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Summary

Objective. Uveal melanoma (UM) is the most common primary intraocular malignancy in
adults, characterized by distinct histopathological and molecular features and often associ-
ated with poor prognosis due to its high metastatic potential. While histology, BAP1 status,
and chromosomal changes are established prognostic markers, integration of morphologi-
cal, immunophenotypic, and molecular data is evolving.

Methods. We retrospectively analyzed 84 UM cases from a single institution using an
integrated approach combining histological classification, immunohistochemical profiling,
and targeted next-generation sequencing with a 63-gene panel. Tissue microarrays were
used for immunophenotyping, and mutation data were stratified by prognostic outcomes.
Results. Most tumors were localized to the choroid and predominantly exhibited spindle-
cell morphology. Mutations in GNAQ or GNA11 were identified in 83% of sequenced cases.
Loss of BAP1 expression correlated with epithelioid histology and denser T-cell infiltra-
tion yet lacked PD-L1 expression. Aberrant p53 staining was more frequent in spindle-
cell tumors, though TP53 mutations were rare, suggesting functional inactivation through
other mechanisms. Notably, mutations typically associated with cutaneous melanomas
(e.g., BRAF, KIT, CDKN2A) were also detected, particularly in a single iris melanoma, sug-
gesting site-specific molecular convergence. Additional recurrent alterations were found
in NOTCH1, PTEN, PIK3CA, and KDR, implicating the mTOR and VEGF signaling path-
ways. A high mutational burden, along with mutations in genes such as H3F3A, IDH2,
JAK3, and ESR1, was more frequent in tumors with poorer prognosis, supporting their
potential role in disease aggressiveness.

Conclusions. This study highlights the heterogeneous molecular landscape of UM
and underscores the importance of integrating histopathological and molecular data for
improved prognostic stratification. The identification of potential therapeutic targets and
atypical mutations typically associated with other melanoma subtypes suggests avenues
for future research and tailored therapeutic strategies.
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Introduction

Uveal melanoma (UM) is the most common primary intraocular malig-
nancy in adults'2. It may arise in any of the three components of the uveal
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tract: iris, ciliary body, or choroid, with the latter being
by far the most frequently involved site®. In Caucasian
populations, the incidence of UM is approximately
0.5-0.7 cases per 100,000 individuals per year*. The
main established risk factors for UM include a low Fitz-
patrick phototype, the presence of multiple nevi, oc-
ulodermal melanocytosis, and germline mutations in
the BAP1 gene®. The role of sunlight exposure is still
debated and remains incompletely understood. The
prognosis of UM remains poor. Reported survival rates
at 5, 10, and 15 years are approximately 65%, 55%,
and 46%, respectively®. The most common metastatic
sites include the liver, lungs, and bones’. UM is con-
sidered an immunologically “cold” tumor, as immune
checkpoint inhibitors have demonstrated limited effi-
cacy. To date, tebentafusp, a bispecific T-cell engager
that binds CD3 and gp100 presented by HLA A*02:01,
is the only agent shown to improve overall survival in
patients with metastatic UM. This classification bears
prognostic relevance: epithelioid UMs are associat-
ed with the worst prognosis, while spindle-cell UMs
show the most favorable outcomes®. Cytogenetical-
ly, UMs frequently harbor chromosomal aberrations.
Commonly reported alterations include monosomy 3,
gains of 8q and 6p, and loss of 1p°. Among these,
monosomy 3 is of prognostic importance, having been
linked to higher metastatic potential and poorer surviv-
al compared to disomic 3 cases. On a molecular level,
approximately 90% of UMs carry mutually exclusive
activating mutations in GNAQ or GNAT1, which en-
code members of the heterotrimeric G protein alpha
subunit family™. These alterations are not sufficient
for malignant transformation, as similar mutations
are also found in benign blue nevi. UMs lacking GN-
AQ or GNAT71 mutations often harbour mutations
in PLCB4 or CYSLTR2, which affect related signaling
pathways'. Importantly, secondary mutations corre-
late with distinct clinical courses: BAP7-mutated UMs
are commonly associated with metastasis and poor
prognosis; EIFTAX-mutated UMs generally follow an
indolent course; SF3B1-mutated tumors tend to have
intermediate outcomes'. Despite these advances,
the molecular landscape of UM remains incomplete-
ly understood. This study aims to investigate a large
monocentric series of primary UMs, integrating his-
topathological, immunohistochemical, and molecular
features.

