CSF proteomics identifies ADGRGI as a
predictive biomarker of intrathecal
immune checkpoint inhibitor response
in leptomeningeal metastasis
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ABSTRACT

Background Leptomeningeal metastasis (LM) is a fatal
complication of advanced cancer with limited therapeutic
options and poor prognosis. Immune checkpoint inhibitors
(ICls) have shown promise in systemic disease, but
intrathecal ICls efficacy and immunological impact in

LM remain unclear. Cerebrospinal fluid (CSF) proteomics
may provide a unique window into the CNS immune
microenvironment and enable response prediction.
Methods We enrolled 62 patients with LM who
received intrathecal pemetrexed (InPe) with or without
ICls (InPe+programmed cell death protein-1 (PD-1),
InPe+PD-1+cytotoxic T-lymphocyte associated protein 4
(CTLA-4), InPe+PD-1+vascular endothelial growth factor
(VEGF)). Matched CSF (pretreatment and post-treatment)
and pretreatment serum samples were collected

for high-content proteomic profiling using the Olink
platform. Differential expression, pathway enrichment,
and machine learning-based modeling were applied

to identify treatment-induced changes and predictive
biomarkers.

Results Nearly half of the patients achieved clinical
response. Post-treatment CSF showed enrichment of
cytokine and chemokine signaling pathways, with a
marked decrease in EGF. Adding PD-1 inhibitor restored
immune cell function and upregulated interferon-y.
Compared with serum, CSF proteomic profiles provided
superior predictive performance (area under the curve
(AUC) 0.884 vs 0.780). A five-protein CSF signature
(ADGRG1, CD28, CCL23, DCN, IL-15) achieved robust
prediction (AUC 0.968 in InPe+PD-1 training cohort,
0.917 in InPe+PD-1+CTLA-4 validation cohort, and 1

in InPe+PD-1 subsequent validation cohort). ADGRG1

was significantly higher in non-responders at baseline
(p=0.031) and decreased after treatment, and specific
enrichment in dura-derived LM-associated macrophages,
suggesting a macrophage-derived source and potential
role in LM progression.

Conclusions This study provides the first high-content
proteomic atlas of intrathecal ICl therapy in LM, identifies
intrathecal ICI therapy-specific immune remodeling in LM,
and establishes a CSF-based predictive model with high
accuracy. ADGRG1 represents a promising biomarker of
treatment responsiveness and a potential mechanistic link
between macrophage biology and LM progression.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Leptomeningeal metastasis is a devastating com-
plication of cancer with very limited therapeutic
options. Intrathecal immune checkpoint inhibitors
(ICls) show potential, but no validated cerebrospinal
fluid (CSF)-based biomarkers exist, and proteomic
profiling has not been systematically applied.

WHAT THIS STUDY ADDS

= We report the largest leptomeningeal metastasis
cohort analyzed with high-content CSF proteomics
and the first to evaluate intrathecal ICI-based thera-
py using this approach. The study identifies ADGRG1
as a novel macrophage-associated biomarker and
develops a CSF-derived predictive model with high
accuracy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= CSF proteomics emerges as a practical platform
for biomarker discovery and treatment stratification
in leptomeningeal metastasis. These findings may
guide precision immunotherapy trials and inform
biomarker-driven clinical decision-making.

INTRODUCTION
Leptomeningeal metastasis (LM) represents
a devastating complication of advanced
malignancies, characterized by the dissemina-
tion of tumor cells to the leptomeninges and
cerebrospinal fluid (CSF)." The therapeutic
options recommended in clinical practice
guidelines are limited and primarily include
intrathecal ~chemotherapy, radiotherapy,
molecular targeted therapy and palliative
care.””® Nevertheless, the prognosis remains
dismal, with median overall survival across
tumor types ranging from 2 to 6 months, even
among patients responding to currently avail-
able treatments.

Under physiological conditions, the central
nervous system (CNS) is generally consid-
ered an immune-privileged site, where access
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of immune cells to the CSF microenvironment is highly
restricted.” The CSF is typically acellular and immuno-
logically quiescent, predominantly populated by T cells.
However, when LM occurs, the CSF immune landscape
undergoes a profound transformation. In LM, the CSF
exhibits a markedly inflammatory and pleocytic profile,
driven byasubstantial influx of both lymphoid and myeloid
lineages, including T cells, natural killer cells, dendritic
cells, monocytes, macrophages, and neutrophils.” Para-
doxically, despite this robust immune infiltration, the
CSF microenvironment becomes immunosuppressive,
characterized by T-cell exhaustion and inactivation.’
Consequently, the antitumor immune response is largely
ineffective in controlling disease progression.

Recent advances in immunotherapy, particularly
immune checkpoint inhibitors (ICIs), have transformed
the management of several systemic malignancies.® By
targeting inhibitory receptors such as programmed cell
death protein-1 (PD-1)/programmed death-ligand 1
(PD-L1) and cytotoxic T-lymphocyte associated protein 4
(CTLA-4), ICIs can restore T-cell function and reinvigo-
rate antitumor immunity. The route of administration is
critical for the treatment of LM. When administered intra-
venously, due to the blood-CSF barrier (BCSFB), PD-1
inhibitors, as large-molecule ICI antibodies, are difficult
to directly enter the CSF. Consequently, the drug present
in the bloodstream primarily interacts with peripheral T
cells located in lymph nodes, the spleen, and the circula-
tion. Only after these T cells are activated and successfully
cross the BCSFB into the CSF can they exert antitumor
activity against LM. This process is generally inefficient
and is further suppressed by the immunosuppressive
tumor microenvironment of the CNS. In contrast, intra-
thecal administration of ICIs bypasses the BCSFB entirely.
These immunotherapeutic agents are delivered directly
into the CSF, where they can activate local immune cells
including circulating T cells in the CSF and resident
immune cells within the meninges, to mediate antitumor
responses. Moreover, a portion of the intrathecally deliv-
ered drugs is cleared into the systemic circulation along
with CSF outflow, thereby producing peripheral effects
comparable to those achieved with intravenous ICIs
administration. Compared with intravenous delivery,
the intrathecal route offers a more direct means of drug
delivery to the CSF compartment and may be associated
with a trend toward improved clinical outcomes.'" !

