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ABSTRACT 

Immune checkpoint inhibition (ICI) has transformed cancer therapy by targeting inhibitory 

constraints on T cells, thereby enhancing antitumor immunity. However, emerging evidence 

indicates that ICI can also provoke neuroinflammatory responses leading to adverse neurological 

outcomes. Complement anaphylatoxin signaling, especially the C5a-C5aR1 axis, has been 

implicated in driving cancer therapy-associated neuroinflammation, and its inhibition has shown 

neuroprotective effects in mouse models of cranial irradiation and neurodegenerative diseases. 

Here, we report elevated microglial C5aR1 expression in the postmortem brains from ICI-treated 

patients. Based on this, we investigated the impact of genetic targeting of C5aR1 (C5aR1-KO) in 

melanoma-bearing mice treated with ICI by assessing tumor progression along with 

neuroinflammation, including microglial activation and astrogliosis. C5aR1 deficiency suppresses 

tumor growth over time without compromising the antitumor function of ICI. Importantly, C5aR1-

KO significantly attenuated microglial activation and astrogliosis post-ICI treatment. These results 

identify complement signaling as a critical mediator that links systemic immunotherapy to 

neuroinflammation. Thus, targeting the C5a-C5aR1 pathway is a promising strategy to mitigate 

immune-related adverse events (irAEs), preserve neurological function, and spare anti-tumor 

immunity, ultimately improving quality of life in melanoma survivors. 
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1 | INTRODUCTION 

Immune checkpoint inhibitor (ICI) therapies are highly effective treatments across multiple cancer 

types, with particularly significant improvements in therapeutic outcomes for melanoma (1-3). ICIs, 

including antibodies targeting cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell 

death protein 1 (PD-1), enhance antitumor immunity by blocking inhibitory signaling pathways 

that restrain T cell activation (1, 2, 4). However, accumulating evidence indicates that ICI 

treatment can also induce immune-related adverse events (irAEs), including neurodegenerative 

sequelae (5-7). These effects are characterized by elevated neuroinflammation, including 

increased infiltration and activation of T cells, expansion of MHC-II⁺ myeloid populations, and 

pronounced microglial activation, and interaction of activated T cells and microglia, ultimately 

contributing to degradation of synaptic and myelin integrity and neurocognitive decline (8-10). 

Clinically, cancer survivors have reported neurocognitive impairments following ICI therapy, 

underscoring a significant unmet need to mitigate CNS toxicity and improve quality of life in 

melanoma survivors (7, 11-13) . 

A major driver of neuroinflammation associated with other cancer therapies is elevated 

pro-inflammatory mediators, including components of the CNS complement cascade (14). Using 

both genetic and pharmacological approaches, our prior work has demonstrated that complement 

proteins and receptors, particularly C1q and C5aR1, play key roles in mediating 

neuroinflammation and neurodegeneration following cranial radiation therapy (RT) for brain 

cancer, contributing to cognitive impairment (15, 16). The complement cleavage product C5a, an 

anaphylatoxin, promotes robust pro-inflammatory polarization of microglia through engagement 

of its receptor C5aR1, as observed in Alzheimer’s disease (AD) and RT-exposed brains (14, 15, 

17). Accordingly, ablation of the C5a-C5aR1 axis via genetic knockout of C5aR1 or 

pharmacological targeting of C5aR1 signaling protected against microglial activation and 

improved cognitive outcomes in both AD and cranial irradiation models (14, 15, 17). 

Anti-PD-1 treatment has been shown to elevate proinflammatory serum complement 

cascade components, including C3a, C5a, Factors H and I, which were associated with ICI-

induced adverse consequences (18, 19). Building on these findings, this study investigates the 

role of microglial complement signaling in ICI-associated neuroinflammation and evaluates the 

potential of targeting complement anaphylatoxin receptor 1 (C5aR1) as a neuroprotective strategy. 