Materials and methods

This study included 84 cases of primary UM diag-
nosed at the University Hospital of Padua between
January 2010 and March 2021. All cases were re-

viewed by two expert pathologists, who selected rep-
resentative tumor areas for molecular analysis and
three tissue regions per case — two containing neo-
plastic tissue and one with non-neoplastic tissue — for
the construction of a tissue microarray (TMA) using
the Galileo CK3500 microarrayer (Integrated System
Engineering). Each TMA underwent hematoxylin and
eosin staining, followed by immunohistochemistry
(IHC). IHC analysis was performed using the Leica
Bond Max autostainer and included staining for BAP1,
PD-L1, CD8, CDS3, p53, MLH1, PMS2, MSH2, MSHS6,
and pan-TRK. Details of the antibodies, including
clone, supplier, dilution, and chromogen used for im-
munohistochemistry, are summarized in Table I. BAP1
expression was considered positive in the presence
of nuclear staining in tumor cells, and negative in its
absence. p53 was classified as wild type if less than
50% of tumor cells showed nuclear staining, clonal if
50% or more were positive, and negative in cases of
complete loss of staining with preserved internal con-
trols. Mismatch repair proteins (MLH1, PMS2, MSH2,
MSH®6) were deemed retained if nuclear staining was
strong and comparable to internal controls, lost in
the complete absence of staining in tumor cells with
preserved controls, and uncertain when staining was
weak or discontinuous. Pan-TRK was considered pos-
itive when at least 1% of tumor cells showed nuclear,
cytoplasmic and/or membranous staining of any in-
tensity. For CD3 and CD8, the number of T lympho-
cytes was counted in a high-power field (40x objec-
tive, field number 22), and the lymphocytic infiltrate
was considered high if over 50 lymphocytes per field
were observed, or low otherwise. PD-L1 expression
was evaluated by assessing the percentage of tumor
cells showing membranous staining, similarly to the
tumor proportion score (TPS), and by calculating the
percentage of positive tumor cells, lymphocytes, and
macrophages divided by the total number of viable tu-
mor cells and multiplied by 100, in a manner similar
to the combined positive score (CPS). In cases where
IHC results were compromised by technical artifacts,
the sample was labeled as not evaluable.

For molecular profiling, five 10-um sections of forma-
lin-fixed paraffin-embedded (FFPE) tissue were ob-
tained per case. DNA extraction was performed using
the QlAamp DNA FFPE Tissue Kit (Qiagen), following
the manufacturer’s instructions. DNA concentration
was measured with the Qubit 3.0 fluorometer and the
Qubit DNA BR Assay Kit (Thermo Fisher Scientific).
Molecular analysis was carried out using the Archer
VariantPlex Solid Tumor Panel (ArcherDX), which tar-
gets 63 genes for single nucleotide variant (SNV) de-
tection and 44 genes for copy number variation (CNV)
analysis. Only samples with adequate DNA quality,
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Table I. Antibodies used for immunohistochemical analysis

Antibody Clone Supplier Dilution Chromogen
BAP1 C-4 Santa Cruz Biotechnology 1:40 Peroxidase
PD-L1 22C3 Dako 1:50 Peroxidase
CD8 4B11 Leica 1:100 Peroxidase
CDs3 SP162 Abcam 1:150 Peroxidase
p53 131442 Abcam 1:100 Peroxidase
MLH1 ES05 Dako 1:50 Peroxidase
PMS2 EP51 Dako 1:40 Peroxidase
MSH2 FE11 Dako 1:50 Peroxidase
MSH6 EP49 Dako 1:50 Peroxidase
pan-TRK EPR17341 Ventana 1:100 Peroxidase

assessed using the Archer PreSeq DNA QC assay,
were processed further. Sequencing was performed
on the lllumina NextSeq-550 platform. Data analysis
was conducted using the Archer Analysis v6.0 soft-
ware. All detected SNVs were compared with the Clin-
Var, Franklin by Genoox, and COSMIC databases.
Only variants classified as pathogenic or likely patho-
genic were included in the final analysis.