Several studies have been conducted to explore
the role of intrathecal ICIs in patients with LM.'" '*7*
However, the clinical responses to intrathecal ICIs for LM
with solid tumors are highly variable. This underscores
the urgent need for effective biomarkers to optimize
patient selection. Furthermore, the immune microenvi-
ronment dynamics of LM differ from those of systemic
disease, raising questions about how ICIs reshape the
CNS immune milieu and which patients are most likely
to benefit.

The CSF, in direct contact with LM lesions, provides
a unique window into CNS tumor biology and immune

activity. Compared with peripheral blood, CSF may more
accurately reflect immunological changes within the CNS
during treatment and therefore has greater potential
for predicting treatment response. Previous studies have
identified several CSF-based biomarkers with potential
predictive value for LM. In particular, elevated levels of
circulating tumor DNA (ctDNA) in CSF have been asso-
ciated with tumor burden and poor prognosis,” while
specific mutations detected in ctDNA (eg, EGFR, KRAS)
may reflect treatment response to targeted therapies.'®
MicroRNAs (eg, miR-7977, miR-7975) and exosomes
have also been implicated in LM progression and have
shown promise in monitoring disease status.'”'® CSF CEA,
HE4, and CEACAMG6 have promising applications for the
diagnosis of LM in certain cancer types.19 * However, the
predictive performance of these biomarkers for response
to intrathecal immunotherapy remains largely unex-
plored, and none have been validated specifically for ICIs
in LM.

Proteomic profiling offers a powerful approach to eluci-
date disease-specific immune landscapes and identify
predictive biomarkers. Recent studies using the advanced
Olink proteome technology have demonstrated the
value of large-scale plasma proteome analyses in cancer
patients receiving ICIs.*' ** Compared with traditional
biomarkers, such as PD-L1 expression status, circulating
biomarkers offer a promising alternative by overcoming
limitations associated with tumor tissue analysis, such as
temporal and spatial heterogeneity.”* This approach
may be particularly valuable for LM, where obtaining
tissue samples for PD-L1 detection is clinically chal-
lenging. Proteomic analysis of liquid biopsies (like CSF)
could thus provide a unique and previously unexplored
perspective on dynamic protein changes following intra-
thecal ICIs treatment.

Starting in February 2024, we initiated a series of clin-
ical trials investigating intrathecal ICIs combined with
chemotherapy for LM (ClinicalTrials.gov identifiers:
NCT06462222, NCT06809530, NCT06809517, and
NCT06762080). To capture the dynamic proteomic alter-
ations induced by these therapies and to identify predic-
tive biomarkers, we performed high-content proteomic
profiling using the Olink platform on paired CSF and
serum samples from 62 patients with LM treated with
either intrathecal ICIs plus pemetrexed or pemetrexed
alone. We systematically compared pretreatment and
post-treatment proteomic changes, delineated regimen-
specific immune pathway modulation, and identified
key biomarkers associated with therapeutic response.
Leveraging machine learning-based modeling, we
constructed and validated a CSF-derived predictive score
that achieved high accuracy in forecasting treatment
outcomes, surpassing the performance of serum-based
models. Notably, we discovered ADGRGI1 as a novel
response-associated protein and validated its expression
in independent datasets.

2

Wang L, et al. J Immunother Cancer 2026;14:e013588. doi:10.1136/jitc-2025-013588



Table 1 Baseline clinical characteristics of patients with leptomeningeal metastasis

(A) Patient and clinical characteristics Overall
n 62
Age (median (IQR) 53 (48-58)
Gender (%)
Male 21 (34)
Female 41 (66)
Primary tumor (%)
Lung adenocarcinoma 47 (76)
Breast cancer 10 (16)
Gastric adenocarcinoma 4 (6)
Small-cell lung cancer 12
Treatment (%)
InPe 17 (27)
InPe+PD-1 29 (47)
InPe+PD-1+CTLA4 10 (16)
InPe+PD-1+VEGF 6 (10)
Best response to treatment (%)
Response (responder) 32 (52)
Stable disease (non-responder) 22 (36)
Progression (non-responder) 12
Not evaluable 6 (10)
(B) Patient and clinical characteristics
n Non-responder Responder P value test
Age (median (IQR) 53 (48-59) 53 (48-58) 0.9933 Wilcox
Gender (%) 1 x?
Male 8 (35) 12 (36)
Female 15 (65) 21 (64)
Primary tumor 0.901 Fisher’s exact
Lung adenocarcinoma 19 (83) 27 (82)
Breast cancer 4 (17) 4 (12)
Gastric adenocarcinoma 0 (0) 1)
Small-cell lung cancer 0 (0) 1)
Treatment (%) 0.554 Fisher’s exact
InPe 5(22) 6 (18)
InPe+PD-1 10 (43) 19 (58)
InPe+PD-1+CTLA4 6 (26) 4(12)
InPe+PD-1+VEGF 2(9) 4(12)

CLA-4, cytotoxic T-lymphocyte associated protein 4; InPe, intrathecal pemetrexed ; PD-1, programmed cell death protein 1; VEGF, vascular

endothelial growth factor.