We first confirmed C5aR1 expression in postmortem brains from ICI-treated patients. Then, using 

a syngeneic murine melanoma model in WT and C5aR1-KO mice, we evaluated the impact of 

melanoma burden and combination ICI therapy (anti-PD-1 and anti-CTLA-4) on tumor 

progression and CNS gliosis, with a particular focus on microglial activation. 
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2 | METHODS 

 

2.1 Animals and Treatments 

All animal experimentation procedures are in accordance with the guidelines provided by NIH and 

approved by the University of California, Irvine (UCI) Institutional Animal Care and Use Committee 

(IACUC). Two mouse lines (12-13 weeks of age) were used: male wildtype (WT, C57BL/6J, 

Jackson Laboratory) and C5aR1-KO (kind gift from R. A. Wetsel)(20). WT and C5aR1-KO mice 

were divided into the following groups (N = 8-10 mice per group): i) vehicle (PBS) treated, ii) 

melanoma-bearing mice receiving vehicle (induced using murine D4M-3A.UV2 line) as described 

(8), iii) combination ICI-treated (anti-PD1, 200 µg, 3 times weekly, and anti-CTLA-4, 1000 µg, 2 

times weekly, i.p.), and iv)  melanoma-bearing mice treated with ICI regimen for 3 weeks. We 

selected this combination ICI regimen based on our previous studies, which showed antitumor 

responses in melanoma concurrently with neurocognitive decline, gliosis, synaptic loss, and 

cellular and transcriptomic neuroimmune dysregulation (8, 10). A syngeneic orthotopic model of 

murine melanoma was developed following bilateral intradermal injections of 5 × 105 D4M-3A.UV2 

cells were injected into the underbelly tent in WT or C5aR1-KO mice (Research Design, Fig. 1E). 

D4M-3A.UV2 mouse melanoma cells were cultured in Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (1× DMEM/F-12, Gibco) supplemented with 10% HyClone 

Characterized FBS (fetal bovine serum, Cytiva). Vehicle (PBS) or ICI treatments were initiated 

one week post-tumor implantation. These murine D4M-3A.UV2 tumors do not metastasize to the 

brain as shown previously (8).  Tumors were measured twice a week for 1 month using a digital 

caliper to monitor growth and mouse health. The maximum (MD) and perpendicular (PD) tumor 

diameters were measured for each tumors and the tumor volume (mm3) was calculated by the 

following formula:  

𝑉𝑡 = 0.5 ×  𝑀𝐷 ×  𝑃𝐷2 

 Tumor-bearing, vehicle-treated WT and C5aR1-KO mice were euthanized one month 

post-tumor induction, considering humane endpoints. ICI-treated WT and C5aR1-KO cohorts 

were euthanized one month post-ICI treatment via intracardiac perfusion using 1× PBS-heparin 

(10 U/ml) followed by ice-cold 4% paraformaldehyde made in PBS (Sigma-Aldrich). Brains were 

cryoprotected (10-30% sucrose gradient) and sectioned coronally into 30 µm sections as 

described (16). 

2.2. Immunofluorescence staining 

2.2.1. Human brains. Formalin-fixed post-mortem human frontal cortex sections (3 µm 

thick) from three ICI-treated or three age-matched, non-tumor control brains were kind gifts from 
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the Department of Nuclear Medicine, Medical Center, University of Freiburg, with appropriate 

patient consent for the donation, storage, and use of the biological materials and collection, and 

approved by the ethics committee (protocol number 340/19, Analysis of CNS autopsy material 

and CSF in patients that received anti-PD-1 immunotherapy, Dr. Robert Zeiser), as described (9). 

UC Irvine Institutional Biosafety Committee (IBC) approved the use of human brain sections for 

this study (protocol number BUA-R218). Details about patient age, tumor type, health condition, 

etc. are provided in Table 1. ICI-treated patients were male, with a median age of 65 years, and 

were treated with anti-PD-1, including pembrolizumab, nivolumab, or combined ipilimumab and 

nivolumab, for the treatment of lung cancer, melanoma, and head and neck cancer. The non-

cancer and no therapy control group included two males and one female. Three tissue sections 

per case were stained for microglia (IBA1) and C5aR1 dual-immunofluorescence staining to 

capture 3-4 non-overlapping regions of interest (ROI) using laser scanning confocal microscopy 

and 3D algorithm-based volumetric quantification of co-labeling. Primary antibodies include rabbit 

anti-IBA-1 (1:500, FUJIFILM Wako, Cat# 019-19741), anti-human C5aR1 antibody (1:350, 

purified Mouse IgG2a,  κ isotype, Biolegend, Cat# 344302). Secondary antibodies include goat 

anti-rabbit Alexa Fluor 488 (1:500, FisherSci, Cat# a11008; RRID: AB_143165), and goat anti-

mouse Alexa Fluor 647 (1:500, Abcam, Cat# ab150115; RRID: AB_2687948). For the dual-

immunofluorescence staining, slides containing human cortices were deparaffinized using Histo-

