
1 

Tromp et al. From Virulence to Therapy 

Bacterial immune evasion proteins: The therapeutic potential of CHIPS 1 

 2 

Running title: From virulence to therapy  3 

 4 

Angelino T. Tromp1,5, Yuxi Zhao1,5, Ilse Jongerius1,4, Erik C.J.M Heezius1, Pauline 5 

Abrial2, Maartje Ruyken1, Jos A. G. van Strijp1, Carla.J.C. de Haas1, András N. 6 

Spaan1,3, Kok P.M. van Kessel1, Thomas Henry2,6, Pieter-Jan A. Haas1,6
 7 

 
8 

1Department of Medical Microbiology, University Medical Center Utrecht, 3584CX 9 

Utrecht, The Netherlands 10 

2CIRI, Centre International de Recherche en Infectiologie, Inserm, U1111, Université 11 

Claude Bernard Lyon 1, CNRS UMR5308, Ecole Normale Supérieure de Lyon, 12 

Université Lyon, 69007 Lyon, France 13 

3St. Giles Laboratory of Human Genetics of Infectious Diseases, Rockefeller Branch, 14 

The Rockefeller University, New York, NY 10065, USA 15 

4Sanquin Research, Department of Immunopathology, Amsterdam, The Netherlands, 16 

and Landsteiner Laboratory, Amsterdam UMC, University of Amsterdam, Amsterdam, 17 

The Netherlands 18 

5Co-first authors  19 

6Co-senior authors 20 

 21 

Correspondence: Pieter-Jan Haas, P.J.A.Haas@umcutrecht.nl 22 

.CC-BY 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 February 28, 2020. ; https://doi.org/10.1101/2020.02.25.964908doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.25.964908
http://creativecommons.org/licenses/by/4.0/


2 

Tromp et al. From Virulence to Therapy 

Abstract 23 

Bacterial pathogens have evolved to secrete strong anti-inflammatory proteins that 24 

target the immune system. It was long speculated whether these virulence factors could 25 

serve as therapeutics in diseases in which abnormal immune activation plays a role. We 26 

adopted the secreted Chemotaxis Inhibitory Protein of Staphylococcus aureus (CHIPS) 27 

as a model virulence factor-based therapeutic agent for diseases in which C5aR1 28 

stimulation plays an important role. We show that administration of CHIPS in human 29 

C5aR1 knock-in mice successfully dampens C5a mediated neutrophil migration during 30 

immune complex-initiated inflammation. Subsequent CHIPS toxicology studies in animal 31 

models were promising. However, during a small phase-I trial, healthy human 32 

volunteers showed adverse effects directly after CHIPS administration. Subjects 33 

showed clinical signs of anaphylaxis with mild leukocytopenia and increased C-reactive 34 

protein concentrations, suggesting an inflammatory response, which are believed to be 35 

related to the presence of relatively high circulating anti-CHIPS antibodies. Even though 36 

our data in mice shows CHIPS as a potential anti-inflammatory agent, safety issues in 37 

human subjects temper the use of CHIPS in its current form as a therapeutic candidate. 38 

The use of staphylococcal proteins, or other bacterial proteins, as therapeutics or 39 

immune-modulators in humans is severely hampered by pre-existing circulating 40 

antibodies. 41 
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Introduction 42 

The human immune system is a well-balanced and effective network of cells, tissues 43 

and organs, and plays a crucial part in the continuous fight against invading microbes. 44 

On the other hand, the survival of microbial pathogens dependents on their ability to 45 

withstand attacks by the immune system. Successful pathogenic bacteria have 46 

coevolved with the host and acquired complex methods of subverting and suppressing 47 

the immune system. The deployment of strong and specific immune modulatory proteins 48 

by bacteria have shown to be effective immune suppressors in vitro and in vivo in mice. 49 

Considering that abnormal or excessive activation of the immune system can lead to 50 

inflammatory diseases, it was long speculated whether these bacterial virulence factors 51 

could serve as anti-inflammatory therapeutics in conditions in which undesirable 52 

immune activation plays a role. Over the years, studies have suggested the therapeutic 53 

potential of various bacterial proteins that normally play a role in immune evasion. 54 

However, as bacterial-derived proteins will induce antibody responses, it remains 55 

enigmatic whether these proteins can indeed serve as means for anti-inflammatory 56 

treatments in humans. Examples of known pathogenic bacteria that secrete immune-57 

evasion proteins are Streptococcus pneumoniae, Pseudomonas aeruginosa, Neisseria 58 

gonorrhoeae and Listeria monocytogenes. However, secreting more than 35 immune-59 

evasion molecules [1],  Staphylococcus aureus is the text-book example of immune 60 

evasion by bacteria.    61 

 62 

Staphylococcus aureus, a common colonizer of human skin an nose as well as a human 63 

pathogen, has evolved to secrete an arsenal of virulence factors that target the human 64 

immune system [2]. One extensively described and well-studied S. aureus virulence 65 

factor is the Chemotaxis Inhibitory Protein of Staphylococcus aureus (CHIPS). CHIPS 66 

binds to the N-terminus of human C5aR1 with high affinity (Kd=1.1nM) and functionally 67 

blocks the interaction with C5a, thus preventing C5aR1 stimulation and antagonizing 68 

chemotaxis [3-5]. Besides playing a role in chemotaxis as a response to microbial 69 

invasion, C5aR1 is involved in a variety of other inflammatory processes. Upregulation 70 

of C5aR1 on internal organs during the onset of sepsis, together with the excessive 71 
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release of C5a, was proposed to lead to multi organ failure and death in rats [6,7]. 72 

Blockade of C5aR1 with polyclonal anti-C5aR1 antibodies was protective and increased 73 

survival in animal sepsis model [6]. C5a and C5aR1 have also been described to be 74 

involved in disease processes such as ischemia-reperfusion injury, rheumatoid arthritis, 75 

asthma, immune complex diseases, neurodegeneration and Alzheimer’s disease [8-10]. 76 