METHODS

Patient samples and treatment assessment

Patients were prospectively recruited at the Affiliated
Huizhou Hospital of Guangzhou Medical University.
Eligible patients were aged 18-75 years with cytologically
confirmed LM and a pathologically confirmed malig-
nant solid tumor. The primary tumors included lung

adenocarcinoma, small-cell lung cancer, breast cancer
and gastric adenocarcinoma, as detailed in table 1. Exclu-
sion criteria comprised hematologic malignancy, primary
CNS malignancy, or any other condition unsuitable for
this study, including serious CNS disorders, hydroceph-
alus or other factors suggestive of CSF obstruction, lethal
or extensive systemic diseases with few treatment options,
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psychiatric illness, or poor compliance. Enrolled patients
were scheduled to receive one of four treatment regi-
mens: intrathecal pemetrexed (InPe), intrathecal PD-1
inhibitor+pemetrexed (InPe+PD-1), intrathecal PD-1/
vascular endothelial growth factor inhibitor+pemetrexed
(InPe+PD-1+VEGF), or intrathecal PD-1/CTLA4 inhibi-
tor+pemetrexed (InPe+PD-1+CTLA4). The sample size
for each treatment group was determined based on feasi-
bility and patient availability during the study period,
without formal statistical power calculation due to the
exploratory nature of this proteomic study. Treatment
response was evaluated according to the Response Assess-
ment in Neuro-Oncology criteria for LM.

Additionally, we subsequently collected a separate
batch of CSF samples from InPe+PD-1-treated patients for
model validation (online supplemental file).

This study was carried out as part of four prospective
studies registered on ClinicalTrials.gov, NCT06462222,
NCT06809530, NCT06809517, and NCT06762080.
Approval was obtained from the Institutional Ethics
Committee of the Affiliated Huizhou Hospital of Guang-
zhou Medical University and the study adhered to the prin-
ciples of the Declaration of Helsinki. Written informed
consents were obtained from all participants, indicating
their willingness to donate their CSF and blood samples
for research. Permission to access and publish patient
information was also obtained from each patient.

Sample collection and processing

To ensure analytical validity, we followed the EuroFlow
2024 SOP for CSF handling. CSF samples were obtained
via lumbar puncture or Ommaya reservoir before the
first intrathecal administration and after the seventh
intrathecal administration, respectively. Blood samples
were collected on the same day as the baseline CSF draw
prior to the first intrathecal administration. All samples

were processed within 1hour of collection. Hemoglobin
was not directly quantified by Olink. However, the panel
includes two erythrocyte lysis markers (HBA1l/HBB)
whose Normalized Protein eXpression (NPX) values were
consistently below the lower limit of detection in all CSF
samples, indicating absence of significant traumatic tap or
in vitro hemolysis.® * The CSF biochemistry of patients
was detailed in table 2. GSF samples were centrifuged at
1,500rpm for 5min at 4°C. Blood samples collected in
the clot activator tubes were centrifuged at 3,000 rpm for
10min at 4°C. Subsequently, the upper layer of serum was
obtained, aliquoted, and stored at —80°C until analysis.

Protein expression assay

Protein quantification was performed using the Olink
proteomics platform immuno-oncology panel, enabling
simultaneous measurement of 92 proteins related to
immune signaling, cytokine, and chemokine pathways.
The panel covers proteins involved in key biological
processes including T-cell activation, immune check-
point regulation, cytokine—cytokine receptor interaction,
chemotaxis, apoptosis, and angiogenesis. Raw expression
data were log2-transformed normalized according to the
manufacturer’s guidelines and expressed as NPX values.
Only proteins detected in more than 50% of samples
were retained for downstream analyses.

Validation of ADGRG1 expression in macrophages

To experimentally validate ADGRGI1 expression in
macrophages under different tumor and immuno-
therapy conditions, we established an in vitro co-cul-
ture system using THP-1-derived macrophages and
Ab549 lung adenocarcinoma cells. Both cell lines were
obtained from the Cell Bank of the Chinese Academy
of Sciences. THP-1 cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum and

Table 2 CSF biochemistry of patients with leptomeningeal metastasis

(A) Cerebrospinal fluid biochemistry pre

mean Non-responder Responder P value Test

ADA (U/L) 0.49 0.45 0.834 T-test

MTP (mg/dL) 50.26 103.42 0.027 T-test

LDH (U/L) 59.60 77.57 0.210 T-test

Cl (mmol/L) 121.47 119.55 0.106 T-test

Glu (mmol/L) 2.46 2.73 0.339 T-test

(B) Cerebrospinal fluid biochemistry

mean Pre Post P value Test

ADA (U/L) 0.47 0.53 0.585 T-test paired
MTP (mg/dL) 81.68 69.46 0.447 T-test paired
LDH (U/L) 73.24 56.81 0.003 T-test paired
Cl (mmol/L) 119.96 118.98 0.112 T-test paired
Glu (mmol/L) 2.59 3.07 <0.001 T-test paired

ADA, adenosine deaminase; Cl, chloride; Glu, glucose; LDH, lactate dehydrogenase; MTP, total protein M.
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1% penicillin-streptomycin. Differentiation into macro-
phages (THP-1-M®) was induced by treatment with
phorbol 12-myristate 13-acetate (PMA, 100 ng/mL) for 48
hours, followed by replacement with PMA-free medium
and incubation for an additional 24 hours to obtain stably
differentiated macrophages.