Clear (20 min), and dehydrated in 100%, 90%, and 70% ethanol for 3 min each, followed by a 

distilled water rinse (1 min). Antigen retrieval was facilitated by citrate buffer incubation (10 mM, 

pH 6.0, microwave treatment for 3-4 min), distilled water washing (1 min), and equilibration using 

1× TBST buffer (Tris buffer saline with Tween-20)twice for 5 mins). Sections were then blocked 

in a humidified chamber using 10% normal goat serum (NGS) containing 5% BSA in 1× TBST for 

90 min at room temperature. After that, sections were treated with a mixture of primary antibodies 

in 1% BSA, 1% NGS in 1× TBST) and incubated overnight at 4 °C. Before secondary antibody 

treatment, slides were washed in 1× TBST (3 times for 5 min each) and then incubated with the 

appropriate secondary antibodies using the same incubation buffer as primary antibodies for 60 

min at room temperature. After distilled water and 1× TBST rinses, slides were stained with DAPI 

made in PBS for 10 min (1 µmol/L, FisherSci, Cat# D1306, RRID:AB_2629482) for nuclear 

staining, followed by a final wash in 1× TBST (10 min) and mounting using (Vectashield, Vector 

Labs, Cat# H-1000-10).            
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Group ICI Therapy Control 

No. of Patients 3 3 
Gender (N) Female (0) Female (1) 

 Male (3) Male (2) 
Age, Median 65 (59-73) 59 (26-70) 

 

Therapy regime 
Pembrolizumab (1)  

Nil Nivolumab(1) 
Ipilimumab/Nivolumab (1) 

 
Table 1. Human patient characteristics for the brain biopsy samples used for immunofluorescence 
analysis. 
 

2.2.2. Mouse brains. For CD68-IBA1 dual immunostaining, mouse brain tissues containing 

hippocampal sections were washed with 1× PBS-0.3% Tween 20, then incubated in 1× PBS-3% 

hydrogen peroxide and 1% methanol, followed by a 1× PBS wash and blocking in 1× PBS with 

4% BSA and 0.3% Tween 20.  Following blocking, sections were immune-stained for CD68 (1:500, 

rat anti-mouse CD68, Bio-Rad) and IBA-1 (1:500 rabbit anti-IBA-1, FUJIFILM Wako) in 1× PBS 

containing 1% BSA and 0.3% Tween-20 buffer. Twenty-four hours later, the tissues were washed 

and stained with secondary antibodies using goat anti-rat Alexa Fluor 647 (1:1000, Abcam) and 

goat anti-rabbit Alexa Fluor 488 1:500, (FisherSci) for CD68 and IBA-1, respectively.   

For TLR4-GFAP, mouse hippocampal brain tissues were washed three times in 1× PBS 

before blocking in 10% BSA and PBS-0.1% Triton X-100 for 75 minutes at room temperature. 

This was followed by a primary antibody incubation against TLR4 (1:200, mouse anti-TLR4, 

Novus) and GFAP (1:500, rabbit anti-GFAP, Bio Legend) in 10% NGS and PBS containing 0.01% 

Triton X-100 at 4 °C for 48 hours. Afterward, tissue sections were washed three times with 1× 

PBS, and fluorescent color development was facilitated with secondary antibodies: goat anti-

mouse Alexa Fluor 568 (1:200) and goat anti-rabbit Alexa Fluor 488 (1:500) in 10% NGS and 

PBS containing 0.01% Triton X-100. For all immunostaining, mouse tissues were washed, 

counterstained with DAPI, and mounted on Superfrost slides using VectaShield antifade mounting 

medium.  