Targeting of the C5aR1 has shown to be beneficial in some of these disease processes 77 

in animals, emphasizing the relevance of the C5aR1 as a therapeutic target [11-18]. 78 

 79 

The properties of CHIPS to inhibit the human C5aR1 with high specificity and affinity 80 

makes it an example of a promising anti-inflammatory drug candidate in diseases in 81 

which C5aR1 stimulation plays an important role. Previous studies have shown that the 82 

antagonistic activity of CHIPS on mouse C5aR1 is 30-fold lower compared to human 83 

C5aR1 expressing cells [3]. This human specificity of CHIPS has hampered the 84 

assessment of CHIPS in vivo during inflammation and infection. Here, we report the 85 

application of a transgenic human C5aR1 knock-in mouse (hC5aR1KI) to assess CHIPS 86 

as a model anti-inflammatory compound in C5aR1-mediated diseases. Furthermore, we 87 

investigate the safety and efficacy of CHIPS in a phase-I, randomized, double blind, 88 

placebo-controlled study in humans. 89 
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Results. 90 

CHIPS binds hC5aR1KI murine neutrophils and inhibits stimulation by murine C5a 91 

In order to validate the suitability of our hC5aR1KI mouse [19] as a model to evaluate 92 

CHIPS in vivo, we first assessed the activity of CHIPS on hC5aR1KI murine neutrophils. 93 

To this end, the binding of CHIPS on bone-marrow derived hC5aR1KI murine 94 

neutrophils was determined and compared to human neutrophils isolated from 95 

peripheral blood. We confirmed that CHIPS binds to hC5aR1KI murine neutrophils at 96 

comparable levels as human neutrophils (Figure 1a). To further assess the activity of 97 

CHIPS, inhibition of hC5aR1 was assessed on human and hC5aR1KI murine 
98 

neutrophils. Wild-type (wt) murine neutrophils respond normally to mC5a but CHIPS is 99 

ineffective in inhibiting mC5a-mediated Ca-mobilization on these mC5aR expressing 100 

cells (Figure 1b). Correspondingly, CHIPS inhibition of mC5a mediated Ca-mobilization 101 

of bone-marrow derived hC5aR1KI neutrophils reflected that of human neutrophils 102 

isolated from peripheral blood (Figure 1b). Hereby, we confirm the binding and inhibition 103 

of hC5aR1KI murine neutrophils by CHIPS, proving that our hC5aR1KI mouse is a 104 

suitable model to assess CHIPS activity in vivo. 105 

 106 

CHIPS inhibits C5aR mediated neutrophil migration in vivo 107 

To assess the in vivo therapeutic potency of CHIPS, the immune complex-mediated 108 

Arthus reaction model [20,21] was used in hC5aR1KI mice. The resulting inflammatory 109 

response and neutrophil recruitment in the Arthus reaction is mainly C5a mediated. By 110 

simultaneously administering ovalbumin intravenous (i.v.) and rabbit anti-ovalbumin IgG 111 

intraperitoneal (i.p.), an immune complex mediated type 3 hypersensitivity reaction is 112 

induced that leads to activation of the complement system and the generation of C5a 113 

[20,21]. An Arthus reaction was successfully induced in hC5aR1KI mice as reflected by 114 

the influx of neutrophils to the peritoneal cavity (Figure 2a). Administration of CHIPS 115 

reduced the number of neutrophils recovered from the peritoneal cavity of hC5aR1KI 
116 

mice (Figure 2a). Some mice that received CHIPS showed suboptimal inhibition of 117 
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neutrophil migration, whereas a single mouse showed no evident decrease in 118 

neutrophils recovered compared to untreated mice (Figure 2a).  119 

  120 

As S. aureus also colonizes rabbits [22], it is possible that the rabbit anti-ovalbumin IgG 121 

fraction used to induce formation of immune complexes also contains specific 122 

antibodies against CHIPS with potentially neutralizing capacities. To this end, we 123 

determined the presence of anti-CHIPS antibodies in the rabbit anti-ovalbumin IgG 124 

used. Although the rabbit IgG fraction did contain very low levels of anti-CHIPS 125 

antibodies (Figure 2b), the presence of these anti-CHIPS antibodies only slightly 126 

neutralized CHIPS in vitro and evidently did not neutralize CHIPS in vivo (Figure 2c, a). 127 

Taken together, our investigations demonstrate the therapeutic potential of CHIPS by 128 

inhibiting C5a-mediated neutrophil migration in vivo in hC5aR1KI mice after inducing an 129 

Arthus reaction. 130 

 131 

CHIPS in human volunteers  132 

S. aureus is commonly present as a commensal bacterium in humans and the chp gene 133 

is present in the majority of S. aureus strains. Consequently most, if not all humans, 134 

carry pre-existing anti-CHIPS antibodies [23-26]. These anti-CHIPS antibodies present in 135 

human sera have been shown to interfere with CHIPS function in vitro [23]. As a 136 

consequence, the presence of anti-CHIPS antibodies could neutralize CHIPS or induce 137 

an antibody-mediated immune reaction in vivo, hampering CHIPS function. To have an 138 

indication how subject titers relate to the general population, anti-CHIPS IgG titers were 139 

determined in sera collected from 168 human volunteers. As expected, anti-CHIPS IgG 140 

is detected in all 168 volunteers, resembling a Gaussian distribution [23] (Figure 3a). To 141 

limit undesired effects in vivo, only subjects with low anti-CHIPS titers were included in 142 

the study (antibody titer ≤ 3.92, as part of the exclusion criteria). To this end, we 143 

determined anti-CHIPS antibody titers in study subjects prior to receiving CHIPS. As 144 

expected, the 6 trail subjects have pre-existing anti-CHIPS antibodies (Figure 3a). 145 