Statistical analysis was performed to assess associa-
tions between histopathological features, immunohis-
tochemical markers, and molecular alterations. Cate-
gorical variables were compared using the y? test or
Fisher’s exact test, as appropriate. A two-tailed p-val-
ue < 0.05 was considered statistically significant.
This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and was approved
by the local Institutional Ethics Committee.

Results

The study cohort included 84 patients, with 47 males
(56%) and 37 females (44%). Age at diagnosis ranged
from 20 to 95 years, with a median of 68 years and a
mean of 66. Tumor localization was predominantly in
the choroid (79 cases, 94%), followed by the ciliary
body (4 cases, 5%) and the iris (1 case, 1%). His-
tologically, using a 90% cellularity cutoff, 46 tumors
were classified as spindle-cell (55%), 13 as epithelioid
(15%), and 25 as mixed (30%) (Fig. 1). Regarding
staging, 7 tumors were classified as T2 (8%), 19 as T3
(23%), and 58 as T4 (69%). Follow-up data were avail-
able for 49 patients. The mean follow-up duration was
34.3 months, with a median of 24.5 months (range:
1.3-122.3 months). Metastatic dissemination was ob-
served in 11 cases (22%) of evaluable patients, and 6
patients (12%) died due to disease progression.

Immunohistochemical analysis revealed preserved
BAP1 nuclear expression in 43 cases (54%) and loss
in 36 cases (46%); 5 cases were not evaluable. For

p53, 56 tumors (69%) showed a wild-type pattern, 2
(3%) were clonal, and 23 (28%) showed complete loss
of expression; 3 cases were not evaluable. CD3-pos-
itive T lymphocyte infiltrate was high ( > 50 lympho-
cytes/HPF) in 20 cases (25%), low in 60 (75%), and
not assessable in 4. CD8-positive lymphocytes were
high in 11 cases (14%), low in 69 cases (86%), and
not evaluable in 4. Mismatch repair protein expression
was retained in 76 cases (95%), uncertain in 4, and
not evaluable in 4. The 4 uncertain cases underwent
molecular testing and showed microsatellite stability.
Pan-TRK immunostaining was negative in 76 cases
(94%), uncertain in 5, and not evaluable in 3. Among
the uncertain cases, molecular testing confirmed the
absence of gene fusions in all but one, in which the
analysis failed. PD-L1 expression was negative in all
cases using both TPS and CPS. Staining with a red
chromogen confirmed the absence of signal due to
potential melanin interference. Representative ex-
amples of immunohistochemical expression for each
marker are shown in Figure 2.

Among the 13 epithelioid cases, BAP1 expression was
lost in 8, preserved in 4, and could not be evaluated in
one sample. In the mixed histological subtype group,
BAP1 loss was found in 12 cases, preserved in 10, and
not evaluable in 3. In spindle-cell tumors, BAP1 was
lost in 16 cases, preserved in 29, and not evaluable in
one. However, the different BAP1 phenotype between
epithelioid and spindle-cell cases did not reach the
statistical significance (p = 0.052). p53 immunohisto-
chemistry showed an inverted pattern. In fact, among
spindle-cell tumors, 19 showed an altered expression
pattern and 27 were wild-type. Among epithelioid tum-
ors, 2 had altered expression and 10 were wild type.
Also, for p53 this data did not manage to reach the
statistical significance (p = 0.1). Analysis of CD3-pos-
itive T lymphocyte infiltration showed high infiltration
in 5 epithelioid cases, low in 7, and one not evaluable.
In spindle-cell tumors, 6 cases had high infiltration, 39
low, and one was not evaluable. In this case, statistical
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Figure 1. Panoramic view of a choroid-based uveal melanoma (A, original magnification x10, hematoxylin and eosin stain).
Spindle-cell uveal melanoma (B, original magnification x100, hematoxylin and eosin stain). Mixed-cell uveal melanoma (C,
original magnification x100, hematoxylin and eosin stain). Epithelioid-cell uveal melanoma (D, original magnification x100,
hematoxylin and eosin stain).

significance was achieved (p = 0.027). Figure 3 illus-
trates the differences in immunohistochemical expres-
sion among the various histological subtypes.