2.3. Microscopy and 3D Algorithm-based Volumetric Quantification. Immunostained brain 

sections were scanned at high resolution using a laser-scanning confocal microscope (Nikon 

Eclipse Ti2 AX, Japan) equipped with a 20× PlanApo lens or 40× oil-immersion Plan Fluor lens 

and a NIS-Elements AR interface. A laser-scanning confocal microscope (Nikon Eclipse Ti2 AX) 

was used to image the immuno-stained brain sections through 24-25 µm mouse brain sections 

(0.5 µm thickness per z stack) at voxel size 0.428 × 0.428 × 0.500 and in 2048, 2048 and 29 xyz 

resolution and 3 µm for human brain tissues (0.158 µm thickness per z stack) at a voxel size of 

0.431 × 0.431 × 0.120 µm and at 1024 × 1024 × 27 xyz to obtain 19-20 optical slices and to render 
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high resolution images for the volumetric quantification of immunoreactivity. Acquisition of 

confocal z stacks and 3D algorithm-based unbiased volumetric quantification of 

immunofluorescence (refractive Index 1.5, distance 6.60 µm, gamma correction 0.950, and 

baseline subtraction 150 AU) were carried out as described in detail previously (15, 16). Each 

mouse brain section was imaged using 20-24 z stacks, 0.5 µm thick, from the hippocampal 

dentate gyrus (DG) or dentate hilus (DH) at voxel size 0.428 × 0.428 × 0.500 and in 2048, 2048 

and 29 xyz resolution and 3 µm for human brain tissues (z stack thickness 0.158 µm) at a voxel 

size of 0.431 × 0.431 × 0.120 µm and at 1024 × 1024 × 27 xyz to obtain 19-20 optical slices and 

to create surface or puncta rendering of high resolution images for the volumetric quantification 

of immunoreactivity.  3D surface renderings of the volume (immunofluorescence) were created 

for each marker using Imaris (v10.1.0, Oxford Instruments), and each channel was analyzed 

separately. A set of image-processing parameters (e.g., deconvolution, baseline subtraction) was 

applied to each z stack across all experimental groups, as described previously (15, 16). To 

determine the co-localization volume between the 3D reconstructed surfaces of two markers for 

each immunostain, Imaris (v10.1) was used for statistical analysis. This was carried out by directly 

quantifying the number of voxels from one marker’s surface that intersect or occupy the same 3D 

space as another marker’s surface (i.e., the volume of overlap). We did not create a separate 

colocalization channel. The volume of each colocalized immunoreactive surface of interest was 

normalized to the control, and the data were expressed as a mean percent immunoreactivity 

relative to controls. 

 

2.4. Statistical Analysis  

Statistical analyses were carried out using GraphPad Prism (v10). An unpaired two-tailed t test 

was performed to compare IBA1/C5aR1 expression in human and mouse brains in control and 

ICI cohorts. Two-way ANOVA followed by Bonferroni’s multiple comparisons test was performed 

for cancer growth analysis. For all immunohistochemical analyses, three-way ANOVA was 

performed. Eight experimental groups were included: WT and C5ar1-KO mice under four 

conditions: vehicle, melanoma, ICI treatment, and melanoma + ICI. Three independent factors 

were evaluated: genotype (WT vs. C5aR1-KO), melanoma status, and ICI treatment. Three 

independent factors were evaluated: genotype (WT vs. KO), melanoma status (with vs. without), 

and ICI treatment (vehicle vs. ICI). The main effects of each factor, along with their two-way 

interactions (genotype × melanoma, genotype × ICI, and melanoma × ICI) and three-way 

interaction (genotype × melanoma × ICI), were assessed to determine their influence on 

CD68/IBA1 and GFAP/TLR4 colocalization. Bonferroni's multiple-comparisons test was 
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performed for post hoc pairwise comparisons between experimental groups.  All results are 

expressed as mean ± SEM.  A p-value of ≤ 0.05 was considered statistically significant. 

 

3 | RESULTS 

 

3.1. Elevated microglial C5aR1 expression in the ICI-treated patient brains 

To assess C5aR1 expression in human brains exposed to ICI, we performed dual 

immunofluorescence staining for a pan-microglial marker (IBA1) and C5aR1 in frontal cortex from 

postmortem human brain tissue. We compared non-cancer, no-therapy control subject brains with 

patients treated with ICI (anti-PD-1) for different malignancies. Untreated human brain tissue from 

cancer-bearing individuals was unavailable. 3D algorithm-based volumetric quantification (Imaris) 

of IBA1-C5aR1 co-localization was conducted as described previously (15, 16). Anti-PD-1-treated 

patients (ICI patients’) showed significantly increased IBA1-C5aR1 co-labeling (Fig. 1A) and 

immunoreactivity volumes (Fig. 1B) compared with non-cancer control patient brains (p<0.0001). 