Accordingly, anti-CHIPS IgG titers from subjects were within the normal range of tested 146 

sera, representative of the anti-CHIPS IgG titers of the general population (Figure 3a). 147 
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The anti-CHIPS antibody titers in subjects were considered low enough to not affect the 148 

safety assessment of CHIPS. 149 

 150 

To further assess the safety of CHIPS, pre-clinical safety experiments were conducted 151 

in non-human subjects, prior to administration in humans. In all the animal toxicology 152 

studies, we did not observe any CHIPS-related toxicologically significant changes in 153 

clinical observations, body weight, food consumption, haematology, coagulation, blood 154 

chemistry parameters, ophthalmoscopy, electrocardiograms, macroscopic or 155 

microscopic pathology or behaviour (full pre-clinical assessment disclosed in 156 

supplementary text 1). Notably, a transient decrease in mean arterial blood pressure 157 

(40%) was observed in beagles receiving a high dose of 20 mg kg-1 CHIPS 158 

(supplementary text 1). However, mean arterial blood pressure returned to normal within 159 

5 minutes post dosing. In all, these results suggest that side effects induced by CHIPS 160 

are unlikely to be observed in human subjects. As a result, the safety of CHIPS was 161 

subsequently studied in a set of six human subjects during a phase-1 clinical study.  162 

 163 

Based on the toxicology studies, the administration of a single low dose of 0.1 mg kg-1 164 

CHIPS was considered safe and administered in 4 human subjects. First, we 165 

determined the presence of CHIPS in sera of the volunteers during different time-points 166 

post-CHIPS administration. In only two out of four subjects that received the CHIPS 167 

protein, subjects #104 and #105, CHIPS could be detected 15 min post-i.v. injection with 168 

a gradual decline after 1 hour (Figure 3b). CHIPS was not detected in the sera of 169 

subjects #103 and #106 (Figure 3b). These observed differences in the detection of 170 

CHIPS in blood of the subjects seems to correlate with their initial level of anti-CHIPS 171 

antibodies. We hypothesized that the higher anti-CHIPS antibody titers hamper the 172 

detection of CHIPS by ELISA. Possibly, the epitope recognized by the capture 173 

monoclonal anti-CHIPS antibody is occupied by anti-CHIPS antibodies of the subjects. 174 

Consequently, we divided the 4 volunteers in 2 separate groups based on their anti-175 

CHIPS antibody titer; anti-CHIPS low (subjects #104 and #105) and anti-CHIPS High 
176 
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(subjects #103 and #106). The measured CHIPS serum concentration in subjects #104 177 

and #105 are also potentially an underestimation due to the interference of pre-existing 178 

anti-CHIPS antibodies. In addition, for subjects #104 and #105 that had detectable 179 

levels of CHIPS 15 min post i.v. injection, CHIPS concentrations dropped a 2-log fold 180 

over the course of 24 hours (Figure 3b). These data show that CHIPS is taken up 181 

systemic within 15 min and cleared after 24 hours post i.v. administration. We calculated 182 

a predicted half-life of CHIPS to be at least 1.5 hours in humans.  183 

 184 

CHIPS binds the C5aR1 on human neutrophils with high affinity ex vivo [3]. However, in 185 

vivo binding of CHIPS could be hampered by circulating antibodies. In order to assess if 186 

CHIPS interacts with its cellular target, we determined the binding of CHIPS in vivo on 187 

neutrophils of the subjects. The presence of CHIPS on the surface of neutrophils was 188 

determined at various time points post-CHIPS administration using a rabbit-anti-CHIPS 189 

antibody [27]. Notably, the binding of CHIPS on the surface of neutrophils was only 190 

detected in subjects with a low anti-CHIPS antibody titer (subjects #104 and #105) 191 

(Figure 3c). It is possible that the circulating anti-CHIPS antibodies present in serum 192 

also interfere with the direct detection by the specific anti-CHIPS monoclonal antibody 193 

or even the direct association with the C5aR on neutrophils. Therefore, the lack of a 194 

direct detection cannot exclude the absence nor presence of CHIPS bound to the 195 

receptor in the individuals with high anti-CHIPS antibody titers. All in all, we show that 196 

CHIPS binds circulating human blood neutrophils, confirming the interaction with target 197 

cells in vivo.  198 

 199 

All tested subject had pre-existing anti-CHIPS antibodies. As a specific antibody 200 

response is mediated against CHIPS, it is likely that a re-challenge with CHIPS will lead 201 

to an increase in antibody titers. To determine the immunogenicity of CHIPS, anti-202 

CHIPS serum titers were measured during different time points pre- and post-CHIPS 203 

administration. An increase in anti-CHIPS titer was observed in individuals receiving 204 

CHIPS that had a low anti-CHIPS antibody titer (subjects #104 and #105) pre-CHIPS 205 
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administration (Figure 3d).The rapid boost of circulating IgG titers by the staphylococcal 206 

protein CHIPS in humans indicates high immunogenicity and pre-existing memory, 207 

supporting a concept of expected exposure to secreted staphylococcal proteins starting 208 

at early age [24,25,28].  209 

 210 

CHIPS induced adverse effects in humans 211 

The administration of CHIPS in human subjects was tolerated by 2 subjects (subjects 212 

#103 and #104), moderately tolerated in subject #105 but subject #106 (subject with a 213 

high anti-CHIPS antibody titer, open blue triangle in figures) developed serious 214 

symptoms directly after the CHIPS infusion, which were diagnosed as an anaphylactic 215 

reaction (Supplementary text 2). No adverse events were reported in subjects receiving 216 

placebo. To determine whether the subjects developed a CHIPS-mediated inflammation 217 

response, white blood cell count (WBC) and C-reactive protein concentration (CRP) 218 

were measured pre- and post-dosing. CHIPS induced a transient leukocytopenia in the 219 

subjects receiving CHIPS that resolved within 2 days (Figure 4a). Within the group of 220 

subjects that received CHIPS there was a mild increase in CRP (average of 42 mg ml-1) 221 

at day 2 post CHIPS dose compared to controls. CRP levels returned to normal when 222 

subjects were screened during follow up at day 15 (Figure 4b). This indicates that there 223 

was indeed an inflammation response upon CHIPS administration. 224 

 225 

Circulating immune complexes and increased serum tryptase 226 

Mast cells play a central role in anaphylaxis and other allergic conditions. Immune 227 

complexes can activate mast cells by FcR crosslinking and through activation of 228 

complement and the generation of C5a [29]. Circulating immune complexes (CIC) 229 

induce the abundant secretion of the serine proteinase tryptase by mast cells, which 230 

can be used as an indicator of anaphylaxis. Since all subjects had pre-existing anti-231 