Molecular testing was successfully completed in 60 of
the 84 cases; the remaining 24 were excluded due to
pre-analytical or technical issues. Of the cases suc-
cessfully analyzed, 55 harbored at least one patho-
genic or likely pathogenic variant. Mutations in GNA71
and in GNAQ were identified in 29 (48%) and 21 cas-
es (35%), respectively. All were missense variants and
mutually exclusive. Only 10 cases (17%) resulted in
“double negative” for the two main driver genes. GN-
AQ and GNA17 were by far the genes with the highest
frequency of SNVs. Mutations in TP53 were found in

8 cases (13%).

Interestingly, mutations commonly associated with
other melanoma types were detected, including KIT
mutations in 4 cases, CDKN2A in 2, and one case
each with mutations in KRAS and BRAF. These mu-
tations were mutually exclusive. The BRAF mutation
was a V600E variant and co-occurred with partial CD-
KN2A loss. It was identified in the only case of iris
melanoma.

Another interesting finding we detected was the one
involving the mTOR pathway. In fact, the genes PTEN
and PIK3CA were found to be altered in 2 cases each
(7% globally). Furthermore, several variants of un-
known significance (VUS) were found to involve these
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Figure 2. Representative index cases for immunohistochemical evaluation of each marker. Preserved BAP1 expression (A,
original magnification x50, peroxidase stain). Loss of BAP1 expression (B, original magnification x100, peroxidase stain).
“Wild-type” p53 expression (C, original magnification x100, peroxidase stain). “Clonal-type” p53 expression (D, original
magnification x100, peroxidase stain). “Null-type” p53 expression (E, original magnification x100, peroxidase stain). CD3
expression in a melanoma with abundant intratumoral lymphocytic infiltration (F, original magnification x100, peroxidase
stain). CD3 expression in a melanoma lacking intratumoral lymphocytic infiltration (G, original magnification x100, peroxi-
dase stain). Negative NTRK expression (H, original magnification x100, peroxidase stain). Preserved PMS2 expression (I,
original magnification x100, peroxidase stain). Negative PD-L1 expression (J, original magnification x100, peroxidase stain).
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Figure 3. Distribution of immunoreactivity for BAP1, p53, and CD3 across different histological subtypes. (POS: positive;

NEG: negative; WT: wild-type; MUT: mutated).

genes. In fact, PTEN was found to harbor VUS in 9
additional cases, while PIK3CA had 6 additional VUS.
In total, 18 cases showed at least one molecular al-
teration in the genes involved in the mTOR pathway.
Among the genes analyzed, NOTCH1 was the one
with the highest incidence of VUS. In fact, NOTCH1
showed 11 missense mutations labelled as VUS.
Moreover, 3 cases with NOTCH1 copy number var-
iations were detected, one of which also showed a
missense mutation; globally, 14 cases (23%) showed
one or more alterations in NOTCH1.

Loss of BAP1 expression was significantly associated
with an unfavorable prognosis (p = < 0.05), whereas
the absence of lymphocytic infiltrate nor p53 expres-
sion did not show a statistically significant correlation
with clinical outcome.

The group with the worst prognosis included 7 spindle
cell cases, 2 mixed, and 2 epithelioid. The most relevant
driver mutations remained GNA77 and GNAQ), identi-
fied in 6 and 3 cases, respectively. Additional genes
that were more frequently mutated in the poor progno-
sis group compared to the better one included H3F3A
(6/11,55% vs 1/38, 3%; p < 0.001), IDH2 (3/11, 27% vs
0/38, 0%; p = 0.01), and JAK3 (3/11, 27% vs 1/38, 3%;
p = 0.05), all of which showed statistically significant
differences. Other genes with higher mutation rates in
the poor prognosis group, though not reaching statis-

tical significance, were ESR1 (3/11, 27% vs 2/38, 5%;
p = 0.12), FOXL2 (2/11, 18% vs 1/38, 3%; p = 0.24),
DDR2 (3/11, 27% vs 4/38, 11%; p = 0.36), NOTCH1
(3/11, 27% vs 5/38, 13%; p = 0.51), PTEN (3/11, 27%
vs 7/38, 18%; p = 0.83), and MET (2/11, 18% vs 4/38,
11%; p = 0.87). Among the most frequent mutations in
the better prognosis group were CDKN2A (4/38, 10%
vs 0/11, 0%, p = 0.56) although these differences were
not statistically significant. When considering the total
number of mutated genes across all cases, the poor
prognosis group showed a significantly higher muta-
tion burden compared to the better prognosis group
(63/484, 13.0% vs 112/1672, 6.7%; p < 0.001). Figure
4 provides a comprehensive graphical representation
of the molecular findings.

