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Abstract

Background Blockade of Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and Programmed Cell Death Protein
1 (PD-1) significantly improves progression-free survival in patients with cancers, including melanoma. In addition to
unleashing antitumor immunity, immune checkpoint inhibition (ICl) therapies disrupt immune regulatory networks
critical for maintaining homeostasis in various tissues, including the central nervous system (CNS). Despite growing
reports of cancer- and ICl-related cognitive impairments among survivors, our understanding of the pathophysiology
of ICl-related neurodegenerative effects is limited.

Methods In this study, we used a murine model of melanoma, cognitive function tests, and neuroimmunological
assays to investigate the cellular mechanisms and impact of combinatorial blockade of CTLA-4 and PD-1 on brain
function. Syngeneic melanoma was induced in C57BIl6 mice via intradermal injection of D4M-3A.UV2 melanoma cells.
After confirmation of tumor growth, cancer-bearing and non-cancer mice received combinatorial treatment of anti-
CTLA-4 (1 mg per dose, twice per week) and anti-PD-1 (200 pg per dose, thrice per week) for three weeks. One month
after completing ICI treatment, mice were evaluated for learning, memory, and memory consolidation cognitive
function tasks. Neuroinflammation, synaptic and myelin integrity, and immune cell status in the brain were analyzed
to examine neuro-immunological changes post-ICl treatment.

Results While tumor-related alterations in brain function were evident, combined ICl treatment specifically disrupted
synaptic integrity and reduced myelin levels independent of neurogenesis and neuronal plasticity in both cancer-
bearing and non-cancer mice brains. Combined ICl selectively impaired hippocampal-dependent cognitive function.
This was associated with a two-fold increase in T cell numbers within the brain along with immune activation of
myeloid cells, especially microglia. Furthermore, an experimental autoimmune encephalomyelitis model revealed that
combination ICl predisposes the CNS to exacerbated autoimmunity, highlighting neuroinflammation-related, and
tumor-independent, neurodegenerative sequelae of combination ICl.
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Conclusion Our results demonstrate that combinatorial blockade of CTLA-4 and PD-1 destabilizes neuroimmune-
regulatory networks and activates microglia, contributing to long-term neurodegeneration and cognitive
impairments. Therefore, selectively limiting microglial activation could be a potential avenue to preserve CNS
functions while maintaining the therapeutic benefits of rapidly evolving ICls and their combinations.
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Neuroinflammation, Synaptic loss, Myelin, Cognitive function

Introduction

Immunotherapies have revolutionized cancer treatment
and improved overall survival. Immune Checkpoint Inhi-
bition (ICI) therapies, which target immune regulatory
pathways, have significantly increased the therapeutic
response in cancers and extended life expectancy, includ-
ing primary and metastatic melanoma [1, 2]. Commonly
used ICI include blockade of cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1) pathways, alone or in combina-
tion, to rejuvenate exhausted immune cells, including
cytotoxic (CD8") T cells, to promote tumor cell killing [1,
2]. Since the first FDA approval of anti-CTLA-4 (Ipilim-
umab) in 2011 [3], cancer immunotherapies have rapidly
evolved, with more than half a dozen ICIs approved and
numerous combination regimens under clinical evalu-
ation [4, 5]. Despite their clinical success, ICIs are asso-
ciated with off-target effects and normal tissue toxicities
that can diminish the quality of life in cancer survivors
[6, 7]. Although the adverse gastrointestinal tract effects
(e.g., ICI-associated colitis) are well characterized, our
understanding of the cellular mechanism of neurodegen-
erative and neurocognitive complications ICI and their
combination is largely incomplete.

Cancer survivors who received ICI therapy report
headache, fatigue, fever, and loss of appetite [8]. Emerg-
ing clinical data suggest both short-term and long-
term adverse effects of ICI on brain function [8-10].
ICI-induced short-term neurotoxicity is commonly
reported in patients with melanoma, small cell lung can-
cer (SCLC), non-small cell lung cancer (NSCLC), and
Merkel-cell carcinoma at five weeks post-therapy [6].
Long-term neurocognitive complications after ICI treat-
ment (11 months up to 2 years) are reported in upto 41%
of the melanoma survivors [11, 12]. Longitudinal stud-
ies assessing the cognitive function and psychosocial
impact of Ipilimumab (anti-CTLA-4) on first-generation
survivors are revealing numerous psychological issues,
including anxiety, depression, and PTSD, as well as neu-
rocognitive impairment [11-13]. Most observational
studies on ICI-treated cancer survivors are single-arm,
making it difficult to distinguish the impact of cancer
burden from ICI treatment-related impact on cognition.
A better understanding of the mechanisms of neurode-
generative and neurocognitive complications post-ICI

treatment is a prerequisite to improve the quality of life
of the increasing population of cancer survivors.

Combined anti-CTLA-4 and anti-PD-1 treatment is
highly effective against melanoma [14] and is being tested
in several clinical trials for various cancers [15, 16]. How-
ever, neuroinflammatory and neurodegenerative events
post-ICI, particularly for dual checkpoint inhibition,
remain poorly characterized. We hypothesize that cancer
survivors of dual ICI (CTLA-4 and PD-1 blockade) ther-
apy potentially develop neurocognitive complications
because of the disruption of immune regulatory net-
works during and post-ICI. Anti-CTLA-4 and anti-PD-1
antibodies have shown minimal permeability through
the blood brain barrier [17, 18]. Additionally, ICI-related
neurotoxicities are often associated with demyelination,
CNS autoimmune reaction, and sensorimotor polyneu-
ropathy [6, 19, 20]. Our previous cancer therapy studies
have established that microglial activation leads to neu-
ronal and synaptic loss, culminating in cognitive dysfunc-
tion following cranial irradiation and chemotherapies
[21-27]. Microglia constitute about ~12% of all CNS cell
types and serve as tissue-resident immune cells, playing
both reparative and damaging roles during tissue injury,
infections, or neurodegenerative conditions [28].

Understanding the neurobiological underpinnings of
ICI therapy-related modulation of brain functions is key
to developing mitigation strategies. In this study, using
the syngeneic melanoma model in immunocompetent
mice and a series of cognitive function tests, we dem-
onstrate that blockade of CTLA-4 and PD-1 impedes
hippocampal-dependent cognitive function by alter-
ing the immune landscape of the brain and activating
microglia, resulting in neuroinflammation-mediated
neurodegeneration.

Materials and methods
Detailed methods are provided in the Supplemental
Information section.