CHIPS antibodies, we evaluated whether intravenous administration of CHIPS leads to 232 

the formation of CIC. Circulating immune complexes were detected in the subjects 233 

receiving intravenous CHIPS (Figure 5a). Subject #106, who suffered an anaphylactic 234 

reaction following the administration of CHIPS, showed the highest CIC levels, contrary 235 
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to subjects #104 and #105 who remained at baseline. CIC were also detected in subject 236 

#103, who has the highest anti-CHIPS antibody titer but reported only minor adverse 237 

effects. No CIC were detected in subjects that received the placebo.  238 

Subsequently, we measured the serum tryptase levels in the subjects. An increase in 239 

serum tryptase concentration was detected in all subjects receiving CHIPS except 240 

subject #103, that reached a maximum at approximately 10 minutes post dose and 241 

continued to drop to baseline levels after 24h (Figure 5b). Notably, subject #106 had the 242 

highest levels of tryptase, which correlates with the high levels of CIC measured. These 243 

data suggest that CHIPS administration in subjects with high circulating anti-CHIPS 244 

titers results in an inflammatory response and adverse effects. Due to these effects, the 245 

study was stopped and no further administrations of CHIPS was undertaken. 246 
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Discussion 247 

In this study we show that the staphylococcal secreted CHIPS as a model virulence 248 

factors-based therapeutic agent, is not suitable for systemic use in humans. This is due 249 

to the presence of pre-existing circulating CHIPS antibodies present in humans. Despite 250 

the neutralizing effect of anti-CHIPS antibodies, we were able to detect significant 251 

serum concentrations of the CHIPS protein. The development of a second-generation 252 

CHIPS protein with a preserved activity but with reduced immunogenic properties could 253 

make a promising new candidate anti-inflammatory drug. Mapping of the epitopes for 254 

human IgG within the CHIPS protein will be an important first step in this development 255 

[30]. We previously identified several unique conformational epitopes on CHIPS using 256 

affinity purified human IgG from a preparation for intravenous use [30]. However, despite 257 

developing a version of CHIPS with low interaction with pre-existing anti-CHIPS 258 

antibodies, the high immunogenicity of CHIPS will limit it suitable for therapies requiring 259 

a single administration. All in all, the development of a human C5aRKI mouse made it 260 

possible to asses CHIPS as a therapeutic agent in C5aR mediated diseases. However, 261 

human C5aRKI mice could also be used to assess CHIPS as a virulence factor and 262 

better understand the contribution of CHIPS to Staphylococcal pathophysiology. The 263 

use of our human C5aRKI mouse has already contribute to our understanding of 264 

staphylococcal pathophysiology by elucidating the in vivo role of the human C5aR 265 

interacting staphylococcal bi-component toxin HlgCB [19].  266 

Besides CHIPS, other staphylococcal proteins have been suggested as potential 267 

therapeutic agents for a variety of inflammatory diseases. Previous studies with 268 

staphylococcal proteins that intervene with C5 complement activation (SSL7 and Ecb) 269 

or the FcγR (FLIPr-Like) also proved to be effective inhibitors in a murine Arthus model 270 

[21,31,32]. However, as pre-existing circulating antibodies against many if not all 271 

staphylococcal immune evasion proteins are present in all human [26], the use of these 272 

staphylococcal proteins as therapeutic agents are most likely severely hampered. In 273 

addition, antibodies and neutralizing activity against staphylococcal virulence factors 274 

can last up to six months post-administration [33]. Therefore, even if the primary dose is 275 

tolerated, re-administration should be avoided. Despite the drawbacks of using 276 

staphylococcal immune evasion molecules, other bacterial virulence factors have shown 277 
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to be possibly applicable as therapeutics. The S. pyogenes virulence factor 278 

Immunoglobulin G-degrading Enzyme of S. pyogenes (IdeS) ablates the humoral 279 

immunity by cleaving and inactivating IgG [34]. Even though humans carry anti-IdeS 280 

antibodies, IdeS treatment also effectively neutralizes IdeS-specific IgG [35]. IseD was 281 

suggested as a way of helping at preventing antibody-mediated injury to allografts. 282 

During the combined phase 1 and 2 trials, however, a total of 38 serious adverse effects 283 

in 15 patients were witnessed [36]. The use of IdeS did consistently reduced or 284 

eliminated donor-specific antibodies to desirable levels, allowing transplantation form an 285 

HLA-incompatible donor [36]. Although bacterial immune evasion molecules are not 286 

suited for direct use as therapeutic compounds, future molecules based on the bacterial 287 

anti-inflammatory proteins could very well be potential new candidates. Knowledge of 288 

the exact mechanisms of action and the active sites can lead to the development of 289 

small molecule anti-inflammatory drugs based on bacterial virulence factors.290 
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Materials and Methods  291 

Ethics statement 292 

The RCT study protocol (JPD-003/002/NL) and amendments were approved by an 293 

independent ethics committee. The study was performed in compliance with the 294 

‘Declaration of Helsinki’ (Scotland, October 2000) and OECD Principles of Good 295 

Laboratory Practice and applicable regulatory regulations. For neutrophil isolation 296 

approval was obtained from the medical ethics committee of the University Medical 297 

Center Utrecht (METC‐protocol 07‐125/C approved March 01, 2010; Utrecht, The 298 

Netherlands). The use of animals was approved by the National Ethical Committee for 299 