For tumor-macrophage co-culture, A549 cells were
seeded in the upper chamber of a 0.4—8 pm pore Tran-
swell insert, while THP-1-M® were cultured in the lower
chamber, allowing soluble factor exchange without direct
contact. Cells were co-cultured for 4872 hours to mimic
the tumor microenvironment. Three experimental groups
were established: (1) MO group—THP-1-derived macro-
phages cultured alone. (2) M0+A549 group—THP-1-M®
co-cultured with A549 cells. (3) M0+A549+PD-1 group—
co-cultured as above, with anti-PD-1 antibody (10 pg/mL)
(Toripalimab) added after successful PD-1 induction to
simulate immune checkpoint blockade. Toripalimab was
manufactured and provided by Shanghai Junshi Biosci-
ences, Shanghai, China. Each group was cultured in
triplicate, and cells from three wells were collected for
statistical analysis.

After 24-48hours of antibody treatment, cells were
harvested for RNA extraction. Quantitative real-time PCR
(qPCR) was performed to assess the expression levels of
PDCD1 (primerF: AAGGCGCAGATCAAAGAGAGCCG;
primer-R:CAACCACCAGGGTTTGGAACTG) and
ADGRG1  (primer-F:TGAGACCGTCAGGAGAGAAACC;
primer-RIAGGCTCAGGTAGTGCTT  GTGCA), using
GAPDH (primer-F:GGAGCGAGATCCCTCCAAAAT;
primer-R:GGCTGTTGT CATACTTCTCATGG) as an
internal control. Relative expression was calculated using
the 2**“ method.

Healthy CSF protein comparison and batch correction

To characterize the proteomic landscape in LM CSF, we
incorporated proteomic data from a multiple sclerosis
cohort that included healthy control (HC) samples.*® To
minimize potential batch effects between LM and HC
CSF proteomic datasets, batch correction was performed
using the ComBat method implemented in the sva R
package. The corrected expression matrix was then used
for subsequent comparative and visualization analyses,
including principal component analysis (PCA) and differ-
ential protein expression.

Pathway enrichment analysis

Differentially expressed proteins were subjected to func-
tional enrichment analysis. Gene Ontology terms and
Kyoto Encyclopedia of Genes and Genomes pathway
enrichment were analyzed using the clusterProfiler R
package. Enrichment results were considered significant
at false discovery rate <0.05.

Predictive model construction

Top five importance genes were selected ranked by
random forest (RF) for generalized linear models (GLM)
to generate a predictive response score using glm function

in R caret package. Model performance was assessed using
receiver operating characteristic curves, with area under
the curve (AUC) calculated via the pROC R package.

Statistical analysis
All statistical analyses were conducted using R software
(V.4.4.1). Continuous variables were compared using
the Wilcoxon rank-sum test, categorical variables with
the y test or Fisher’s exact test accordingly, and paired
comparisons using the paired Wilcoxon signed-rank test.
Differential expression compared among treatment was
performed using the Kruskal-Wallis test. qPCR data were
analyzed using an unpaired two-tailed Student’s t-test.

Hierarchical clustering and PCA were applied to visu-
alize proteomic differences.

Univariate Cox proportional hazards models were
applied to evaluate associations between clinical features
and therapeutic response.

RESULTS

Patient characteristics and treatment response

Between February 2024 and June 2025, a total of 62
patients with LM from solid tumors were enrolled,
including 21 (34%) males and 41 (66%) females, with
a median age of 53 years (range: 32-67). Patients were
assigned to one of four treatment groups: InPe (n=17),
InPe+PD-1 (n=29), InPe+PD-1+CTLA4 (n=10), and
InPe+PD-1+VEGF (n=6) (figure 1A,B). Baseline clinical
characteristics were balanced across the four treatment
groups (table 1). Treatment responses were classified
as responders (clinical response) or non-responders
(stable disease or disease progression) (online supple-
mental file). The overall response rate was highest in the
InPe+PD-1+VEGF group (67%), followed by InPe+PD-1
(66%), InPe (55%), InPe+PD-1+CTLA4 (40%) and with
no significant difference among regimens (p=0.171)
(figure 1C).

Forest plot analysis of ORs revealed no statistically
significant associations between therapeutic response
and patient age, sex (all p>0.05) (online supplemental
figure S1B).

PCA revealed distinct protein profiles between CSF and
serum samples (online supplemental figure SIA). We
further compared the CSF proteomic features of patients
with LM with publicly available HC CSF data. After
batch correction (online supplemental figure S1C,D),
inflammation-related and cytokine-related proteins
such as CXCL9, CXCL10, CCL3, CD27, and CD8A were
significantly upregulated in both pretreatment and
post-treatment LM samples compared with HCs (online
supplemental figure S1EF).