We found a similar elevation in microglial C5aR1 expression following combination ICI treatment 

as in the non-cancer mouse hippocampus 8 weeks post-treatment compared to the vehicle-

treated controls (p<0.02, Fig. 1C-D). The relevant Manders coefficients (Mean ± SEM) for human 

tissues were 0.334 ± 0.081 (N = 3) and 0.576 ± 0.105 (N = 3) for the Control and ICI patients, 

respectively. In mouse tissues, the coefficients were 0.822 ± 0.041 (N = 5) and 0.812 ± 0.053 (N 

= 5) in the Control and WT-ICI groups, respectively.  These data indicate elevated microglial 

C5aR1 expression in ICI-treated cancer patients and provide a rationale for a mechanistic murine 

study.  

 

3.2. C5aR1 KO reduces tumor progression independent of ICI treatment 

Disruption of the C5a-C5aR1 signaling axis has been shown to reduce primary and metastatic 

tumor growth in multiple cancers (1, 2). However, this efficacy in the presence of ICI remains to 

be studied. To investigate how C5aR1-KO affects melanoma cell proliferation with and without 

ICI therapy, we plotted the average volume of bilateral tumor sites per mouse over 28 days (Fig. 

1C). By Day 28, the WT-MEL group showed the most progressive tumor growth compared with 

all groups (Fig. 1F-G). Conversely, C5aR1-KO mice (C5aR1-KO-MEL group) showed significantly 

slower tumor growth and smaller tumors than their WT counterparts at the same time point 

(p<0.05 for Day 26, p<0.0001 for Day 28). As expected, ICI treatment significantly reduced tumor 

growth in WT and C5aR1-KO mice, and tumors were not detectable by Day 28 (p<0.0001 for WT; 

p<0.01 for C5aR1-KO). In summary, C5aR1-KO reduced tumor progression, ICI treatment 
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effectively countered melanoma growth over time, and, importantly, C5aR1-KO background did 

not interfere with ICI therapeutic efficacy (Fig. 1F-G).   

 

3.3. C5a signaling is required for melanoma and ICI-related microglial activation in the 

hippocampus 

ICI treatment has been linked to several neurodegenerative consequences, including synaptic 

loss and microglial activation (8, 9, 21). Conversely, inhibiting C5a signaling has been found to 

counter proinflammatory consequences in the brain, including the polarization of inflammatory 

microglia in neurodegenerative conditions, including irradiated brain and AD (15, 17). We found 

elevated expression of microglial C5aR1 post-ICI treatment (Fig. 1A-B). Thus, to evaluate the 

extent of neuroinflammatory damage post-ICI treatment and C5aR1-KO, we quantified microglial 

activation using the lysosomal (phagocytic) protein CD68 and IBA1 in the hippocampus. We 

conducted dual immunofluorescence confocal microscopy to assess the activated microglial 

landscape under melanoma, ICI treatment, and C5aR1-KO conditions (Fig 2A-D). First, vehicle-

treated WT mice with or without melanoma displayed a comparable CD68-IBA-1 colocalization, 

whereas the melanoma-bearing C5aR1-KO mice (C5aR1-KO-MEL group) showed a significant 

decline and the lowest expression of CD68-IBA-1 immunoreactivity, compared to all groups 

(p’s<0.001). ICI-treated WT and C5aR1-KO mice without tumor showed the highest CD68-IBA-1 

co-expression compared to vehicle-treated groups (Fig. 2E-F), demonstrating ICI-induced 

neuroinflammation in the brain. Notably, CD68-IBA1 expression was significantly declined in both 

groups in the presence of melanoma (p<0.0001 for WT-MEL-ICI and p<0.01 for C5aR1-KO-MEL-

ICI, Fig 2E), signifying a change in inflammatory events post-cancer induction and ICI treatment.  