Animal Experiments and performed according to the guidelines of the Central Animal 300 

Facility of the Utrecht University (Project# AVD115002016565). 301 

Isolation of Rabbit anti-ovalbumin IgG 302 

IgG was purified from Rabbit anti-Chicken-Egg Albumin, delipidized whole antiserum 303 

(Sigma-Aldrich) using multiple runs over a 1 ml Protein-A HiTrap column (GE 304 

Healthcare Life Sciences) on an ÄKTA FPLC (GE Healthcare Life Sciences). Rabbit IgG 305 

was eluted from the column with 0.1 M citric acid, pH 3.0 and collected fractions were 306 

neutralized with 1M Tris-HCl, pooled and dialyzed against PBS. Protein concentration 307 

was determined at 280 nm using a molar extinction coefficient of 1.35 for Rabbit IgG.  308 

Peritoneal Arthus reaction and neutrophil migration 309 

Human C5aR1KI mice were generated and characterized as described elsewhere [19]. 310 

The Arthus reaction was initiated upon i.v. injection in hC5aR1KI mice (male and female) 311 

of 100 μl of OVA (20 mg kg-1 of body weight; Sigma-Aldrich) immediately followed by an 312 

i.p. injection of 800 μg of rabbit anti-OVA IgG (Sigma) in 500 µl PBS. For mice in the 313 

CHIPS group, 60 μg CHIPS was administered i.p. 30 minutes prior to initiation of the 314 

Arthus reaction and simultaneously with OVA i.v.. For the control group, PBS was 315 

administered i.v. and i.p.. Mice were euthanized by CO2 suffocation 6-hours after the 316 

onset of the peritoneal Arthus reaction and the peritoneal cavity washed with two times 317 

5 ml of ice-cold RPMI 0.1% HSA/5mM EDTA. Peritoneal fluid was recovered and 318 

centrifuged at 1200 rpm for 10 min to collect the exudate cells. Cell pellets were 319 

.CC-BY 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 February 28, 2020. ; https://doi.org/10.1101/2020.02.25.964908doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.25.964908
http://creativecommons.org/licenses/by/4.0/


14 

Tromp et al. From Virulence to Therapy 

resuspended in 500 µl buffer and counted with trypan blue in a TC20 automated cell 320 

counter (BioRad). Cells were stained in the presence of a Fcγ-receptor blocker, with 321 

anti-mouse CD45-APC (clone 30-F11, BD Biosciences), anti-mouse Gr1-PE (1A8, BD 322 

Biosciences), anti-mouse F4/80 FITC (BM8, eBioscience), anti-human C5aR-FITC 323 

(clone S5/1, SeroTec), isotype rat-IgG2a-FITC (R&D) and rat-IgG2b-PE (BD 324 

Biosciences). Samples were analyzed by flow cytometry. Collected peritoneal cells were 325 

washed with PBS and the cell number adjusted to 5×106 cell ml-1. Cytospin slides were 326 

prepared with 50 μl 5×104 cell suspension and stained with DiffQuick. The percentage of 327 

neutrophils was determined by flow cytometry analysis and confirmed by the number of 328 

neutrophils based on morphology following DiffQuick staining. Mouse neutrophils were 329 

isolated from bone-marrow as described elsewhere [37,38]. Briefly, bone marrow cells 330 

were collected by flushing the femurs and tibias with 10 ml of cold HBSS + 15 mM 331 

EDTA + 30 mM Hepes + 0.1 % HSA. A two-layer Percoll density gradient (2 ml each in 332 

PBS) composed of 81% and 62.5% was used to enrich neutrophils from the total 333 

leucocyte population. Interphase between 62.5% and 81% was collected. Cells were 334 

washed once with buffer and resuspended in PRMI1640 with 0.1% HSA. Staining of 335 

bone marrow cells was performed as described above. 336 

Preclinical assessment of CHIPS toxicity in animal models 337 

Conventional pre-clinical toxicology studies were preformed to investigate the safety of 338 

intravenous CHIPS. These included; (I)The effects of CHIPS on various cardiovascular 339 

and respiratory parameters in one group of three anesthetized beagle dogs. The dogs 340 

were administered CHIPS in incremental doses of 0.2, 2.0 and 20 mg kg-1 , infused 341 

intravenously over 1 minute at approximately 30 minute intervals. (II) Behavioral (’Irwin’) 342 

test in mice: CHIPS was administered as a single intravenous injection to male ICR CD-343 

1 mice (3 per group) at doses of 7.5, 25 and 75 mg kg-1 in order to assess effects on 344 

general behavior. An additional group received an equivalent volume (10 ml kg-1) of 345 

vehicle (0.9% w/v sterile saline). (III) Acute intravenous toxicity study in rats: 346 

Intravenous administration of 96.1 mg∙kg-1 CHIPS as a single dose (the maximum 347 

practically achievable due to volume considerations) to 5 male and 5 female rats. (IV) 348 

Acute intravenous toxicity in mice: Intravenous administration of 96.1 mg kg-1 CHIPS as 349 
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a single dose to 5 male and 5 female mice. (V) Seven day intravenous bolus preliminary 350 

toxicity study in rats (24 males and 24 females, maximum dose 10 mg kg-1). (VI) Seven 351 

day intravenous bolus toxicity study in rats (76 males and 76 females, maximum dose 352 

10 mg kg-1). (VII) Seven day intravenous bolus dose range finding study in dogs (2 353 

males and 2 females, maximum dose 20 mg kg-1). (VIII) Seven day intravenous bolus 354 

toxicity study in the dogs (12 males and 12 females, maximum dose 20 mg kg-1). 355 

Inclusion of human volunteers 356 

Full description of study population, including number of subjects, inclusion, exclusion 357 

and removal criteria are described in supplementary Protocol No.: JPD-003/002/NL. 358 

Briefly, inclusion criteria for healthy volunteers were as follows: (I) Adult males within an 359 