Animal models, Combination CTLA-4 and PD-1 blockade,
tumor induction, EAE, and cognitive function analysis

All animals used in this study were cared for as per NIH
guidelines and approved by the university animal care
and use committee. Adult (10—12 weeks) male WT mice
were divided into the following groups: (i) WT mice
injected with isotype-matched control (ITC, i.p.), (i) WT
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Fig. 1 (See legend on next page.)

mice with D4M-3A.UV2 tumors injected with ITC (i.p.),
(iii) W'T mice injected with anti-CTLA-4 (1 mg per dose,
3 times weekly, i.p.), and anti-PD1 (200 pg per dose, 2
times weekly, i.p.), and (iv) WT mice with D4M-3A.UV2
tumors injected with the same combination ICI regimen
for 3 weeks. Cancer groups received bilateral intrader-
mal injections of 5x10° syngeneic D4AM-3A.UV2 cells
that were engrafted for one week before ICI or ITC treat-
ments. Mice underwent cognitive function testing four

weeks after the last dose of ICI, followed by euthanasia
and tissue harvesting at indicated time points. The cogni-
tive function tests were open field test (OFT), light-dark
box test (LDB), object location memory (OLM), and fear
extinction memory (FE). Details on animal experimen-
tation, cognitive function testing protocols, and experi-
mental autoimmune encephalomyelitis can be found in
Supplemental Information.



Ifejeokwu et al. Journal of Experimental & Clinical Cancer Research (2025) 44:183 Page 4 of 18

(See figure on previous page.)

Fig. 1 Combination blockade of CTLA-4 and PD-1 eliminates melanoma and impairs cognitive function. (A) Research design: Two-month-old C57BI6 WT
male mice received either sham or melanoma induction (D4M-UV2 cells, 1 million/animal, SQ, bilateral injections, 5x 10° cells per site). At 7 days post-
cancer induction, mice received combination ICl treatment of anti-CTLA4 (twice weekly, IP, 1000 pg) and anti-PD-1 (thrice weekly, IP, 200 ug) or vehicle for
three weeks. Four weeks after the last dose, all mice were subjected to cognitive function tasks, including the Open Field Test (OFT), Light-Dark Box Test
(LDB), Object Location Memory test (OLM), and Fear Extinction memory consolidation test (FE) and euthanized for tissue collection. Following groups
were compared: Control (no tumor, treated with vehicle), Melanoma +Veh (tumor treated with vehicle), Combi-ICI (no tumor, treated with anti-CTLA4 &
anti-PD-1), Melanoma + Combi ICI (tumor treated with anti-CTLA4 & anti-PD-1). Paraformaldehyde-fixed brains were cryosectioned to collect 30 um thick
coronal sections for immunostaining. (B) Tumor growth curves showing size of melanomas in control and combi-ICl-treated groups over four weeks,
indicating a therapeutic response of combi-ICl. Plots show individual tumor growth from Melanoma and Melanoma+Combi-ICI groups and the average
for each group. (C) Representative heat maps depicting open arena explored by mice during Open Field Test. (D) Percentage of time spent in the central
zone (35% of the total area in C). Combi-ICl treatment reduced central zone exploration compared to corresponding controls. (E) Mice were allowed
to explore an arena with a well-lit and an enclosed dark compartment during Light-Dark Box Test. Latency to enter the dark compartment (seconds) is
reduced in Combi- ICI mice, indicative of elevated anxiety-like behavior compared to controls. (F) Mice were allowed to explore in the same arena as
OFT, this time with two identical objects (block toys) placed in specific locations for OLM. Mice were then returned to the home cage. The location of one
object remained the same (familiar), and the other object was placed in a new location (Novel). Five minutes later, the mice were returned to the arena.
Representative heat maps depict mice exploring novel or familiar placement of objects during the OLM task. (G) Memory Index, tendency to explore
novel placement of objects (from F), was calculated as: ([Novel object exploration time/Total exploration time] — [Familiar object exploration time/Total
exploration time]) x100. All treatment groups (Melanoma, combi-ICl, and melanoma + combi-ICl) showed impaired memory index compared to controls.
(H) Mice were placed in a Fear Extinction testing apparatus, with a house light, a speaker, and a metal grid floor capable of delivering a shock, and a vin-
egar odor. During the conditioning phase (Day 0), all groups showed increased freezing following a series of three tone and shock pairings (80 dB, 0.6 mA,
T1-T3); highest freezing at T3 was observed in Combi-ICI group. Each symbol represents average freezing time per group. During the extinction phase
(24 h later), mice underwent fear extinction training by delivering 20 tones each day for 3 days in the same environment as the conditioning phase but
without the shock. Each data point for Days 1-3 represents an average freezing time of 5 tones per mouse per group (4 data points per day). All groups
showed a gradual decrease in freezing behavior (Days 1-3). Combi-ICl mice spent a significantly higher time freezing compared to the corresponding
control group (*P<0.01). (1) 24 h after the extinction training, 3 tones were played on test day in a similar environment (H) to engage the hippocampal-
amygdala function. Each symbol represents an individual mouse. Higher freezing on test days shows that Combi-ICl-treated mice (irrespective of Mela-
noma) indicate failure to abolish fear memory, suggesting hippocampal-dependent memory consolidation deficits. (J) 72 h after the extinction test (H
& 1), mice were tested in a new environment to engage the medial prefrontal cortex (mPFC). This included a white acrylic floor, additional house light,
mild almond odor (10% solution in distilled water), and three tones played without shock. Each symbol represents an individual mouse. Combi-ICl group
showed higher freezing compared to control and melanoma groups. All data are presented as mean+SEM (N=12-32 mice per group). P values were
derived from two-way ANOVA and Bonferroni's multiple comparisons test

Dual-immunofluorescence staining, confocal microscopy,
and 3D algorithm-based volumetric quantification

The PFA-fixed brains from each treatment group under-
went dual-immunofluorescence staining (N=4-8 brains/
group, 2-3 sections/ brain), including GFAP, IBAl,
synaptophysin, PSD95, myelin basic protein (MBP),
BrdU-NeuN, NeuN-cFoS, TLR4-IBA1, and IBA1-CD68.
Imaris modules were used to blindly and unbiasedly 3D
deconvolute and volumetrically quantify neuronal and
glial surfaces. All representative images are from techni-
cal replicates of indicated brain regions from biological
replicates. Please refer to Supplemental Information for
details regarding antibodies and immunostaining.

Single-cell isolation from the brain and flow cytometry
Mice were euthanized 72 h after the last injection for
flow cytometry of the brain and cytokine analysis. FACS
analysis was conducted using a Novocyte Quanteon and
analyzed using NovoExpress (Agilent Technologies, Cali-
fornia, US). Please see the Supplemental Information for
details about the brain cell isolation protocol.

Data analysis

Data are pooled from at-least two independent experi-
ments. Statistical analyses were performed to confirm
significance (GraphPad Prism, v10.0) using two-way
ANOVA or repeated measures ANOVA, Tukey’s and

Bonferroni’s multiple comparisons test. All results are
expressed as the mean values + SEM. All analyses consid-
ered a value of P<0.05 to be statistically significant.

