at the ability of street RABV 496 

to shift macrophage polarization towards an M2-c phenotype. Studies on the effects of street 497 

RABV strains on polarization of primary macrophages are lacking, but studies using attenuated 498 

viruses CVS-11 and HEP show an opposite effect. Upregulated gene expression of iNOS and nitric 499 

oxide (NO) expression, a key characteristic of M1 macrophages, in the murine macrophage-like 500 

cell like RAW264 (Nakamichi et al., 2004), and the attenuated SPBN-GAS was able to shift the 501 

polarization pattern of tumor-associated macrophages (TAMs), that normally resemble a M2-502 

phenotype, towards an M1-phenotype in glioma-bearing mice (Bongiorno et al., 2017).  503 

CD163 is a scavenger receptor within the cysteine-rich family and is a marker of M2-c anti-504 

inflammatory macrophages. Increased CD163 expression on macrophages has been reported 505 

during viral hepatitis (Hiraoka et al., 2005), and infection of pigs with porcine reproductive and 506 

respiratory syndrome virus (Patton et al., 2009) and African swine fever virus (Sánchez-Torres et 507 

al., 2003). Furthermore, an increase in CD163+ macrophages was found in individuals infected 508 

with human immunodeficiency virus type 1 (Fischer-Smith et al., 2008), as well as in rhesus 509 

macaques infected with simian immunodeficiency virus (Yearley et al., 2007). Interestingly, the 510 

latter study showed a negative correlation between CD163+ macrophages and inflammatory 511 

infiltration in areas infected, indicating that CD163+ macrophages serve an anti-inflammatory or 512 

immunosuppressive role. In addition, CD163+ TAMs were found to suppress T cell proliferation 513 
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in several disease models (Han et al., 2016; Lepique et al., 2009; Lievense et al., 2016; Oishi et 514 

al., 2016).  515 

In summary, our results show for the first time that a viral protein, the RABV-G of a street RABV 516 

strain, is able to induce the CAP in human MDMs. We show that this anti-inflammatory pathway 517 

is induced by binding of RABV-G to nAChr ɑ7, using the specific antagonist ɑ-BTX, leading to 518 

cytoplasmic retention of NF-κB. Besides the decreased inflammatory response upon challenge 519 

with LPS we found that exposing human MDMs to RABV leads to suppression of T cell 520 

proliferation in vitro. We also show that exposure of human MDMs to RABV does not induce a 521 

typical, inflammatory M1 phenotype, but instead a significant upregulation of CD163, marker of 522 

a M2-c anti-inflammatory phenotype. Given that the absence of a strong local innate immune 523 

response is beneficial for the virus, polarizing resident and infiltrating macrophages towards an 524 

anti-inflammatory M2-c phenotype might be another mechanism of RABV to evade the immune 525 

system.  526 

Future studies should focus on further understanding of the observed lack of adaptive immune 527 

response. Additional in vitro experiments in which the effects of “RABV-polarized” macrophages 528 

on T and B cells are investigated will allow evaluation of the role of macrophage suppression on 529 

the lack of neutralizing antibodies in RABV patients. In vivo experiments using targeted transgenic 530 

mice will allow reveal the role of macrophage suppression on the complete course of disease. 531 

Altogether, thorough insights into the different mechanisms that RABV uses to suppress the 532 

immune system are essential for the development of new and improved PEP and treatment options 533 

in RABV infection.  534 
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