(II) age range 18-50 and (III) a body mass index (BMI) of 18-30 kg m-2. Medical 360 

screening was divided in 2 parts. Subjects were screened for anti-CHIPS antibody titers. 361 

Only subjects with a low titer (equal or lower to 3.92, defined as the log of the serum 362 

dilution that gives an absorbance value of 0.300 in the ELISA) were screened for the 363 

second part within 3 weeks before dosing and include: medical history, physical 364 

examination, measurement of blood pressure, heart rate, respiration and temperature, 365 

alcohol breath test, blood and urine tests, electrocardiogram (ECG) and drug screening.  366 

Admission and follow up 367 

Full description of the admission and follow up, treatments and stopping rules are 368 

described in (supplementary Protocol No.: JPD-003/002/NL). Briefly, six selected 369 

subjects (4 receiving CHIPS and 2 controls) were admitted to the Clinical Pharmacology 370 

Unit (Kendle, Utrecht, The Netherlands) on the day before dosing. Baseline 371 

measurements, including blood samples for safety, urinalysis, interim medical history, 372 

physical examination, vital signs and ECG were done. On the day of dosing CHIPS (0.1 373 

mg kg-1 administered as a single dose of sterile frozen isotonic saline solution 374 

containing CHIPS at a concentration of 5 mg ml-1) or placebo (0.9% NaCl) was 375 

administered by intravenous infusions over 5 minutes. Subjects were connected to a 376 

telemetry system for cardiac monitoring from 30 minutes before dosing until 4 hours 377 

after start of dosing. The blood pressure of subjects was measured continuously using a 378 

Finapres from 5 minutes before dosing until 30 minutes after start dosing. Vital signs 379 
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were measured and ECG’s were made at certain time points during the admission 380 

period. For safety, clinical status and laboratory values (haematology, biochemistry, 381 

coagulation and urinalysis) of all subjects were monitored. Adverse events were 382 

documented and characterized according to their severity and relationship to CHIPS or 383 

placebo. The subjects were discharged at 24 hours after dosing. Two weeks after 384 

dosing subjects returned to the Unit for a visit to evaluate vital signs, ECG, blood and 385 

urine and anti-CHIPS antibody level. A follow up visit was scheduled 6 weeks after 386 

dosing. 387 

Cloning and expression of CHIPS 388 

CHIPS was cloned and expressed as described earlier [3,27]. Briefly, the CHIPS gene 389 

(chp; GenBank: AF285146.1), without the signal sequence, was cloned into the pRSET 390 

vector directly downstream the enterokinase cleavage site and before the EcoRI 391 

restriction site by overlap extension PCR. Bacteria were lysed with CelLytic B Bacterial 392 

Cell Lysis/Extraction Reagent (Sigma) and lysozyme according to the manufacturer’s 393 

description. The histidine-tagged protein was purified using a nickel column (HiTrap 394 

Chelating HP, 5ml, Amersham Biosciences) following the manufacturer’s instructions 395 

and cleaved afterwards with enterokinase (Invitrogen). Samples were checked for purity 396 

and presence of protein using 15% SDS-PAGE (Polyacrylamide gel electrophoresis, 397 

Mini Protean 3 System, Bio-Rad) and Coomassie Brilliant Blue (Merck) staining. 398 

Purification of CHIPS for intravenous use 399 

Full-length CHIPS was expressed in E. coli containing the coding sequence of CHIPS 400 

directly downstream to PelB coding sequence in a growth media consisting of soya 401 

peptone and yeast extract in 8 liter fermentation media. CHIPS was isolated both from 402 

the growth media and the cells by a two stage cation exchange purification process 403 

followed by a desalting step. The bacterial cell pellet was resuspended in phosphate 404 

buffer (30 mM; pH 7.0), containing NaCl (10 mM), DTT (10 mM) and frozen. This was 405 

subsequently thawed at 37°C, incubated on ice and sonicated. After centrifugation at 406 

15,000 rpm, an amber colored ‘cell’ supernatant was recovered. The supernatant was 407 

diluted four-fold with 30 mM phosphate buffer and passed over a Source S-30 column. 408 

The material was eluted with a phosphate buffer salt gradient and fractions containing 409 
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CHIPS were combined and purified further by using a polishing column with a shallow 410 

salt gradient. Fractions containing CHIPS with purity greater than 97% (by HPLC) were 411 

combined and passed through a Sephadex G 25 desalting column to remove phosphate 412 

and excess of sodium chloride. Endotoxin was removed by gently shaking over resin 413 

(Biorad) and the preparation was sterilized through ultra-filtration. We confirmed the 414 

purity by HPLC-MS on a Microbondapac CN-RP column with a mobile gradient phase 415 

consisting of water-TFA to Methanol-TFA. The end product was diluted with sterile 416 

saline to the desired concentration and stored at -20ºC. 417 

Isolation of human PMN 418 

Blood obtained from healthy volunteers was collected into tubes containing sodium 419 

heparin (Greiner Bio-One) as anticoagulant. Heparinized blood was diluted 1/1 (v/v) with 420 

PBS and layered onto a gradient of 10 ml Ficoll (Amersham Biosciences, Uppsala, 421 

Sweden) and 12 ml Histopaque (density 1.119 g ml-1; Sigma-Aldrich, St. Louis,MO). 422 

After centrifugation (320 g, for 20 min at 22°C), the neutrophils were collected from the 423 

Histopaque phase and washed with cold RPMI 1640 medium containing 25 mM HEPES 424 

buffer, L-glutamine (Invitrogen Life Technologies) and 0.05% HSA (Sanquin, 425 

Amsterdam, the Netherlands). The remaining erythrocytes were lysed for 30 s with ice-426 

cold water, after which concentrated PBS (10 x PBS) was added to restore isotonicity. 427 