Results

CTLA-4 and PD-1 Blockade eliminates melanoma and
impairs cognitive function

To evaluate the effects of combination ICI (subsequently
referred to as ‘combi-ICI’) on the CNS, we used a clini-
cally relevant cancer survivor model of melanoma: syn-
geneic mouse model (D4M-UV2 cells) and combination
therapy of CTLA-4 and PD-1 blockade in mice. DAM-
UV2 is derived from D4M.3.A by ultraviolet (UV) B
radiation, carries a mutational load comparable to
human melanomas, is immunogenic, and responds well
to combi-ICI [29]. Because the parental line D4AM.3.A
was initially derived from male transgenic mice, we were
limited to using males in the study to avoid confounding
effects of tumor rejection in female mice. As a first step,
we established the efficacy of combi-ICI in our tumor
model. Adult C57Bl6 W'T male mice were induced mela-
noma using bilateral, subcutaneous injection of D4M-
UV2 cells and measured for tumor growth and response
to combi-ICI therapy using calipers (Fig. 1A). 7 days post-
tumor induction, tumor-bearing mice were randomly
enrolled into combi-ICI-treated (Melanoma-combi-ICI)
or isotype control (Melanoma-Veh) groups. Combi-ICI
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groups received two doses of anti-CTLA-4 (clone
UC10-4F10-11, BioXcell) and three doses of anti-PD1
(clone 29 F.1A12™, BioXcell) every week for three weeks
(Fig. 1A, Research Design). Age-matched control groups
were injected with matching volumes and quantities
of isotype control antibodies (ITC, Armenian hamster
IgG, and rat IgGa). Compared to the ITC-treated mice
that showed progressive melanoma growth, combi-ICI
treatment significantly decreased tumor growth within a
week, and by three weeks, tumor mass was undetectable
(P<0.0002, Fig. 1B), thus confirming the therapeutic effi-
cacy of dual ICI in our melanoma model.

After establishing a clinically relevant cancer survivor
model, we next evaluated if mice treated with combi-
ICI exhibited neurological symptoms similar to human
counterparts. To this end, we randomly assigned mice
into 4 groups: 1, Control (no tumor, treated with ITC as
vehicle control); 2, Melanoma + Veh (tumor treated with
ITC); 3, Combi-ICI (no tumor, treated with anti-CTLA4
& anti-PD-1); 4, Melanoma + Combi ICI (tumor treated
with anti-CTLA4 & anti-PD-1) (Fig. 1A). This stratifica-
tion allowed us to assess the effects of combi-ICI inde-
pendent of, and in conjunction with the tumor, and
potentially distinguish CNS-related effects due to tumor
and combi-ICI. To determine the impact of combi-ICI
treatment on learning and memory, memory consoli-
dation, and anxiety-related tasks, four groups of mice
underwent a series of cognitive function tests one month
after the last dose of combi-ICI or ITC vehicle control to
allow for clearance of the antibodies from their systems
(Fig. 1A). These tests included open field task or activity
(OFT), light-dark box test (LDB), object location mem-
ory (OLM), and, lastly, fear extinction memory task (FE).
OFT and LDB measure anxiety-like behavior. OLM mea-
sures hippocampal-dependent episodic memory, and FE
measures re-learning and memory consolidation pro-
cesses. In the OFT, combi-ICI-treated non-cancer mice
exhibited a significant reduction (P<0.001) in the percent
time spent in the central zone compared to control mice
(Fig. 1C, D). This open field exploration is represented in
the heat map of animals from each group exploring the
open arenas. Combi-ICI groups spent less time exploring
the central zone compared to controls (Fig. 1C). On the
LDB test, combi-ICI-treated non-cancer mice exhibited a
significant decrease (P<0.03) in latency to enter the dark
compartment compared to the control mice (Fig. 1E).
Notably, these differences in OFT and LDB tests were
not observed in tumor-bearing mice receiving combi-
ICI, suggesting that in the presence of tumor, the anxi-
ety-inducing behavioral effects of combi-ICI are blunted
(Fig. 1D, E).

To determine whether hippocampal-dependent epi-
sodic spatial recognition memory is altered, animals
were administered the OLM task (Fig. 1F-G). This task
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determines the animal’s ability to explore novel place-
ment of the objects in an unrestricted, non-invasive
open environment [30, 31]. This activity is calculated as
a Memory Index [MI = (Novel/Total exploration time) —
(Familiar/Total exploration time)] x 100]. A positive MI
indicates that animals spend more time exploring novel
placements of objects, indicating intact hippocampal
function. In contrast, a zero or negative MI indicates
that animals displayed minimal or no preference for the
novel object placements and spent equal time exploring
both familiar and novel places, suggesting disrupted hip-
pocampal function. While the total time spent exploring
both familiar and novel objects was comparable for each
experimental group, combi-ICI-treated mice exhibited
a significant decrease in the MI relative to the control
(Fig. 1F, G). This decrease was also observed in mela-
noma-bearing mice receiving combi-ICI, suggesting that
combi-ICI has a negative impact on hippocampal-depen-
dent spatial memory. Of note, MI was also reduced in
tumor-bearing mice without any therapy, likely reflecting
effects of long-term tumor burden on cognitive function.
This behavior is represented in the heat map of animal
exploration from each for the familiar and novel place-
ment of objects during the OLM test phase. Controls
explored the novel placement more (red zones) com-
pared to all the other groups (Fig. 1F).

Finally, to evaluate re-learning and memory consolida-
tion processes after combi-ICI therapy, mice underwent
fear extinction memory (FE) testing. All groups of mice
exhibited elevated freezing after the initial tone-shock
fear conditioning phase, with the most significant differ-
ences observed in combi-ICI-treated non-cancer mice
(Fig. 1H, Conditioning phase, T1-T3) compared to con-
trols (P<0.01) following the third tone-shock exposure.
For the next three days after the 24 h post-conditioning
phase, mice were exposed to repeated tones without
shock in the same arena with spatial (grid, house light)
and odor (vinegar) cues (Fig. 1H, Extinction train-
ing phase). Mice with intact hippocampal function will
exhibit a decrease in freezing behavior during tone as
they re-learn during this extinction training to dissoci-
ate the previously learned freezing response following
aversive stimuli (mild foot shocks). Combi-ICI-treated
non-cancer mice showed elevated freezing compared to
controls, indicating a decreased ability to extinguish fear.
Finally, during 24-h post-extinction training, an extinc-
tion test (Fig. 1I) was administered, including exposure
to tones in the same spatial and odor-cue environment
as the conditioning phase (Day 1). Combi-ICI-treated
mice showed a significant elevation in their freezing
behavior (2<0.0001 and P<0.03 respectively vs. Control)
both in the presence and absence of tumor, confirming
a specific detrimental impact of Combi-ICI treatment
on hippocampal-dependent fear memory consolidation
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process (Fig. 1I). Melanoma+ Veh mice showed com-
parable freezing to control mice, indicating that cancer
did not influence fear extinction memory. Additionally,
72 h after the above extinction test, we assessed the
frontal cortex-dependent extinction memory process in
these mice. Mice were placed in a box with new flooring
(acrylic plate), a spatial cue (extra light), and a new odor
(almond). Throughout the 15-minute test, three tones
were played without any shock. Here again, combi-ICI-
treated non-cancer mice exhibited significantly higher
freezing behavior than control mice (P<0.04). However,
in this instance, the effect was not observed in the pres-
ence of the tumor (Fig. 1J). Collectively, these data dem-
onstrate that CTLA-4 and PD-1 blockade have a selective
impact on hippocampal-dependent cognitive function.