Discussion

This study aims to detail morphological, immunohisto-
chemical, and molecular characteristics of a relatively
large series of primary UM. The clinical features ob-
served in our cohort, including sex distribution, age
at diagnosis, and tumor localization, were consistent
with existing literature.

In accordance with the multistep model of melanocytic
tumor evolution proposed by the WHO panel™, part of
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Figure 4. Representative molecular and immunohistochemical features of uveal melanoma cohort, correlated with tumor

subtypes.

the genetic alterations identified in our cohort can be
interpreted within a “sequence of hits” framework. The
mutually exclusive mutations in GNAQ and GNATT,
detected in the vast majority of cases, represent the
canonical initiating events in uveal melanomagenesis
and are analogous to the primary driver mutations ob-
served in other melanocytic neoplasms. Rarely, addi-
tional melanoma-associated driver mutations typical
of cutaneous melanoma may act as alternative initiat-
ing hits in specific anatomic contexts. Notably, our mo-
lecular analyses revealed that approximately 12% of
cases harbored mutations of BRAF5%%¢, KIT, KRAS,
and CDKNZ2A. Their presence in uveal melanomas
raises the question of whether such alterations might
represent true pathogenetic drivers in this context or
rather passenger mutations with limited functional im-
pact. Interestingly, the only case of iris melanoma in
our cohort showed a BRAF6%E mutation in the ab-

sence of alterations in GNAQ or GNA11. The same
case also showed a CDKN2A mutation, which is rarely
observed in UM and represents a typical second hit in
cutaneous melanomagenesis. This finding is consist-
ent with previous reports in the literature suggesting
that melanomas of the iris may be more susceptible
to ultraviolet radiation-induced mutagenesis, thereby
aligning them more closely with cutaneous melanoma
from a molecular standpoint.

Progression-related alterations, by contrast, were
more heterogeneous and included genes with rec-
ognised roles in UM biology and aggressive clinical
behavior. Chief among these was BAP1, whose loss
of nuclear expression was more frequently observed
in epithelioid UM than in spindle-cell variants and
was also more common in the unfavorable progno-
sis group. This observation aligns with prior litera-
ture and reinforces the well-established association
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between BAP1 inactivation and poor prognosis in
UM?™ . Immunohistochemistry for BAP1 thus remains
a practical surrogate for identifying biologically ag-
gressive tumors™. However, it should be noted that
rare cases of UM with BAP7 mutations'®, as well as
cutaneous BAP1-inactivated melanocytomas'®, have
been reported to retain BAP1 immunoreactivity. Such
discrepancies may result from truncated BAP1 pro-
teins that remain detectable by the antibody, from
intratumoral heterogeneity with residual BAP1-com-
petent cell populations, or from undetected intronic
or complex genomic alterations preventing complete
loss of protein expression. Both epithelioid morphol-
ogy and BAP1-negative status were associated with
increased numbers of tumor-infiltrating lymphocytes,
confirming the role of BAP1 in shaping the tumor
immune microenvironment™. This finding stands in
sharp contrast to what is typically observed in cuta-
neous melanoma, where a dense lymphocytic infil-
trate generally correlates with improved prognosis. A
statistically significant correlation was found between
histological subtype and CD3-positive T lymphocyte
infiltration, with epithelioid UMs exhibiting denser in-
filtrates. Moreover, despite the presence of T cells,
none of the tumors, regardless of infiltration density,
showed PD-L1 expression. This absence suggests
an ineffective or non-functional immune response in
the UM microenvironment, potentially explaining the
limited efficacy of immune checkpoint inhibitors in this
tumor type. Interestingly, the immunohistochemical
expression of p53 displayed an inverse trend com-
pared to that of BAP1. Spindle cell melanomas, which
are generally considered less aggressive, more fre-
quently exhibited a mutated p53 immunophenotype.
In contrast, epithelioid melanomas — associated with
poorer prognosis and typically showing loss of BAP1
— tended to retain a wild-type pattern of p53 expres-
sion. The unexpected mismatch between tumor mor-
phology and p53 immunoreactivity indicates that the
p53 pathway in UM is regulated differently from other
melanoma subtypes. Although the p53 pathway is
functionally suppressed in UM, true TP53 mutations
are rare; instead, p53 inactivation may be the result
of alternative mechanisms, most notably the overex-
pression of MDM2 and BCL2".