Distinct CSF proteomic alterations before and after treatment
for LM

When comparing pretreatment and post-treatment CSF
proteomes across the four treatment regimen, one treat-
ment group (InPe+PD-1+VEGF) showed no statistically
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significant differentially expressed proteins. In contrast,
the other regimens exhibited both shared and regimen-
specific alterations (online supplemental figure S2A-C).
Common changes included a set of significantly differ-
entially expressed proteins shared among multiple regi-
mens (figure 2A), enrichment of cytokine and chemokine
signaling pathways (figure 2G,H), and a marked reduction

in EGF levels (figure 2C). Collectively, these shared
alterations suggested suppression of tumor-promoting
processes and restoration of antitumor immune activity.
However, regimen-specific differences were evident.
MMP7 and CCL17 were downregulated only in regimens
incorporating immunotherapy (InPe+PD-1 and InPe+PD-
1+CTLA4) (figure 2E,F). In addition, PDCD1 was uniquely
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upregulated in the InPe+PD-1 group (figure 2D), and
its expression level differed significantly among post-
treatment CSF samples across four regimens (p=0.0025).
These findings suggested thatimmunotherapy-containing
regimens may represent distinctive immunotherapy-
associated effects in LM.

Differential proteomic profiles between responders and non-
responders in CSF and serum

Comparative analysis between responders and non-
responders revealed distinct proteomic signatures in CSF
and serum samples. Notably, the CSF proteome exhib-
ited differential expression of DNC (figure 3A), whereas
serum profiles showed distinct involvement of CXC3CL1
and GZMA (figure 3B), highlighting the compartment-
specific immune landscape.

When stratified by treatment regimen, the addition of
PD-1 inhibitor was associated with a significant upregula-
tion of interferon (IFN)-y signaling in CSF, indicative of
enhanced immune activation and functional restoration

(figure 3D,E). Subgroup analysis of responders demon-
strated marked increases in CXCL9 levels (online supple-
mental figure S3A,B), and decreases in EGF levels only in
the InPe+PD-1 group, a pattern absent in non-responders
and in other regimens (online supplemental figure
S3C,D). These findings collectively suggest that ICIs play
a critical role in modulating the immune microenviron-
ment, promoting IFN-mediated responses and improving
therapeutic efficacy.

Predictive modeling of therapeutic response using proteomic
features

To explore the potential of proteomic profiling for
predicting treatment response, we applied a random
forest algorithm to rank protein importance based on
responder status. The resulting rankings differed substan-
tially between CSF and serum datasets (online supple-
mental figure S4A,B). GLMs were then constructed using
the top five proteins from each fluid. The CSF-based
model demonstrated superior predictive performance,

Wang L, et al. J Immunother Cancer 2026;14:e013588. doi:10.1136/jitc-2025-013588


https://dx.doi.org/10.1136/jitc-2025-013588
https://dx.doi.org/10.1136/jitc-2025-013588
https://dx.doi.org/10.1136/jitc-2025-013588
https://dx.doi.org/10.1136/jitc-2025-013588
https://dx.doi.org/10.1136/jitc-2025-013588
https://dx.doi.org/10.1136/jitc-2025-013588

Open access

A RF Importance B InPe+PD ADGRG1
BIRA8784 G1
8{888%” =®- Non_responder =@ Responder
QIB005,|  —TLTS DCNT (2 * il
QD007  Em— DZ~CD5 CCL23
St B
Q000773 O~ T !FN-gamma c
QID00766 N Gal-9 S
— QID0080T  — a
3 QR007a; M- .
2 QIDOQ773  — 230
© QID0078] = g
& GIR99790 . i
1D00763 .
QID00843 M 3
QlD0gg27 M S
QID0082Y M = 2.5
olpoo7es M <)
1D00760 W €
QID00s21 H 5
gIpooss 1 2
1D00759 1 i
QID00826 1 2.0
QlIb00782 |
0ID00835 |
0 2 4 Pre Post
Mean Decrease Accuracy Treatment Time
C . D E
Top five genes InPe+PD1+CTLA4 InPe+PD1
Training Validataion Subsequent cohort
ROC Curve ROC Curve ROC Curve
@ © | ®
. © > =} > o
H R 2
L AUC: 0968 2 < | AUC:0917| 2 < | AUC: 1.000
§ S g ° & °
o o | o
© © T T T T T S T T T T T 1
1.0 0.6 0.2 1.0 0.6 0.2 1.0 0.6 0.2
Specificity Specificity Specificity
F G H |
InPe+PD1 Zhao et al., 2024 Zhao et al., 2024 *kk [0
. ADGRG1 CSF protiirj (/;\g)BGRG1 Expressiontgf‘ADGRm 15 - \0+A549
®|p=0031¢ T 5 £ 104 = \0+A549+PD1
E ! E 10.5 § 4 g
g g g 57 m
8 § 100 53 205 kil
A o 2 a e Ak
22 £ o5 £ 2 1.0
1 . e 1 2 05 **
° 8.5 A 0 v 0.0

S Cirl LM
§
<
\‘z‘"
o

S

IMOOORECEAM PDCD1 ADGRG1

Figure 4 Construction and verification of the predictive response model in InPe+PD-1 CSF-Pre group. (A) Barplot of random
forest importance. (B) Lineplot of changes in ADGRG1 expression between pretreatment and post-treatment samples in
responder and non-responder from InPE+PD-1 group. (C) ROC curve of top five genes training. (D) ROC curve of InPe+PD-
1+CTLA4 validation. (E) ROC curve of InPe+PD-1 subsequent validation cohort. (F) Boxplot of ADGRG1 expression comparison
between responders and non-responders in INPE+PD-1 CSF-Pre samples. (G) Boxplot of CSF ADGRG1 protein levels
comparison between LM and controls. (H) Boxplot of ADGRG1 gene expression comparison between dLAMs and other

M. (I) Barplot of PDCD1 and ADGRG1 expression in THP-1 (M0), THP-1 co-cultured with A549 cells (M0+A549), and THP-

1 co-cultured with A549 cells plus anti-PD-1 (M0+A549+PD-1). Statistical significance: ns, not significant (p>0.05); *p<0.05;

** p<0.01; **p<0.001; ***p<0.0001. AUC, area under the curve; CSF, cerebrospinal fluid; CTLA4, cytotoxic T-lymphocyte
associated protein; dLAM, dura-derived LM-associated macrophages; InPe, intrathecal pemetrexed; LM, leptomeningeal

metastasis; PD-1, programmed cell death protein-1; RF, random

achieving an AUC of 0.884, compared with 0.780 for the
serum-based model (online supplemental figure S4C,D).