CTLA-4 and PD-1 blockade contributes to a reduction in
synaptic density and myelination

Cancer therapies, including cranial irradiation, have
been shown to negatively impact myelination and syn-
aptic protein levels in the brain [26]. To understand how
combination ICI impairs cognitive function and con-
tributes to neuronal damage in our melanoma model,
we investigated the expression of neuronal markers that
are indicators of neuronal health, including pre- and
post-synaptic density proteins (synaptophysin and PSD-
95, respectively, Fig. 2B-I) and myelination using myelin
basic protein (MBP, Fig. 2J-K). The hippocampal molecu-
lar layer (ML) of the dentate gyrus (DG) and CA1 stratum
radiatum (SR) sub-regions were analyzed for the synap-
tic proteins, and myelin-rich corpus callosum (CC) was
analyzed for MBP (Fig. 2A). Both Melanoma + Veh and
Melanoma + Combi-ICI-treated mice showed a signifi-
cant decline in the hippocampal synaptophysin immuno-
reactivity and, therefore, pre-synaptic density in the CA1
SR (Fig. 2B, D) layers and the DG ML (Fig. 2C, E) layers.
For the post-synaptic density protein, PSD-95, we found
a significant decrease in the CA1 SR (Fig. 2F, H) and DG
ML (Fig. 2G, I) layers in the tumor-burdened groups
with or without combi-ICI treatment. These data indi-
cate a significant synaptic loss post-cancer induction and
combi-ICI treatment. Additionally, we assessed myelina-
tion in the CC using volumetric quantification of MBP
immunoreactivity (Fig. 2J-K). Presence of melanoma,
treatment with Combi-ICI, and Melanoma + Combi-ICI-
treated groups all showed significantly lower myelina-
tion than control-vehicle animals. Taken together, these
observations point to significant detrimental effects of
combi-ICI treatment as well as melanoma tumor burden
on synaptic and myelin integrity.
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Neuronal plasticity and neurogenesis are conserved during
CTLA-4 and PD-1 blockade

Because synaptic loss can result from synaptic plasticity
deficits or due to impaired neurogenesis, we evaluated
the direct effects of combi-ICI on neurogenesis and neu-
ronal activity in our tumor model. We quantified neuro-
genesis using BrdU-NeuN dual-immunofluorescence by
estimating the percentage of mature neurons differenti-
ated from BrdU-labeled neural stem/progenitor cells.
Briefly, after the completion of three weeks of combi-ICI
treatment, mice were treated with BrdU (50 mg/kg, once
daily for 6 days) and euthanized about 8-weeks later. Fre-
quencies of BrdU" progenitor cells differentiating into
mature neurons were comparable across all experimen-
tal groups (Fig. 3A & C), suggesting that neurogenesis
is unaltered. To further determine the neuronal activity,
plasticity-related immediate early gene (IEG) product
cFos was co-stained with the mature neuronal marker
(NeuN) in the DG blade. We found no significant differ-
ences in the number of in cFos-NeuN dual-labeled cells
in the hippocampus among various groups (Fig. 3D-E).
These results show that the synaptic loss associated with
tumor or combi-ICI treatment is not due to effects on
neurogenesis or synaptic plasticity.

CTLA-4 and PD-1 blockade elevate microglial activation
but not astrogliosis

We next considered the possibility that dysregulated
activation of microglia and astrocytes, key players in
maintaining synaptic health, could contribute to combi-
ICI-mediated synaptic loss. To this end, we measured
gliosis in the hippocampal dentate gyrus (DG) by assess-
ing microglial activation and astrocytic hypertrophy sta-
tus, using dual-immunofluorescence staining and laser
scanning confocal microscopy at 8-weeks post-combi-
ICI treatment. The quantification of CD68, IBA1 immu-
noreactivity, and co-localization was facilitated by in
silico 3D algorithm-based volumetric quantification of
single and co-localized surfaces as described (Fig. 4A)
[26]. The combi-ICI-treated, melanoma-burdened mice
treated with vehicle, as well as the melanoma-bearing
mice receiving combi-ICI, showed significant increases
(P’s<0.0001) in CD68-IBA1 dual immunoreactiv-
ity in the hippocampal dentate gyrus (DG), indicating
microglial activation (Fig. 4B-C). Moreover, dual immu-
nofluorescence analysis of microglial expression of a
DAMP response marker, TLR4, showed elevated TLR4-
IBA1 immunoreactivity (29-60% increase) in the mela-
noma + vehicle and combi-ICI-treated groups (Fig. 4D-E).
Because microglial activation is often accompanied by
astrogliosis during cancer therapies [21, 26], we tested
the effect of combi-ICI on glial interplay by determining
the volume of GFAP immunoreactivity (astrocytes) in
the DG. We did not find significant differences in GFAP
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Fig. 2 Combi-ICl treatment reduces synaptic integrity and myelination. Eight weeks after the last dose of combi-ICl treatment, mice were euthanized,
their brains were fixed and collected for coronal cryosectioning, and immunostained for the pre- and post-synaptic markers and myelin basic protein
(MBP), workflow shown in Fig. TA. (A) lllustrations of the molecular layer (m/), dentate gyrus (dg), pyramidal neuronal layer (pyr), and stratum radiatum
(sr) of the hippocampus and the corpus callosum (cc) are shown. (B-E) Representative images and volumetric quantifications showing synaptophysin
immunoreactivity (magenta) and DAPI nuclear stain (blue) in the stratum radiatum (sr) layer emanating from the CA1 pyramidal (pyr) neurons (B, D) and
molecular layer (ml) of the hippocampal dentate gyrus (dg, C, E). (F-1) Representative images and volumetric quantifications showing PSD-95 immuno-
reactivity (magenta) and DAPI nuclear stain (blue) in the m/ and sr regions. (J-K) Representative images and volumetric quantifications showing MBP
immunoreactivity (red) and DAPI nuclear stain (blue) in the white matter (corpus callosum, cc). All data are presented as mean+SEM (N=4-6 mice per
group). P values derived from ANOVA and Tukey's post hoc test. Scale bars, 50 um

immunoreactivity in any combi-ICI-treated or tumor-
burdened groups compared to the control-vehicle group
(Fig. 4F-G). However, a modest decrease (P<0.02) was
observed in the Melanoma+ Combi-ICI group relative
to the Melanoma + Veh (ITC)-treated group. These data
suggest that combi-ICI primarily triggers microglial acti-
vation without any major effects on astrocyte reactivity.

