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Dear Editor,

Clear cell renal cell carcinoma (ccRCC) is a highly vascular tu-
mor. Among surrogate markers that may reflect the neovascula-
ture burden of ccRCC, prostate specific membrane antigen (PSMA)
has emerged as a promising one, by virtue of its ability to be mea-
sured either immunohistochemically and transcriptionally or on
positron emission tomography (PET) imaging [1, 2]. While the re-
lationship between PSMA and neoangiogenesis in ccRCC is well
established, the potential association between PSMA and the im-
mune landscape of ccRCC is much less understood.

Our study aimed to investigate whether PSMA expression at
transcript (FOLHI gene) and protein levels is associated with im-
mune activation or evasion signals in ccRCC. A publicly avail-
able database, cBioportal for Cancer Genomics (www.cbioportal.
org), was used to query RNA sequencing and immunohistochem-
ical data for FOLH1 mRNA and protein expression respectively,
in a prospective multicenter cohort of 512 patients with ccRCC
(see online supplementary material).

A total of 241 patients (47%) had tumors with altered FOLHI,
predominantly high mRNA and protein expression (n = 211, 41%)
(Fig. 1A). We then examined whether FOLH1 expression at mRNA
and protein levels in ccRCC patients was associated with clini-
cal or/and pathological parameters. Patient subgroups with high
FOLH1 vs unaltered tumors were equally distributed with re-
spect to age, sex, and ethnicity (supplementary Fig. 1A, see on-
line supplementary material). FOLH1-overexpressing tumors were
associated with higher T-stage (P = 0.025), particularly T3a and
T3b, compared to unaltered ones (22% and 9% vs 25% and 12%,
respectively) (Fig. 1B). Tumors with high FOLH1 had proportionally,
but not significantly higher histologic grade (P = 0.846), particu-
larly grade 3 (40% vs 38%) and grade 4 (16% vs 14%), lymph node
involvement (25% vs 24%, P = 0.877), and more advanced clinical
stage (IV 18% vs 14%, P = 0.611) (supplementary Fig. 1B).

We then sought to determine whether elevated FOLHI tran-
script and protein levels had a favorable or negative impact on sur-
vival without disease recurrence/progression and on overall sur-
vival. Corresponding patients with high somatic PSMA expression
experienced a shorter progression-free survival (88 months vs
not-reached, log-rank P = 0.014). There was also a non-significant

trend towards a shorter overall survival (80 vs 89 months, log-rank
P =0.899) (Fig. 1C).

To investigate the clinical implication of PSMA in angiogenic
signaling of ccRCC patients, we assessed for correlations of FOLH1
expression with angiogenesis genes. FOLHI mRNA expression
was directly associated with the most important genes activated
during angiogenesis, including VEGFA, FLT1, HIF1A, and EPASI
(P < 0.001) (Fig. 1D). Because angiogenesis and immunosuppres-
sion work hand-in-hand in ccRCC development and progression,
this study sought to determine whether FOLH1-overexpression
could be associated with expression of key immune checkpoints
and immune activation genes that are involved in the promo-
tion of an immunosuppressive tumor microenvironment. Indeed,
CD274 (P = 0.017), and PDCD1, CTLA4, LAG3, CD8A, and IFNG
expression (P < 0.001 respectively) was significantly suppressed
in FOLHI-overexpressing ccRCC tumors compared to non-altered
ones (Fig. 1E, and supplementary Table 1, see online supplemen-
tary material).

Collectively, this study investigated PSMA expression at tran-
scriptional and protein levels in a large cohort of patients with
ccRCC. First, PSMA and its encoding gene FOLH1 were found to be
altered in almost half of ccRCC tumors, the vast majority of which
(211/241 or 88%) displayed upregulated mRNA expression. These
patients were characterized by larger, less differentiated primary
tumors and were more likely to present with, or/and experience,
progression to advanced/recurrent disease, respectively. Second,
FOLH1-overexpressing tumors were characterized by an active an-
glogenesis transcriptional program driven by VEGFA, FLT1, HIF1A,
and EPAS1 overexpression, concurrent with an immunosuppres-
sive microenvironment evidence by downregulation of expression
of most important immune checkpoints, including CD274, PDCD1,
CTLA4, and LAG3, as well as suppression of immune-activation
signals including CD8A and IFNG.