Three-way ANOVA found significant interactions of cancer × no cancer (F(1, 61) = 33.93, p<0.0001), 

ICI × vehicle treatment (F(1, 61)  = 4.041, p<0.05), genotype × cancer (F(1, 61)  = 6.449, p<0.002), 

genotype × ICI treatment (F(1, 61)  = 6.206, p<0.002), and genotype × cancer × ICI treatment 

(F(1, 61) = 8.490, p<0.0003). Taken together, these results indicate that C5aR1 antagonism after 

ICI treatment alleviates microglial activation.  

 

3.4. Melanoma and ICI-related astrocytic hypertrophy is diminished in C5aR1-KO mice  

Astrocytes maintain neurotransmitter and calcium balance in the brain and thereby support 

neuronal activity (22). Concurrent with microglial activation, we then assessed the impact of ICI 

treatment and C5aR1-KO on astrogliosis. We analyzed GFAP+ astrocytic expression of the 

danger-associated molecular pattern (DAMP) marker toll-like receptor 4 (TLR4), a hallmark of 

astrocytic hypertrophy or astrogliosis commonly reported in brain injuries (15, 16). C5a-C5aR1 
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signaling promotes neuroinflammation and astrogliosis and interacts with DAMP, including TLR4 

signaling (23, 24). TLR4-GFAP colocalization was quantified across all experimental groups to 

assess the extent of astrogliosis following melanoma ICI therapy (Fig 3A-D). The C5aR1-KO-

MEL group showed the lowest TLR4-GFAP immunoreactivity compared with the vehicle-treated 

and WT-MEL groups (p<0.05), indicating reduced astrocytic activity. In contrast, the WT-ICI group 

exhibited the highest level of astrogliosis (Fig. 3C, F), whereas the C5aR1-KO-ICI group showed 

a trend of reduced TLR4-GFAP expression. Importantly, both the WT-MEL-ICI and the C5aR1-

KO-MEL-ICI mice had decreased TLR4-GFAP co-expression, with a greater reductions in the 

C5aR1-KO-MEL-ICI group,  compared to their respective ICI-only treated (non-cancer) groups 

(p<0.01 and p<0.001, respectively, Fig. 3E). Three-way ANOVA indicated significant interactions 

of WT × KO genotype (F(1, 39) = 21.56, p<0.0001), cancer × no cancer (F(1, 39) = 27.27, p<0.0001), 

and genotype × cancer × ICI treatment (F(1, 39) = 4.704, p<0.04). Overall, this result paralleled the 

microglial activation pattern and highlights the anti-gliosis role of C5aR1-KO following ICI 

treatment and cancer load.  

 

4 | DISCUSSION 

 

The main goal of this study was to determine if ablation of complement anaphylatoxin C5a 

signaling via C5aR1 deletion confers protection against ICI-induced neuroinflammation. We found 

higher C5aR1 levels in microglia in human postmortem brains from ICI-treated patients. The 

comparison of ICI-treated cancer patients with non-tumor, non-ICI-exposed postmortem controls 

was dictated by tissue availability, quality, and anatomical comparability. Ideally, untreated 

melanoma patients or ICI-exposed non-cancer individuals would provide more informative 

comparisons; however, such cohorts are clinically scarce in postmortem repositories. Thus, we 

performed animal studies and found that, in the absence of tumor, ICI treatment alone elevated 

microglial C5aR1 expression in the brain. Prior studies have demonstrated that C5a-C5aR1 

signaling promotes an immunosuppressive tumor microenvironment across multiple cancer types, 

including gastrointestinal and ovarian cancers, by recruiting myeloid-derived suppressor cells 

(MDSCs) and by excluding or modulating dysfunctional tumor-infiltrating immune cells (25-27). 

Consistent with this, our observation of reduced tumor growth in C5aR1-KO mice without ICI 

supports a role for C5aR1 signaling in shaping the solid tumor microenvironment. We 

acknowledge that peripheral immune cells expressing C5aR1, tumor-intrinsic effects on the 

immune microenvironment, and the developmental absence of C5aR1 during circuit maturation 

are plausible confounders that a global KO model cannot disentangle. We used this germline KO 
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as a proof of concept to test whether ablating global C5a/C5aR1 signaling modifies melanoma 

response and ICI-associated neuroinflammation. Critically, these findings provide a mechanistic 

scaffold for our primary translational objective: evaluating PMX205, a brain-penetrant C5aR1 

inhibitor currently in Phase II trials for ALS, to mitigate ICI-induced CNS toxicity, as we have 

shown previously in the brain glioma radiation therapy model (15). Importantly, C5aR1 deficiency 

was not associated with diminished ICI-mediated tumor control under the conditions tested. 