CTLA-4 and PD-1 blockade alters immune cells in the brain
ICI unleashes T cells to fight cancer and also releases reg-
ulatory checkpoints on potential autoreactive immune
cells in various tissues. To determine how the neuro-
immune landscape changes in response to combi-ICI
therapy, we used flow cytometry to comprehensively
characterize differences in immune cell subpopulations,
including both lymphoid and myeloid cell populations,
in brains of control and tumor-bearing mice, receiving
CTLA-4 and PD-1 blockade 72 h after the last dose of



Ifejeokwu et al. Journal of Experimental & Clinical Cancer Research

A

Combi-ICI

cFos/NeuN

(2025) 44:183

150+
0]
[m)
Z =
8 2 1001 oo
Z — fMelanoma + Veh =2 8
~
> E;
'E Z 50
m 2
o
O\O
0

Melanoma + Veh

Page 8 of 18

(@

Neurogenesis

Melanoma + Combi-ICI

E Neuronal Plasticity
40

w
o
1
o
o

No. of NeuN-cFos* cells
Hippocampal DG
3 8

. E & O ©
S & & &
< o&o & S

e o x

: s ’ NG 2

Combi-ICI Melanoma + Combi-ICI N &
AC
&0

Fig. 3 ICl treatment did not impact neurogenesis or mature neuronal plasticity. One week after the last ICl/Vehicle treatment, all mice received a thymi-
dine analog, BrdU injections to label proliferating neural stem/progenitor cells. Brains were collected 8 weeks after the last dose of combi-Cl treatment,
and dual-immunostaining was conducted to determine the status of neurogenesis (BrdU-NeuN*) and neuronal plasticity (cFos-NeuN*). in the hippo-
campal sub-granular zone. (A-C) Representative images and quantifications of BrdU* neural progenitor cells (Green) differentiating into mature neurons
(NeuN*, Red) in the hippocampal dentate gyrus (dg, B). (D-E) Representative images and 3D quantification of a neuronal plasticity-related immediate
early gene product, cFos (red), and the mature neuron marker (NeuN, green). A high-resolution confocal z stack showing dual-labeled mature neuron
(NeuN) expressing cFos (d1). All data are presented as mean +SEM (N=4-10 mice per group). P values were derived from ANOVA and Tukey's post hoc

test. Scale bars, 100 um (A), 50 um (D), 5 um (d1)

combi-ICI treatment (Fig. 5A, Fig. S1). In the Melanoma-
Combi-ICI group, the frequency and total number of
T cells were nearly 2-fold higher than those of controls
(Fig. 5D, P’s<0.0001). Among T cells, the frequencies of
helper T cells (CD4*) were comparable across groups.
However, there was a significantly higher frequency
of cytotoxic T cells (CD8") and total number of CD4
and CD8 T cells in the Melanoma + Combi-ICI group
(Fig. 5E-F). Accordingly, we observed more memory
T cells (CD3* CD27%) in the Melanoma + Combi-ICI
group compared to controls (Fig. 5G, Fig S2A-B). The

number of B cells (CD19%) was also elevated in the Mela-
noma + Combi-ICI group (Fig. 5H, Fig. S2C). ). The fre-
quency and number of NK cells, which play a crucial role
in tumor clearance, were, however, unchanged (Fig. 5B-
C). Overall, these immunophenotyping results highlight a
broad elevation of lymphoid cell population in the brains
of cancer-bearing mice receiving combi-ICI treatment.
Among myeloid cells, Melanoma + Combi-ICI resulted
in a significantly higher frequency and number of
CD11b* MHCII" cells (Fig. 5I-J), suggesting increased
antigen presentation and consistent with the findings of
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Fig. 4 Combination ICl treatment elevates microglial activation but not astrogliosis. Eight weeks post-combi-ICl treatment (Fig. 1A), mice were eu-
thanized, fixed brains were collected for coronal cryosectioning, and immunostained for the activated microglia, DAMP (danger associated molecular
pattern) response, and astrocyte markers. (A-C) Representative images and volumetric quantification of lysosomal marker, CD68 (magenta, A) and its
colocalization with the pan microglial maker, IBA1 (green, B) in the hippocampal dentate gyrus and dentate hilus (DAPI, blue, nuclear stain). A representa-
tive high-resolution surface rendering of CD68" immunoreactive puncta (magenta) with IBAT* microglial cell surface is shown (b1). (D-E) Representative
images and volumetric quantification of a DAMP response marker TLR4 (red) and microglial IBAT (green) and nuclear stain (DAPI, blue). (F-G) Representa-
tive images and volumetric quantification of astrocytic immunoreactivity (GFAP, red) and nuclear stain (DAPI, blue). All data are presented as mean + SEM

(N=6-8 mice per group). P values were derived from ANOVA and Tukey’s post hoc test. Scale bars, 100 um (A, B, D), and 5 um (b1)

T cell expansion in the CNS. Melanoma alone and Mel-
anoma + Combi-ICI groups also had elevated CD11b*
Ly6cheh cells compared to control (Fig. S3A), indicat-
ing infiltration of inflammatory monocytes likely driven
by the tumor. On the other hand, patrolling monocytes
(CD11b* Ly6c®) that play a role in tissue repair and
resolving inflammation were unaltered (Fig. S3B).

Finally, cytokine levels in the plasma reflected the over-
all immune status following combi-ICI treatment (Fig.
S4). Specifically, plasma levels of IL-1a, IL-6, IL-17, and
TNFa, proinflammatory cytokines, were significantly

higher in the Melanoma + Combi-ICI group compared
to controls. Similarly, plasma IL-10, an anti-inflamma-
tory cytokine, was also significantly higher in mela-
noma groups, with and without combi-ICI therapy. In
contrast, plasma IL-12 (p70) level was elevated in both
Combi-ICI and Melanoma + Combi-ICI, demonstrating
that combi-ICI is primarily driving this change. Concur-
rently, we did not find statistically significant changes
in tissue cytokines in the hippocampal tissues. To rule
out the possibility of CNS metastasis driving elevated
immune cells in the brain, D4M-3A.UV2 melanoma cells
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Fig. 5 Immune cell profiling in the brain following combination ICI treatment. (A) To immunophenotype brains using flow cytometry, mice were sacri-
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were labelled with EdU prior to tumor induction. EAU
method was used because D4M-3A.UV2 cells neither
express fluorescent proteins for tracking nor luciferase
for bioluminescence imaging (BLI). Ten days post-tumor
engraftment, EAU"* cells were readily observed within
the tumor mass (Fig. S5A) despite dilution of the EAU
signal due to tumor cell proliferation. Upon screening of
brain sections, we did not find the presence of any EdU*
cells in the hippocampal formation or lateral ventricles
(Fig. S5B-C). Accordingly, macroscopic examinations
of brains at all observed time points did not reveal any
gross abnormalities/tumor mass in the brains. Together
with data on microglial activation and synaptic loss at a
later time point, the immune phenotyping data suggest
that the accumulation of a non-physiological number
of lymphoid cells and the immune activation of myeloid
cells during or after combi-ICI represent altered immune

homeostasis in the CNS. This potentially predisposes the
CNS to aberrant inflammatory responses that could dys-
regulate microglial function, which may drive subsequent
synaptic loss.