Given that the InPe+PD-1 group had the largest sample
size, we constructed a CSF-based GLM using its top five
proteins: ADGRGI1, CD28, CCL23, DCN, and IL-15
(figure 4A). This model achieved an AUC of 0.968 in the
training set (figure 4C). When validated in the InPe+PD-
1+CTLA4 group, the model retained strong predictive

forest; ROC, receiver operating characteristic.

accuracy with AUC of 0.917 (figure 4D). Furthermore,
validation in a subsequent collected InPe+PD-1 cohort
yielded an AUC of 1.000, supporting its robustness.
Among them, ADGRGI showed a distinctive expres-
sion pattern. At baseline, its levels were significantly
lower in responders compared with non-responders
within the InPe+PD-1 group (p=0.031, figure 4F), and
expression further declined after treatment (figure 4B).
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Independent validation in the cohort reported by Zhao
et al, 2024, confirmed that ADGRGI1 was significantly
upregulated in CSF from patients with LM compared
with controls (p=0.039, figure 4G). Moreover, ADGRGI1
expression was markedly elevated in dura-derived LM-as-
sociated macrophages (dLAMs), a macrophage popula-
tion implicated in LM progression (figure 4H).

To validate the expression pattern of ADGRGI observed
in CSF proteomic profiling, we performed in vitro experi-
ments using THP-1-derived macrophages. After co-culture
with A549 tumor cells, PDCD1 expression was markedly
upregulated and further increased on the addition of
anti-PD-1 antibody, consistent with macrophage activa-
tion under immune checkpoint modulation (figure 4I).
In contrast, ADGRGI1 expression was significantly down-
regulated following co-culture and continued to decline
after PD-1 blockade (figure 4I). These results suggest that
the decreased ADGRGTI level observed in CSF after PD-1
treatment may result from reduced ADGRGI expression
in dLAMs on PD-1 inhibition.

Taken together, these results suggest that macrophages
may be a source of ADGRGI, and that reduced ADGRGI1
expression is associated with favorable therapeutic
outcomes, highlighting its potential as an indicator of
treatment responsiveness.

Correlation of response scores with immune-related proteins
To further characterize the biological contextof the predic-
tive model, we correlated its CSF-based response scores
with individual protein levels. In the pretreatment CSF
samples from the InPe+PD-1 cohort, 25 proteins showed
significant correlations with the predicted response score
(figure 5A). Stratification into high-score and low-score
groups by the median revealed that several immune-
activating proteins—such as IFN-y, heme oxygenase 1
(HO-1), interleukin (IL)-6—were strongly and positively
correlated with the score (figure 5B-D). Interestingly,
certain immune-inhibitory proteins, including PD-L2,
were also positively correlated (figure 5E), suggesting
that responders may initially harbor an immunosuppres-
sive microenvironment that is subsequently alleviated by
therapy.

In the validation InPE+PD-1+CTLA4 cohort, similar
correlation and stratification analyses identified distinct
associations (online supplemental figure S5A-E).
Notably, DCN, CX3CL1, ADGRGI, and TGF-—all linked
to tumor-promoting processes—were significantly nega-
tively correlated with the predictive score. These results
suggest that lower baseline levels of tumor-promoting
mediators are associated with better predicted responsive-
ness in this regimen.

DISCUSSION

This study represents, to our knowledge, the largest
cohort of patients with LM analyzed with high-content
CSF proteomic profiling, and the first to apply such
a comprehensive proteomic approach in this disease

context to evaluate intrathecal ICI-based therapies. In a
disease setting where therapeutic options are scarce and
prognosis remains dismal, our findings highlight the
value of CSF proteomics not only as a window into the
LM immune microenvironment but also as a practical
platform for biomarker discovery, response prediction
and treatment stratification, with ADGRGI1 emerging as
a potential predictive indicator of therapeutic responsive-
ness in intrathecal ICI-based regimens.

Currently, ICIs have transformed the treatment land-
scape of systemic malignancies; however, their efficacy in
LM remains heterogeneous, and biomarkers capable of
predicting therapeutic benefit are urgently needed. While
prior studies have focused on systemic biomarkers derived
from serum®~?! or tumor tissue,?’Q_34 there has been a lack
of robust CSF-based predictors for ICI response in LM.
To our knowledge, this is the first study to systematically
interrogate the CSF proteome using Olink technology to
identify immune-related biomarkers of response to intra-
thecal ICI therapy in patients with LM.

The changes in CSF proteome across different intra-
thecal treatment regimens may reflect the fundamental
differences in the microenvironment regulation of LM
under different treatment regimens. Our data reveal
that post-treatment proteomic changes in CSF were both
regimen-specific and partially overlapping. While the
InPe+PD-1+VEGF group did not exhibit significant differ-
ential protein expression, which may be attributed to the
limited sample size, the other three regimens demon-
strated shared immune-related alterations, particularly
involving cytokine and chemokine pathways, alongside
distinct, regimen-specific changes. Given the central role
of cytokines and chemokines in orchestrating antitumor
immunity,” these findings suggest that intrathecal ther-
apies universally engage immune responses, although
through partially divergent mechanisms. Moreover, our
results highlight the utility of Olink-based CSF proteomic
profiling as a sensitive approach to capture these therapy-
induced immune dynamics.