After washing, cells were counted and resuspended in RPMI-1640 / 0.05% HSA at 107 428 

neutrophils ml-1. 429 

Determining Circulating Immune Complexes, C-Reactive Protein and serum 430 

tryptase 431 

CIC were determined by 2 different ELISA’s from Quidel (San Diego, CA): the CIC-C1q 432 

enzyme immunoassay is based on the principle that complement fixing IC will bind to 433 

immobilized human C1q purified protein; the CIC-Raji Cell Replacement enzyme 434 

immunoassay measures IC containing C3 activation fragments by using a mAb that 435 

specifically binds the iC3b, C3dg and C3d activation fragments of C3 in a manner which 436 

is analogous to the classical Raji cell CR2 binding reaction. The data of both assays 437 

were combined and results expressed relative to the value at time point 0. CRP levels 438 

were determined by the diagnostic department according to standard protocols. Serum 439 
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derived tryptase (both α-and β-form) was measured on the UniCAP®-100 using the 440 

ImmunoCAPTM technology (Pharmacia Diagnostics, Woerden, The Netherlands). The 441 

normal geometric mean for serum tryptase in healthy controls is 5.6 μg l-1. Results were 442 

expressed relative to the value at time point 0.  443 

ELISA for anti-CHIPS antibodies and CHIPS levels 444 

Rabbits were immunized with recombinant CHIPS using Freund’s Complete Adjuvants 445 

and boosted with Freund’s incomplete adjuvants. Bleedings were checked for reactivity 446 

with CHIPS by ELISA as described for human anti-CHIPS antibodies (see below). From 447 

the final bleeding, IgG was purified by standard Protein-G (Pharmacia) affinity 448 

chromatography according to the manufacturer’s instructions. For the anti-CHIPS 449 

ELISA, microtiter plates (Greiner) were coated with 50 μL CHIPS per well at 1 μg ml-1 in 450 

PBS overnight at 4°C. All wash steps were performed thrice with PBS-0.05%Tween-20 451 

and subsequent incubations were done for 1 hour at 37°C. Plates were blocked with 452 

PBS-0.05%Tween-20 4% BSA, washed and incubated with sera or antibodies diluted in 453 

PBS-0.05%Tween-20 1% BSA. Bound antibodies were detected with species-specific 454 

goat anti-IgG conjugated with peroxidase (all from Southern, Birmingham, USA) and 455 

TMB as substrate. The reaction was stopped with H2SO4 and the absorbance measured 456 

at 450nm in a BioRad ELISA-reader. For the capture ELISA, microtiter plates were 457 

coated with 50 μL α-CHIPS mAb 2G8 at 3 μg mL-1 in PBS overnight at 4°C. Plates were 458 

blocked with PBS-0.05%Tween-20 4% BSA, washed and incubated with diluted 459 

samples and a two-fold dilution range of CHIPS as standard in PBS-0.05%Tween-20 460 

4% BSA. Subsequently, plates were incubated with 0.33 μg mL-1 rabbit α-CHIPS IgG 461 

and 1:5000 diluted peroxidase-conjugated goat anti-rabbit IgG (Southern). Bound 462 

antibodies were quantified with TMB as substrate, the reaction stopped with 1 N H2SO4 463 

and OD was measured at 450 nm on a BioRad ELISA reader. 464 

Statistical analysis 465 

Calculations of statistical analyses were performed using Prism 7.0 (GraphPad 466 

Software). Flow cytometric analyses were performed with FlowJo (Tree Star Software). 467 

Significance was calculated using analysis of variance (ANOVA) followed by Kruskal-468 

Wallis as post-test correction for multiple comparison. All statistical methods with 469 
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regards to the human trails are described in the supplementary (Protocol No.: JPD-470 

003/002/NL.) 471 
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 614 
Fig.1: CHIPS binds and inhibits hC5aRKI murine neutrophils comparable to human 615 

neutrophils. Quantification of hC5aR1 expression in hC5aR1KI mice showed similar 616 

expression levels compared to human leukocytes[19]. Furthermore, hC5aR1KI murine 617 

neutrophils responded normally to both murine C5a (mC5a) and human C5a as 618 

measured by calcium mobilization[19].a, hC5aRKI bone marrow neutrophils and human 619 

blood neutrophils were isolated and incubated with 3µg/ml his-tagged CHIPS followed 620 

by anti-his-FITC antibodies. Cells were analysed by flow cytometry and the FITC 621 

fluorescent signal depicted as histograms. b, As our hC5aR1KI murine model generates 622 

mC5a, the assessment of CHIPS inhibition was performed by mC5a stimulation. Bone 623 

marrow neutrophils of hC5aRKI , wild-type mice and human neutrophils were pre-624 

incubated with CHIPS at the indicated concentration and subsequently stimulated with 625 

murine C5a (10-8M). The basal fluorescence level was first measured for each sample 626 

before the addition of murine C5a. The C5a-mediated calcium influx was analysed by 627 

flow cytometry using FLuo-4AM. The average FLuo-4AM fluorescent signal was used to 628 

calculate CHIPS mediated inhibition of C5a responses. One experiment representative 629 

of two independent experiments is shown. 630 
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 631 

Figure 2: CHIPS inhibits neutrophil migration in vivo. a, 60µg CHIPS (n=10) was 632 

injected i.p., and together with ovalbumin i.v. in hC5aRKI mice 30 minutes prior to 633 

inducing the Arthus reaction. Samples were compared to mice that did not receive 634 

CHIPS (n=7). Control mice (n=4) received PBS i.v. and i.p.. Peritoneal cavity lavage 635 

was performed 6-hours post Arthus induction. Percentage neutrophil influx was 636 

analysed by flow cytometry by gating on CD45+GR-1+F4/80- population and depicted as 637 

percentage of total leukocytes (CD45+) retrieved after peritoneal lavage. All groups 638 

consisted evenly out of female and male mice. Combined data from 2 independent 639 

experiments shown. b, the presence of anti-OVA and anti-CHIPS antibodies in the 640 

rabbit anti-OVA IgG fraction was determined by ELISA. C) To detect neutralizing anti-641 