CTLA-4 and PD-1 blockade exacerbates CNS autoimmunity
To test our hypothesis that combi-ICI-mediated dysreg-
ulation of neuro-immune networks sensitizes the CNS
to potential autoimmune neuroinflammatory states,
we studied the effect of CTLA-4 and PD-1 blockade in
experimental autoimmune encephalomyelitis (EAE), a
mouse model of multiple sclerosis (MS)-like disease.
Three days after combi-ICI therapy, active EAE was
induced in mice with MOGs; ; peptide emulsified in
Complete Freund’s Adjuvant (CFA) (Fig. 6A). Although
disease onset was similar in both groups, the combi-ICI
group displayed higher disease severity compared to the
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Fig. 6 Combi-IC| predisposes CNS to heightened autoimmune encephalomyelitis. Mice underwent 3 weeks of combi-ICl treatment as described in
Fig. 1A. 72 h after the last Combi-ICl/Vehicle injection mice were randomly enrolled into active or adoptive transfer EAE groups. (A) Experimental Design
showing induction of active or adoptive transfer EAE. (B) Daily mean clinical scores, day of onset, mean maximal score, and area under the curve (AUC)
analysis showing onset, progression, and overall severity of active EAE. (C) Daily mean clinical scores, day of onset, mean maximal score, and area under
the curve (AUC) analysis showing onset, progression, and overall severity of adoptive transfer EAE. All data are presented as mean +SEM (N=12-32 mice
per group). P values were derived from two-way ANOVA, Bonferroni's multiple comparisons test, and One-tailed Mann-Whitney test

controls, measured by mean maximal score and area
under the curve (~ 2 fold change) of EAE scores (Fig. 6B).
To isolate effects of combi-ICI on the induction (activa-
tion of autoreactive T cells) and effector phase (elicit-
ing autoimmune demyelination in the CNS) of EAE,
we used an adoptive-transfer model (AT-EAE) where
MOGg;_55-expanded encephalitogenic cells were injected

into control and combi-ICI groups [32] (Fig. 6A). The
combi-ICI group now showed earlier onset and exagger-
ated severity (~ 3-fold change) of clinical scores (Fig. 6C).
These results further support our hypothesis that ICI-
mediated alterations of the immune homeostasis pre-
dispose the CNS to exaggerated neuroinflammation and
increase the severity of autoimmunity.
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Discussion

Our study reports that melanoma and combinatorial
blockade of CTLA-4 and PD-1 evoke neuroinflammatory
responses (microglial activation), potentially orchestrat-
ing neurodegenerative consequences, including synaptic
and myelin loss. Although ICIs enhance progression-free
survival, both tumor burden and ICI therapy contribute
to long-term neurological toxicities that impair survi-
vors’ quality of life [8—10]. However, our understanding
of mechanisms is limited because it is inherently chal-
lenging to dissociate the effect of cancer from cancer
therapies. Our in vivo mouse model identified an altered
immune status sustaining neuroinflammation and neuro-
degeneration, underscoring the pathophysiology of ICI-
related cognitive decline.

Emerging clinical observations are reporting neuro-
logical complications associated with treatment using
anti-CTLA-4 and anti-PD-1 in patients with melanoma,
lung cancers, and Merkel-cell carcinoma at five weeks
post-therapy [6, 19, 20]. Rogiers and colleagues reported
long-term neurocognitive complications in about 41% of
metastatic melanoma survivors up to 2 years after ICI
treatment [11-13]. These clinical studies suggest that
ICI treatment-induced neurotoxicity and neurocognitive
decline are progressive, and clinical symptoms appear
within weeks and last several years post-treatment. Our
previous clinical and preclinical studies and others have
shown a direct relationship between proinflammatory
cytokines and cancer-related cognitive impairments
(CRCI) following chemo- and radiation therapy [26,
34-36]. ICI-related changes in the brain functions pre-
sented in this study mirror our previous studies of che-
motherapy-related cognitive impairments (hippocampal
and cortex-dependent cognitive tasks), associated with
elevated microglial activation and a significant decline
in synaptic density [24, 25, 37, 38]. Elevated neuroin-
flammation underlies many, if not all, neurodegenerative
disorders in humans, and our results support that neu-
roinflammation is one of the significant contributory fac-
tors for long-term CRCI. Limiting neuroinflammation to
mitigate ICI-related cognitive impairments is a potential
avenue to advance cancer immunotherapeutics further.

Combinatorial ICl-related cognitive dysfunction

Melanoma-bearing and control mice receiving combina-
torial ICI treatment underwent behavior and cognitive
function testing two months post-treatment. The open
field and anxiety-related tests did not show increased
anxiety in cancer-bearing mice, indicating an absence of
neophobic behavior during cognitive function testing.
Subsequently, mice were tested on a hippocampal-depen-
dent object location memory (OLM) task to determine
spatial recognition memory. The presence of cancer itself
(Melanoma + Vehicle) and ICI treatment in either cancer
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or no-cancer mice led to a significant decline in the per-
formance of the OLM task, indicating disruption of hip-
pocampal function. Lastly, mice were conditioned and
trained on fear extinction and tested for the hippocam-
pal- and medial prefrontal cortex (mPFC)-dependent fear
extinction memory tests. During the conditioning phase,
mice without cancer and receiving ICI treatment showed
the highest freezing compared to controls (P<0.01).
This behavior is related to increased anxiety levels, as
observed in the OFT and LDB tasks, and reflects an ele-
vated response to the aversive stimuli (tone-shock expo-
sure). During the extinction training phase, all groups of
mice showed decreased freezing, except for ICI-treated
mice without cancer, which remained frozen and did not
learn to extinguish the aversive memory, indicating their
inability to relearn. The spatial context (arena walls, grid
flooring, and the odor cue, vinegar) remained unchanged
while the animals underwent extinction training. Intact
hippocampal function is essential for retrieving spatial
information. Thus, elevated freezing during extinction
training further supports hippocampal-selective deficits
in the Combi-ICI-exposed mice. This was confirmed by
the extinction test showing elevated freezing response by
the Combi-ICI-treated mice, indicating a compromised
hippocampal-dependent fear memory-consolidation or
relearning process. Evidnetly, melanoma-bearing mice
receiving the vehicle did not differ from the controls. At
24 h after the extinction test, the context (acrylic floor-
ing, additional house light) and the odor cue (almond)
within the fear testing arena were changed to engage
mPFC. In this test, no-cancer mice receiving the com-
bination of ICI remain frozen compared to controls. In
summary, melanoma and combination ICI impaired
episodic memory (OLM); however, combination ICI, in
the presence and absence of melanoma, significantly dis-
rupted higher memory consolidation processes, leading
to cognitive dysfunction.