Others have shown that pharmacological inhibition of C5aR1 can synergize with immune 

checkpoint blockade, particularly anti-PD-1 therapy, to enhance CD8⁺ T cell-mediated cytotoxicity 

(26, 28). In our study, the lack of a pronounced difference in tumor burden between WT and 

C5aR1-KO mice under ICI treatment may reflect model-specific factors, including melanoma 

burden and the use of combination anti-PD-1 and anti-CTLA-4-based regimens versus anti-PD-1 

monotherapy, which could influence the extent of the combined checkpoint inhibition. 

Our prior work has demonstrated that combination ICI perturbs the CNS immune 

landscape, leading to upregulated microglial activation and T cell microglia interactions (8, 21). 

Our dual-immunofluorescence data support this finding, showing increased microglial activation 

and elevated astrogliosis in the WT mice treated with ICI alone. In contrast, C5aR1-KO mice 

exhibited significantly reduced astrocytic expression of the DAMP marker following ICI treatment, 

suggesting potential crosstalk between complement signaling and glial responses. These findings 

are supported by increased microglial C5aR1 expression in ICI-treated patient and rodent brains. 

Importantly, both microglial activation and astrogliosis were significantly attenuated in the ICI-

treated melanoma group in C5aR1-KO mice compared to the WT-ICI-treated group, indicating an 

ICI-specific pro-inflammatory effect in the absence of tumor in the WT mice. Thus, opening new 

opportunities to counter ICI-induced neuroinflammation while preserving anti-tumor immunity. 

Finally, C5aR1-KO showed the most robust reduction in gliosis induced by melanoma burden 

alone, further underscoring its potential as a therapeutic mitigator by targeting C5aR1 signaling 

in cancer models. We found lower CD68-IBA1 and TLR4-GFAP co-localization in the WT 

melanoma + ICI groups than in the WT ICI-only groups. We propose two possibilities for this 

apparent reduction in neuroinflammatory markers. First, ICI-mediated tumor eradication in the 

melanoma + ICI group likely resolves the tumor-associated immune burden, thereby attenuating 

sustained microglial and astrocytic activation that would otherwise persist in the absence of 

effective tumor clearance. Second, tissue collection 8 weeks after ICI treatment ends represents 

a late post-treatment window, during which the acute neuroinflammatory response may have 

subsided. Supporting this interpretation, our recent spatial transcriptomics data (10) showed that 

microglia-mediated neurodegenerative events, including synaptic and myelin loss, occur as early 
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as 72 hours post-ICI, and that increased proximity of activated microglia with neurons, astrocytes, 

and T cells drives early synaptic loss in vivo. The attenuated gliosis markers at later time points 

are therefore consistent with a model in which the peak neuroinflammatory response is an early, 

transient event.  

Overall, our results demonstrate that C5aR1-KO exerts multifaceted effects, reducing 

melanoma growth while simultaneously modulating neuroinflammatory responses in the brain. 

This neuroprotective effect may mitigate cognitive impairment experienced by some melanoma 

patients following ICI treatment, thereby improving health outcomes and quality of life for cancer 

survivors. To enhance clinical relevance, future studies may incorporate pharmacological 

inhibition of C5aR1 with the brain-penetrant antagonist PMX205 to assess whether comparable 

therapeutic benefits are achieved in combination with ICI. Additionally, immune cell profiling by 

flow cytometry could elucidate changes in the systemic and CNS immune environments, providing 

deeper mechanistic insight into how targeting complement cascade signaling protects the brain 

from ICI-related neuroinflammation. 
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FIGURE LEGENDS 

 

Fig. 1.  (A) Elevated microglial C5aR1 expression in human postmortem brains from ICI-treated 

patients. Dual immunofluorescence staining and laser scanning confocal microscopy analysis (3-