Of particular interest, we focused on three CSF proteins,
MMP7, CCL17,and PDCD1, due to their significant associ-
ation with intrathecal ICIs in LM. Previous studies demon-
strate that MMP7 recruits tumor-associated neutrophils
through chemokine release, thereby fostering an immu-
nosuppressive microenvironment.”®  Similarly, CCL17
promotes immune tolerance by recruiting regulatory T
cells to tumor sites and suppressing effector T-cell func-
tion.”™ The downregulation of both MMP7 and CCL17 in
the CSF following intrathecal ICIs observed in this study
indicates a transition from an immunosuppressive, pro-
metastatic niche toward an immune-reactive microen-
vironment. PDCD1 (also known as PD-1) is an immune
checkpoint molecule on the surface of T cells. In the
early stages after intrathecal injection of IClIs, upregula-
tion of PDCD1 in CSF was observed as a signal of immune
response to treatment. PD-1 inhibitors block the binding
of PD-1 to its ligands PD-L1/PD-L2, thereby reversing
its inhibitory signal on T cells. Reactivated T cells highly
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express various immune checkpoint molecules, including
PD-1.% Moreover, PD-1 inhibitor-initiated T-cell activation
enhances IFN-y release, which subsequently upregulates
PD-1 expression in the microenvironment, establishing
a positive feedback loop. In our study, the addition of a
PD-1 inhibitor significantly upregulated IFN-ylevel in the
CSF microenvironment, further corroborating this mech-
anistic interplay.

Comparison between responders and non-responders
revealed pronounced compartment-specific differences

between CSF and serum. The CSF proteome featured
decorin (DCN), an extracellular matrix proteoglycan
known to regulate collagen organization and modu-
late immune responses within the tumor microenvi-
ronment.*** In contrast, the serum contained distinct
markers CX3CL1, a chemokine that mediates leukocyte
adhesion and trafficking,"" and GZMA, a serine protease
released by cytotoxic lymphocytes to induce target-cell
apoptosis.” These findings suggest that CSF proteomics
captures localized central nervous system immune

Wang L, et al. J Immunother Cancer 2026;14:e013588. doi:10.1136/jitc-2025-013588

11



dynamics, whereas serum proteomics reflects more
systemic immune effector activity, together providing
complementary insights into treatment response.

Notably, the addition of anti-PD1 therapy led to marked
upregulation of IFN-y, a key cytokine that promotes
antigen presentation, enhances cytotoxic T-cell activity,
and has recently been reported to orchestrate anti-LM
immune responses.’ This was accompanied by restoration
of immune cell function, consistent with the established
mechanism of ICIs in reversing T-cell exhaustion. More-
over, EGF decreased and CXCL9 increased significantly
only in responders receiving regimens containing a PD-1
inhibitor. Given EGF’s role in driving tumor proliferation
and survival,”” and CXCL9’s function as a potent Tcell
chemoattractant that facilitates effector cell tracking
into the tumor microenvironment,44 these coordinated
changes highlight a regiment-dependent reprogram-
ming of the immune landscape toward a more immune-
activating and tumor-suppressive state.

The predictive modeling component of our analysis
demonstrated the superiority of CSF over serum in fore-
casting therapeutic response. Using RF-based feature
ranking and generalized linear modeling, we found that
CSF-based models achieved higher predictive accuracy
(AUC=0.884) than serum-based models (AUC=0.780). In
particular, the top five proteins identified in the therapy
InPe+PD-1—ADGRGI1, CD28, CCL23, DCN, and IL-15—
produced excellent discrimination in both training
(AUC=0.968) and validation with the InPe+PD-1+CTLA4
cohort (AUC=0.917). Functionally, these proteins repre-
sent diverse biological processes: CD28 and IL-15 mediate
Tecell activation and survival,”™* CCL23 regulates
immune cell recruitment,49 % DCN modulates extracel-
lular matrix organization and immune interactions, and
ADGRGI1 encodes a G protein—coupled receptor. This
mechanistic diversity may underlie their collective power
as predictive biomarkers of therapeutic response.

To assess the reproducibility of our five-protein CSF
signature across independent cohorts, we collected an
additional InPe+PD-1 patient sample, which yielded
a validation performance (AUC=1.000). We further
compared our results with three recent proteomic studies
for cross-context validation. Westrhenen et al conducted
a QUADAS-2—compliant systematic review of 25 studies
investigating CSF biomarkers for primary CNS lymphoma
(PCNSL) and identified CXCL13, IL-10, sCD27, f2-mi-
croglobulin, and neopterin as the most discriminative
molecules.’! Notably, three of these—IL-10, CCL23
(same chemokine family as CXCL13), and DCN—are
also components of our InPe+PD-1 predictor panel,
suggesting partial convergence between ICI-responsive
LM and PCNSL immune signatures. In another large-
scale study, Juanes-Velasco et al profiled over 300 CSF
samples from patients with leukemia and lymphoma with
LM using liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) and affinity proteomics. Their final
19-protein LM classifier included ADGRG1, CCL23, and
DCN, exactly overlapping with three of our five top hits

and achieving an AUC >0.90in their validation cohort.”
Finally, Rossi et al demonstrated that minor TP53-mutated
subclones (<2% Variant Allele Frequency, VAF) in the
peripheral blood of patients with chronic lymphocytic
leukemia predicted early chemo refractoriness and
post-therapy clonal expansion.”® As TP53 dysregulation
enhances cellular migratory capacity, such subclones
may represent the cellular reservoir that eventually colo-
nizes the leptomeninges and releases ADGRGI via dura-
associated macrophages. Collectively, these external data
sets validate our biomarker discovery and argue for a
consensus CSF panel applicable to both lymphomatous
and leukemic LM.