Baseline behavior tests to were precluded to reduce
the stress associated with repeated handling (e.g., tumor
measurements and i.p. injections). However, one week
before cognitive function testing, we confirmed that
home-cage exploration and grooming behavior was
simiar across all compared groups. Longitudinal behav-
ior testing was not conducted, primarily to prevent
test-induced fatigue and interference from prior learn-
ing. Therefore, future preclinical studies using separate
cohorts at defined short- and long-term intervals, and
aligned with Cog-Immuno trial [39], are necessary to fur-
ther clarify how ICI-mediated neuroinflammation and
related neurodegeneration progress over time.
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Neuroinflammation-related loss of myelin and synaptic
integrity

Behavioral outcomes are complex traits and underly-
ing mechanisms are highly dynamic. We evaluated sur-
rogate markers of neuronal health, including myelin
(MBP), pre-and post-synaptic density proteins (synap-
tophysin and PSD-95, respectively), and neuronal plas-
ticity IEG marker, cFos-NeuN. Mice without cancer and
receiving combination ICI, cancer-bearing mice with or
without ICI treatment showed a significant decline in
the myelin basic protein immunoreactivity (Fig. 2). Both
altred numbers of immune cells and resident immune cell
(microglia) activation may lead to myelin damage. Our
results from the active model of EAE suggest that ICI
pretreatment exposes CNS to exaggerated CNS autoim-
munity (Fig. 6). During MOGs; 55-EAE, infiltration and
activation of CNS-reactive CD4 T cells and other cells,
including CD8 T cells, NK cells, and B lymphocytes,
orchestrate demyelination and axonal damage [40]. To
rule out the effect of combination ICI on the peripheral
immune system during active EAE, we used an adoptive
transfer EAE model. Accordingly, we also observed simi-
larly exaggerated clinical signs of EAE, strengthening our
hypothesis that ICI-mediated neuroinflammation is con-
ducive for autoreactive lymphocytes to mediate demy-
elination. These results explain the mechanistic basis of
relapsing disease, including mortality observed in MS
patients after ICI therapy for various cancers [41].

After combinatorial ICI treatment, we found elevated
expression of MHC class II positive cells, CD68-IBA1
and TLR4-IBA1 positive activated microglia in the brain
(Figs. 4 and 5). Chronic neuroinflammation has been
linked with long-term myelin loss and progressive neu-
rodegeneration in vivo [42]. Indeed, we found a loss of
synaptic integrity in the hippocampal molecular layer
(ML) and CA1 stratum radiatum of the dentate gyrus
(DG), which is important for the learning and memory
processes. Combination-ICI treatment to intact or mel-
anoma-bearing mice and melanoma burden itself led to
a significant decline in the pre-synaptic protein, synapto-
physin, at two months post-ICI treatment (Fig. 2). Synap-
tic loss was more pronounced in melanoma-bearing mice
receiving vehicle or ICI treatments for the post-synaptic
density protein PSD-95 (Fig. 2). While disruptions in syn-
aptic and myelin integrity and neuroinflammation con-
tribute to the impaired cognitive function and behavior
(anxiety), the neuro-pathophysiology of cancer-burden
and ICI is could be far more complex [43]. We acknowl-
edge that cancer burden itself alters inflammatory and
neurodegenerative landscape, however the behavioral
outcomes in ICI groups were significantly altered com-
pared to both control and melanoma-bearing groups.
Possibly because cellular and molecular mechanisms of
behavioral manifestations operate at different times- and
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functional scales in a context-dependent manner (e.g.,
Melanoma alone, Vs Melanoma +ICI), which need in
depth investigation. Synaptophysin plays an essential role
in pre-synaptic vesicular trafficking, and its loss is often
associated with neurodegenerative conditions, including
Alzheimer’s disease [7, 44]. We have also shown reduced
synaptophysin levels in the irradiated brains coincides
with cognitive decline [26, 45]. Post-synaptic density pro-
tein, PSD-95, is a scaffolding protein that plays essential
roles in excitatory neurotransmitter receptor cluster-
ing and function [44, 46]. Combi-ICI treatment-induced
loss of myelin and synaptic proteins could inadvertently
impact neuronal health and neurotransmission. We did
not find an adverse impact of ICI on neurogenesis or
neuronal plasticity-related IEG (cFOS) expression in
vivo. While mature neuron differentiation and neuronal
plasticity are critical functions, they are not the sole hall-
marks of impaired neuronal health. Collectively, combi-
ICI- and inflammatory environment-induced myelin and
pre- and post-synaptic protein loss indicate a detrimental
effect on the neuron functional landscape that could cul-
minate into neurocognitive impairments.

Microglial activation post-ICl treatment

Combinatorial ICI therapy using anti-CTLA4 and anti-
PD1 controlled melanoma growth in vivo (Fig. 1B).
This model allowed us to study the impact of such tar-
geted cancer therapy on brain function. We found that
melanoma induction and combination ICI treatment
to non-cancer and cancer-bearing mice led to a signifi-
cant increase in microglial activation (Fig. 4), as shown
by elevated hippocampal dual-immunoreactivity for the
CD68-IBA1 and TLR4-IBA1 at two months post-com-
bination ICI treatments. An increased microglial activa-
tion in melanoma-bearing mice (~150%) indicates the
effect of chronic cancer burden itself. A modest reduc-
tion of CD68-IBA1 volume in ICI-responsive cancer
mice compared to melanoma indicates tumor therapeutic
response. We did not find a significant increase in astro-
gliosis in vivo (Fig. 4). IBA1 is a pan microglial marker
expressed by both resting and activated microglia,
whereas CD68 is a lysosomal protein marker expressed
by phagocytotic microglia and macrophages. Long-term
elevation in the CD68-IBA1 dual-immunoreactivity fol-
lowing cancer induction and ICI treatment indicates pro-
inflammatory (phagocytotic) microglial activation that
could harm neuronal and synaptic health. Using conven-
tional cancer therapy paradigms, including systemic che-
motherapy and cranial irradiation, we previously found
that elevated microglial activation in the brain leads to
cognitive impairments [21-27]. Microglia are essential
in clearing dead cells, sub-cellular debris, and synap-
tic pruning in vivo [28, 47]. Proinflammatory activation
of microglia may lead to excessive synaptic pruning and
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neuronal damage, leading to compromised neuronal
and neurocognitive function. Recently, an elegant study
using PD-1 blockade, Vinnakota and colleagues found
elevated transcriptomic signatures of immune activation
of microglia, including complement cascade-related pro-
teins [48]. Aberrent CNS complement cascade activation
and TLR4 have been shown to synergize with the pro-
inflammatory polarization of microglia, leading to loss
of synaptic integrity and cognitive dysfunction in neuro-
degenerative conditions [26, 49, 50]. Based on these and
our previous study of complement cascade blockade in
a cranial radiation therapy model [26], we postulate that
inhibition of complement activation axis can potentially
mitigate ICI-mediated microglial activation and cogni-
tive decline.