4 regions of interest per section, 3 sections per brain) for the microglial marker IBA1 and C5aR1 

in the frontal cortex from patients receiving ICI treatment for different malignancies, compared 

with non-cancer, untreated control subjects. (B) Volumetric quantification of IBA1 and C5aR1 

shows significantly increased immunoreactivity (****p<0.001) for microglial-C5aR1 co-labeling in 

the ICI-treated patients compared with non-cancer controls. (C-D) ICI treatment in WT, non-

cancer mice significantly elevated (**p<0.02) microglial C5aR1 expression (IBA1-C5aR1) in the 

WT-ICI hippocampus compared to the vehicle-treated control group at two months post-ICI 

treatment. Data are presented as mean ± SEM (N = 3  subjects per group, B, and N = 5 mice per 

group, D). P values were derived from an unpaired two-tailed t tests. Scale bars, 20 µm (A), 7 µm  

(C, Control), and 5 µm (C, WT-ICI). 

  

(E) Experimental Timeline. 3-month-old C5aR1 knockout (C5aR1-KO) and wild-type (WT, 

C57BL/6) mice received either melanoma cells (D4M.3A-UV2, 5 × 105 cells per site, bilateral 

intradermal injections,) or phosphate-buffered saline (PBS). Seven days post-cancer induction, 

the respective mouse groups were treated with either combination ICI, including anti-CTLA4 

(twice weekly, IP, 1000 µg) and anti-PD-1 (thrice weekly, IP, 200 µg), or vehicle for three weeks. 

In parallel with the ICI treatment, tumors were measured using a caliper twice a week for a month, 

followed by euthanasia and tissue collection. 

 

(F-G) Tumor Growth. Each plot shows individual tumor sizes for each experimental group (F) and 

the group average (E). ICI treatment in WT or C5aR1 KO mice significantly reduced tumor growth 

compared to the vehicle-treated group, indicating its therapeutic efficacy. Tumor growth was 

dampened in the C5aR1-KO background without ICI treatment (purple). Data are presented as 

mean ± SEM (N = 8-10 mice/group). P values were derived from two-way ANOVA and 

Bonferroni’s multiple comparisons test. +p<0.05, ++++p<0.001 for WT-MEL vs. WT-MEL-ICI and 

C5aR1-MEL-ICI comparisons. *p<0.05, ****p<0.001 WT-MEL vs. C5aR1-KO-MEL comparisons. 

 

 

 

 

In review



Figure 2. Impact of C5aR1-KO and ICI treatment on neuroinflammation.  

(A–D) Representative confocal photomicrographs of CD68-IBA1 colocalization (magenta and 

green, respectively, A, C) and CD68 single-channel (magenta, B, D) in the hippocampal dentate 

gyrus (blue, DAPI nuclear staining).  

(E) Quantitative volumetric analysis of microglial activation (colocalization of lysosomal protein 

CD68 and a pan-microglial marker IBA-1).  

(F) A representative 3D surface rendering of CD68+ immunoreactive puncta (magenta) 

colocalized with the IBA-1+ microglial cell surface (green) from the WT-ICI group (arrow, C). 

Data are presented as mean ± SEM (N = 4-8 mice/group). P values were derived from three-way 

ANOVA and Bonferroni's multiple comparisons test. *p ≤ 0.05. **p ≤ 0.01. ***p ≤ 0.001. ****p ≤ 

0.0001. Scale bars: 100 μm (A-D), 10 μm (F). 

 

 

Figure 3. Impact of C5aR1 KO and ICI treatment on astrogliosis.  

(A–D) Representative confocal photomicrographs of GFAP-TLR4 colocalization (green and red, 

respectively, A, C) and TLR4 single-channel (red, B, D) in the hippocampal dentate hilus (blue, 

DAPI nuclear staining).  

(E) Quantitative volumetric analysis of the astrocytic expression of the danger-associated 

molecular pattern (DAMP) marker, toll-like receptor 4 (TLR4).  

(F) A representative 3D surface rendering of TRL4+ immunoreactive puncta (red) colocalized with 

the GFAP+ astrocyte (green) from the WT-ICI group (arrow, C). 

Data are presented as mean ± SEM (N = 4-8 mice/group). P values were derived from three-way 

ANOVA and Bonferroni's multiple comparisons test. *p ≤ 0.05. **p ≤ 0.01. ****p ≤ 0.0001. Scale 

bars: 30 μm (A-D), 10 μm (F). 
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