Among the identified markers, ADGRGI (also known
as GPRb56) emerged as a particularly noteworthy candi-
date. ADGRGI1 is an adhesion G protein-coupled
receptor with emerging recognized roles in physiological
processes, including brain development’ and protecting
microglial state,” as well as in pathological contexts,
notably tumor biology.”® Previous studies have shown
that ADGRGI1 can modulate cell adhesion, migration,
and drug resistance.”™ In our cohort, ADGRGI levels
were significantly lower in responders compared with
non-responders at baseline and further decreased post-
treatment, suggesting that reduced expression may mark
a favorable immune contexture. To further validate this
finding, we conducted in vitro experiments using THP-1-
derived macrophages co-cultured with A549 tumor cells
to mimic the tumor microenvironment. We observed that
PDCD1 expression was markedly upregulated following
co-culture and further increased on anti-PD-1 antibody
treatment, whereas ADGRGI expression was significantly
downregulated both after co-culture and after PD-1
blockade. Notably, as PDCD1 is also expressed on macro-
phages, recent evidence indicates PD-1 signaling can
modulate macrophage activity and polarization.”®* These
findings suggest that anti-PD-1 therapy may suppress
ADGRGI1 expression in macrophages. Importantly, as
ADGRGI protein levels in CSF also decreased after treat-
ment, this reduction could reflect diminished ADGRG1
expression in dLAMsS in response to immune checkpoint
blockade. However, because CSF cellularity is markedly
reduced after therapy—often nearing the limit of detec-
tion—the observed protein decline may also partly result
from a decrease in total cell numbers rather than solely
from transcriptional downregulation. Together, these
findings suggest that macrophages, particularly dLAMs,
may be a source of ADGRGI in LM, and that reduced
ADGRGI expression could reflect diminished protumor
macrophage activity after anti-PD-1 therapy, thereby
creating a more favorable microenvironment for immune
checkpoint blockade to act effectively.

Correlation analyses between predictive scores and
protein expression provided additional mechanistic
insight. In pretreatment CSF from the InPe+PD-1,
both immune-activating proteins (IFN-y, HO-1, IL-6)
and PD-L2 were positively correlated with predictive
scores. This may reflect an immunologically active but
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checkpoint-constrained baseline state in responders,
which ICIs can effectively unlock. Similarly, in the
InPe+PD-1+CTLA4 cohort, tumor-promoting mediators
such as DCN, CX3CL1, ADGRGI1, and TGF-} were nega-
tively correlated with predictive scores.

Despite the strengths of our study, including compre-
hensive CSF and serum proteomic profiling, validation
across independent cohorts, and the construction of
predictive models with strong discriminatory power,
several limitations should be acknowledged. First, the
sample size for some treatment subgroups was limited,
which may reduce the generalizability of subgroup-specific
findings. Given the exploratory nature of this study and
the overrepresentation of lung adenocarcinoma cases,
the model may exhibit a bias toward this histological
subtype. Future multicenter, histology-balanced prospec-
tive studies are planned to validate the generalizability
of the findings. Second, while our predictive model
demonstrated robust performance in cross-validation
and internal testing, we acknowledge the lack of an
independent external proteomic cohort as a limitation.
This is largely due to the rarity of LM and the emerging
nature of intrathecal ICI therapies. To partially mitigate
this, we collected an additional independent cohort
of InPe+PD-1-treated patients, in which our predictive
model demonstrated excellent performance (AUC=1.0).
We also validated the differential expression of ADGRG1
using independent CSF proteomic datasets,” confirming
its elevation in patients with LM compared with non-LM
controls. Furthermore, cross-comparison with previ-
ously published CSF proteomic studies in lymphoma
and leukemia® ™ revealed a high degree of overlap in
biomarker composition, indirectly supporting the gener-
alizability of our five-protein CSF signature. Nevertheless,
future studies with larger, multi-institutional cohorts will
be essential to further confirm and refine our findings,
and to establish a standardized CSF-based predictive
framework for clinical application. Third, the observed
post-treatment decline in CSF ADGRGI could arise from
two non-mutually exclusive mechanisms: (1) a reduction
in the absolute number of dLAMs following ICI-induced
immune reprogramming, or (2) downregulation of
ADGRGI expression within each remaining dLAM. Our
in vitro experiments validate that macrophage ADGRGI
expression decreased after anti-PD-1 treatment. As an
exploratory study, we have not yet secured the resources
to perform the required single-cell or functional assays;
nevertheless, such experiments are being written into our
next grant and will form the basis of a subsequent mech-
anistic report.

CONCLUSION

In conclusion, our study provides a landmark contribu-
tion to the LM field, combining the largest cohort with
the first application of high-content CSF proteomics in
intrathecal ICI therapy. By integrating immune-pathway
analyses, predictive modeling, and biomarker discovery,

we demonstrate the potential of CSF proteomics to trans-
form precision medicine for LM. The identification of
ADGRGI as a candidate predictive biomarker not only
advances our mechanistic understanding but also opens
avenues for therapeutic targeting of macrophage-driven
immunosuppression.
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