Combination ICl alters neuro-immune homeostasis

Elevated cytokine levels, including IL1a, TNFa, IL6,
IL10, IL17, and IL12, represent the rejuvenation of tumor
immunity in response to combination ICI. Our assess-
ment of immune cells in the CNS using flow cytometry
provides key insights into the cellular mechanisms fol-
lowing the combination of ICI treatment of melanoma.
A higher frequency of MHCII-positive myeloid cells and
T cells indicates a Combi-ICI-mediated neuroinflam-
mation-like state in the CNS. ICI antibodies have been
reported to enter CNS [48, 51], which could directly act
on their targets in the CNS resident immune and non-
immune cells. Using a hamster anti-PD-1 antibody Vin-
nakota et al. showed colocalization of anti-hamster IgG
labelling with microglia in the choroid plexus [48]. PD1
blockade also disrupt homeostatic glial PD1 (microglia)-
PDL-1 (astrocytes) axis [52, 53] resulting in microglial
activation [48], which in turn orchestrate adverse events
in the CNS. In addition to disrupting glial PD1 axis,
PD1 blockade could unleash tissue resident memory
T (Tra) cells, which usually express high levels of PD1
[54-56], and these aPD1-unleashed T cells in turn dys-
regulate neuro-immune homeostasis [33, 57]. Block-
ade of CTLA-4 expands T cells and their T cell receptor
(TCR) repertoire in the periphery [58—61], some of these
aCTLA4-unleashed (CNS antigen-reactive) T cells can
also reach the brain and initiate a cascade of autoimmune
neuroinflammation and orchestrate neurodegeneration.
In line with this, we observed a significant increase in T
cells in the brains of melanoma-bearing mice receiving
Combi-ICI, particularly memory phenotype (CD277).
Thus, we posit that combined blockade of CTLA-4 and
PD1 synergically [62, 63] unleashes T cells, and in con-
junction with disruption of glial PD1-PDL1 axis in the
brain, activates microglia, thus potentiating local inflam-
matory loops that sustain aberrant synaptic pruning and
myelin damage. Further studies are needed to dissect the
relative contribution of lymphoid and non-lymphoid cells
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and effects of individual ICI in mediating neuroinflam-
mation and neurodegeneration.

To what extent CLTA-4 and PD1 monotherapies alter
the neuro-immune landscape compared to Combi-ICI
is an important question. Because CTLA-4 is primar-
ily expressed by T cells, additional conditional knockout
studies could resolve the relative contribution of T cells
and microglia during Combi-ICI-mediated neuroinflam-
mation and neurodegeneration. Innate-like lymphoid
cells (ILCs) are important for brain homeostasis [64],
and both CTLA-4 and PD1 pathways regulate ILC func-
tions [65-67]. It is possible that ICI-modulated ILCs
fuel neuroinflammation by supporting immune cells
through antigen presentation and cytokines [68]. Thus,
further investigation of the effect of ICI and its combi-
nations on ILCs could uncover an additional mechanism
at play. Based on recent studies on cancer immunother-
apy-related cognitive impairments (CRCI) [48, 69, 70],
our previous reports [23, 25, 26], and results from the
current study, we propose three potential approaches
to mitigate ICI-based CRClIs: (i) microglia depletion (ii)
selective inhibition of microglial activation using Syk
(kinase) inhibitors, or (i) complement cascade blockade.
Additional studies identifying microglia-specific immune
regulatory networks and regional variations (e.g., cortex,
leptomeninges) could reveal novel molecular targets to
decouple undesired neurotoxicities associated with ICI
therapies while maintaining anti-tumor responses.

Conclusions

To summarize, reactive microglia, synaptic loss, dimin-
ished myelin, higher number of inflammatory monocytes
in the brain, and elevated plasma IL-10 in melanoma-
bearing mice indicate cancer burden-associated changes
compared to healthy controls. Melanoma-bearing mice
performed similarly to healthy controls in most cognitive
function tests except object location memory. Combi-
ICI treatment alone activated microglia, affected syn-
aptic integrity, damaged myelin, increased CNS T cells,
predisposed CNS to exaggerated autoimmunity, and sig-
nificantly disrupted cognitive function. Combi-ICI treat-
ment of melanoma recapitulated individual effects of
the tumor as well as therapy modeling clinical scenario.
Primarily, elevated plasma cytokines reflect tumor con-
trol and a pronounced increase in CNS T cells indicates
Combi-ICI mediated unleashing of potentially autoreac-
tive T cells.

The immune system constantly protects the CNS and
plays a critical role in development, homeostasis, and
preserving cognitive function. Dysregulated neuro-
immune interactions are associated with neurodegen-
erative conditions and cognitive decline; our results
demonstrate key neuroinflammatory events associated
with Combi-ICI treatment. Our preclinical observations
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of significantly diminished hippocampal-dependent cog-
nitive functions in melanoma-bearing mice treated with
combi-ICI are highly relevant for quality of life issues
among cancer survivors. Recent studies report neurocog-
nitive sequelae of ICI in more than 40% of cancer survi-
vors [6, 11, 12, 71]. Our earlier studies identified similar
neuroinflammation-related cognitive impairments dur-
ing chemotherapy- and cranial radiation therapy-
exposed brains [21-27]. Our current study highlights the
role of neuroinflammation-mediated neurodegenerative
consequences of Combi-ICI. Based on the foregoing, our
working model is that cancer treatment using Combi-ICI
alters the immune landscape in the brain, snowballing
into neuronal and synaptic damage, leading to cogni-
tive dysfunction. Thus, mitigation strategies to thwart
or reduce ICI-mediated neuroinflammation, including
microglial activation, without compromising anti-cancer
efficacy need careful consideration to prevent potential
cognitive decline and improve the overall quality of life
for thousands of cancer survivors.
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