The prognostic role of PSMA has been previously inconsistently
reported by other groups [1, 3]. This comprehensive study in the
largest available TCGA ccRCC cohort to date establishes the value
of PSMA protein and FOLHI mRNA measurement in predicting
progressive disease in these patients. It is also in line with re-
cent efforts to more accurately stage localized ccRCC as well as
visualize early recurrent disease via PSMA-PET imaging. PSMA
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Figure 1. (A) Oncoplot of FOLH1 mRNA and protein expression in the TCGA ccRCC cohort (n = 512). xAltered/profiled: 241/511. (B) Distribution of
pathologic T-stage among patients with FOLH1-altered (predominantly high) and unaltered tumors, compared to normal tissue. #Number of samples
(%). (C) Kaplan-Meier plots for progression-free survival and overall survival in ccRCC patients from the TCGA cohort (n = 512). (D) mRNA log2
expression of angiogenesis genes VEGFA, FLT1, HIF1A, and EPAS1 in association with FOLH1 expression. (E) mRNA log2 expression of immune genes
CD274, PDCD1, CTLA4, LAG3, CD8A, and IFNG in association with FOLH1 expression.
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immunoreactivity is detectable only in the tumor-associated ves-
sels and not in tumor cells, with staining intensity being the
strongest and most diffuse in ccRCC, compared to the RCC sub-
types [4]. standardized uptake value maximum (SUVmax) of RCC
on 68 Ga-PSMA-11 PET/CT has not only correlated with immuno-
histochemical tissue PSMA staining, but also resulted in changes
in clinical management of more than one-third of patients be-
cause of the discovery of new metastases not detected with con-
ventional imaging [5, 6]. These results indicate that PSMA could
become a key biomarker with the ability to guide definitive vs
palliative treatment selection. Taking a step further, PSMA uptake
may also be useful in the assessment of early response and sen-
sitivity to anti-angiogenic and immune checkpoint inhibitor ther-
apies in patients with metastatic disease [7].

PSMA uptake on gallium-prostate specific membrane antigen-
11 positron emmision tomography/computed tomography (Ga-
PSMA-11 PET/CT) was shown to directly correlate with im-
munohistochemical vascular endothelial growth factor receptor
2 (VEGFR-2)/platelet-derived growth factor receptor g (PDGFR-p)
as well as with hypoxia-inducible factor 2« (HIF-2a) expression
in primary RCC tumors [8, 9]. Our study supports these find-
ings and provides the biological rational for these clinical corre-
lations since FOLH1-overexpressing tumors were characterized by
increased expression of genes encoding these pro-angiogenic sig-
nals, including VEGFA encoding the dominant inducer of blood
vessel growth; and FLT1 encoding VEGFR1, a receptor tyrosine
kinase which is activated by VEGF-A, VEGF-B, and placental
growth factor and the two main hypoxia-responsive genes that
are key players in angiogenesis, HIF1A, and EPASI. Particularly
in view of recent advances in therapeutic targeting of resistant
ccRCC tumors, using PSMA as a surrogate of tissue HIF-2« ex-
pression in primary tumors or/and metastases could have great
potential in predicting responses to HIF-2« antagonists such as
belzutifan.

Our study demonstrates for the first time that PSMA-
overexpressing tumors are immune depleted, evidenced by low
mRNA expression of key immune checkpoints CD274, encoding
PD-L1, PDCD1 encoding PD-1, CTLA4, and LAG3. Downregulation
of important immune signals involved in immune activation and
processing, such as CD8A and IFNG further supports the notion
that PSMA participates in the formulation of an immunosuppres-
sive microenvironment. The fact that these immune checkpoints
are druggable with monoclonal antibodies that are either in cur-
rent use for ccRCC or in clinical trials indicates the potential of
PSMA detection in tissue or/and imaging as a surrogate of resis-
tance to such therapies, which may help with selection of mRCC
patients suitable for combination or alternative treatment ap-
proaches. PSMA involvement in immune evasion of ccRCC is fur-
ther supported by recent data showing that tumors with higher
radiographic uptake of the PSMA ligand on 68Ga-PSMA-11 PET/CT
are characterized by PBRM1 deficiency, which is associated with
infiltration from exhausted T-cells [10].

Our study was limited by its computational design and single-
cohort evaluation, which is however, the largest reported to date
with both molecular and survival data available. Additionally, the
key immune checkpoints and immune signals were evaluated on
bulk-RNA seq level, which could limit the clinical significance of
the study. Nevertheless, this work represents a comprehensive ef-
fort to study the molecular landscape and clinical relevance of
PSMA-altered ccRCC, demonstrating a pro-angiogenic, immune-
depleted contexture with prognostic significance. Additional stud-
ies are needed to further elucidate the immunogenomic profile of
PSMA-overexpressing ccRCC, in order to earlier and better diag-
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nose, stage, and treat these patients with tailored targeted thera-
pies.
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