Additional mutations identified included KDR, compo-
nents of the PISBK/AKT/mTOR pathway (such as PTEN
and PIK3CA), NOTCH1, and several genes enriched
in the poor-prognosis subgroup, including H3F3A,
IDH2, JAK3, ESR1 and MET.

KDR encodes the Vascular Endothelial Growth Fac-
tor Receptor 2 (VEGFR2)'®, whose principal ligand is
VEGF-A. The role of the VEGF/VEGFR axis has been
rarely explored in UM. However, one study reported

the expression of both VEGFR1 and VEGFR2 in UM
cell lines and demonstrated a reduced proliferation
rate following treatment with bevacizumab, a mono-
clonal antibody that targets VEGF-A'®.

Our findings highlight the potential involvement of the
PIBK/AKT/mTOR pathway in the pathobiology of UM.
While clearly pathogenic mutations in PTEN and PIK-
3CA were limited, the frequent detection of variants
of uncertain significance suggests broader, possibly
subclinical, dysregulation of this pathway. These re-
sults align with recent evidence identifying UM sub-
types with poor prognosis characterized by activation
of the PISK/AKT/mTOR axis, inflammatory signaling,
and immune checkpoint upregulation®.

The notable frequency of NOTCH1 alterations ob-
served in our cohort highlights a potentially un-
derexplored avenue in the molecular landscape of
uveal melanoma. Emerging evidence suggests that
NOTCH1 signaling may enhance tumor aggressive-
ness, possibly by engaging oncogenic cascades such
as the AKT/mTOR, MAPK/ERK, and JAK/STAT path-
ways. In vitro data further support this notion, demon-
strating that pharmacological inhibition of the NOTCH
pathway can attenuate tumor growth and invasiveness
in UM cell models?'.

Mutations in H3F3A, a key regulator of chromatin re-
modeling, are known drivers of aggressive behavior
in pediatric gliomas®??, although their direct role in UM
remains unclear. IDH2 mutations, well documented
in hematologic malignancies and gliomas®, are rare
in UM yet may still hold prognostic relevance. Anal-
yses of TCGA and GEO datasets identified /IDH2
among four genes associated with high CD8+ T-cell
infiltration — paradoxically linked to worse prognosis
in UM — suggesting a role in shaping an ineffective
or immunosuppressive tumor microenvironment?.
Although JAK3 mutations are poorly characterized
in UM, the documented activation of the JAK/STAT
pathway in this tumor type implies that JAK3 altera-
tions could contribute to tumor progression and im-
mune evasion®2. The increased frequency of ESR1
mutations in poor-prognosis UM, together with evi-
dence of estrogen receptor expression and elevated
ESR1/ESR2 transcription in genetically unfavorable
tumors?’, supports a pathogenic role for estrogen-re-
ceptor signaling and its potential as a therapeutic
target. Finally, the enrichment of MET mutations in
the poor-prognosis subgroup underscores the impor-
tance of signalling driven by hepatocyte growth factor
(HGF) in UM progression and liver metastasis. This
finding is consistent with the adaptation of MET-al-
tered tumor cells to the HGF-rich hepatic environ-
ment, reinforcing MET as both a prognostic marker
and a potential therapeutic target.
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As with any research, this study has certain limita-
tions. First, its retrospective nature may have intro-
duced biases in sample selection and data interpre-
tation and limited the availability of clinical follow-up
and survival data. Secondly, although we employed a
broad multigene panel, it did not include several ge-
netic alterations known to play key roles in UM biology
and prognosis, such as SF3B1 and EIF1AX. Further-
more, copy number variations in chromosomes 3 and
8g—well-established markers of prognosis in UM—
were not systematically evaluated.

Nonetheless, we believe that the insights generated
by our integrative approach offer valuable new per-
spectives on this rare malignancy. The identification
of atypical mutational profiles, immune microenviron-
ment features, and potential therapeutic targets un-
derlines the importance of expanding the molecular
and immunohistochemical assessment of UM. Future
prospective, multicenter studies incorporating broad-
er molecular panels and clinical outcome data are
warranted to validate these findings and explore their
translational implications.
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