CHIPS antibodies in the rabbit anti-OVA IgG, CHIPS (500ng/ml) was incubated with 642 

10µg/ml rabbit anti-OVA IgG or PBS. Subsequently, Fluo-4AM labelled human PMNs 643 

were incubated with CHIPS/Rabbit IgG or CHIPS/PBS and challenged with human C5a. 644 

Ca-mobilization was determined via flow cytometry and normalized to human PMNs that 645 

did not receive CHIPS. Significance was calculated using ANOVA, and when needed, 646 

followed by Kruskal-Wallis post-test for multiple comparison and displayed as 647 

*P<0.05,****P<0.0001 and NS for not significant.  648 
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 649 

Fig 3: CHIPS and anti-CHIPS antibodies in humans. a, Frequency distribution of IgG 650 

anti-CHIPS titer in healthy human donors (n=168). The titer was defined as the log 651 

dilution that gives an absorbance of OD0.300 after subtraction of background value. 652 

Titers were depicted relative to the mean  human pooled serum (HPS) titer (3.75). Anti-653 

CHIPS antibody titer of the 6 subjects before study entry are depicted in the same graph 654 

as comparison. The ■ represents subjects that had low anti-CHIPS antibodies (anti-655 

CHIPS low), ▲ represents subjects with high anti-CHIPS antibodies (anti-CHIPS high) 656 

and the ● represents subjects in the placebo group. Open and closed symbols 657 

differentiate between receivers in each group. b, Pharmacodynamics of CHIPS 658 

detected in the sera of the volunteers. CHIPS was measured by a specific capture 659 

ELISA at various time points after intravenous injection of CHIPS. c, CHIPS is 660 

recovered on the surface of peripheral blood neutrophils. At various time points after i.v. 661 

injection, the presence of CHIPS bound to the surface of neutrophils was detected with 662 

rabbit-anti-CHIPS antibodies. Values are expressed as mean fluorescence (MFL) of 663 

gated neutrophils in EDTA whole blood samples. Background MFL value for the 664 
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secondary FITC labelled conjugated was 6. d,  Immunogenicity of CHIPS in healthy 665 

human subjects. Specific IgG titer towards CHIPS were determined in all subjects 666 

before trial start, 7 and 42 days after trial closing and are depicted relative to HPS.  667 
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 668 

 669 

Fig. 4: CHIPS induces leukocytopenia and increased CRP levels in humans. 670 

Levels of circulating a, peripheral white blood cells and b, serum inflammation marker 671 

CRP. At various time points after intravenous injection of CHIPS, WBC counts and CRP 672 

measurements were performed. (1.1 and 1.6 indicate 1 day and 1 or 6 hours 673 

respectively). Data for WBC are expressed relative to the value at T = 0 and data for 674 

CRP are expressed in mg/mL. The ■ represents subjects that had low anti-CHIPS 675 

antibodies (anti-CHIPS low), ▲ represents subjects with high anti-CHIPS antibodies 676 

(anti-CHIPS high) and the ● represents subjects in the placebo group. Open and closed 677 

symbols differentiate between receivers in each group. 678 
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 679 

Figure 5: Circulating immune complexes and increase serum tryptase 680 

Adverse effects of CHIPS as measured by levels of A)Circulating Immune Complexes 681 

(CIC), and B) mast cell marker tryptase. At various time points after intravenous 682 

injection of CHIPS, specific assays were performed for both markers. The ■ represents 683 

subjects that had low anti-CHIPS antibodies (anti-CHIPS low), ▲ represents subjects 684 

with high anti-CHIPS antibodies (anti-CHIPS high) and the ● represents subjects in the 685 

placebo group. Open and closed symbols differentiate between receivers in each group. 686 

 687 
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Supplementary Text 1: Pre-clinical assessment of CHIPS as a therapeutic agent   688 

CHIPS successfully dampened the C5aR dependent Arthus reaction in a mouse model 689 

expressing the hC5aR . To allow testing of CHIPS in human volunteers, pre-clinical 690 

safety experiments in non0hman subjects were required . In none of the toxicology 691 

animal studies did administration of CHIPS cause any CHIPS related toxicologically 692 

significant changes in clinical observations, body weight, food consumption, 693 

haematology, coagulation, blood chemistry parameters, ophthalmoscopy, 694 

electrocardiograms, macroscopic or microscopic pathology or behavior (Data?). The 695 

effects of CHIPS on various cardiovascular and respiratory parameters in anesthetized 696 

beagle dogs was examined. In the dogs receiving low dose CHIPS (0.02 and 2 mg‧kg-697 

1) there was no evidence of cardiovascular or respiratory effects when compared to 698 

infusion of vehicle (isotonic saline) (Data?). Following intravenous administration of 20 699 

mg‧kg-1 CHIPS a transient decrease in mean arterial blood pressure (40%) was 700 

recorded approximately 1 minute after start of administration(Data?). Mean arterial 701 

blood pressure levels returned to pre-dose levels within approximately 5 minutes 702 

following the start of dosing (Data?). The effect on blood pressure coincided with 703 

transient, inconsistent changes in heart rate. One dog was administered a repeat 704 

intravenous dose of CHIPS (20 mg‧kg-1) approximately 30 minutes following the first 705 

administration of CHIPS. Transient effects on cardiorespiratory parameters similar to 706 

those recorded following the first dose were not apparent after the repeat administration 707 

of CHIPS. However, the second administration produced a prolonged reduction in mean 708 

arterial blood pressure, reaching a maximum of 18% at approximately 30 minutes 709 

following the second administration(Data?). In this animal only, twelve minutes following 710 

the repeated administration of CHIPS a generalized skin reaction appeared consistent 711 

with some form of mild allergic reaction. The results of this study suggested that 712 

cardiorespiratory effects are unlikely to be observed in the human subjects in the used 713 

dose range (0.1 mg‧kg-1). Furthermore, any effects that might occur were expected to 714 

be transient and reversible. 715 
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