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Introduction
One of the human body's most immunologically specialized 
settings is where ocular cancers develop.  Interconnected 
structural, immunological, and neuroimmune systems 
sustain this condition.1 These mechanisms directly 
influence how tumors respond to therapy. A defining 
component is anterior chamber–associated immune 

deviation (ACAID), whereby ocular antigen exposure 
promotes systemic immune tolerance rather than effector 
T-cell activation, favoring regulatory T-cell responses. 
In parallel, the blood–retinal barrier (BRB) restricts 
immune-cell trafficking and limits drug penetration 
into intraocular tissues, thereby reducing the efficacy of 
systemically administered immunotherapies.1 Beyond 
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Abstract
Ocular malignancies, particularly 
uveal and conjunctival melanoma, 
exemplify tumors that evolve within 
one of the body’s most immunologically 
constrained ecosystems, the eye’s 
immune-privileged microenvironment. 
The limited success of PD-1/PD-L1 
and CTLA-4 blockade in these cancers 
underscores the need to move beyond 
linear checkpoint inhibition toward 
multidimensional immune engineering. 
Through the confluence of synthetic 
bio-nanotechnology, AI-guided immunogenomics, and spatial immunomics, this review reframes 
ocular immunotherapy and redefines how tolerance and immunity might be programmatically 
regulated within ocular tissue. We synthesize recent advances in bispecific T-cell engagers, oncolytic 
viro-immunotherapy, mRNA and dendritic-cell vaccines, and engineered CAR/TCR-T platforms, 
highlighting how they collectively reconfigure the ocular tumor microenvironment from immune-
silent to immune-responsive. Logic-gated antibodies, ROS-responsive nanocarriers, and CRISPR-
assisted checkpoint reprogramming are added to the notion of "precision immune engineering". 
These developments are intended to temporarily alter immune privilege without sacrificing visual 
quality. Lastly, we suggest a systems-level model for ocular immuno-oncology 2.0, where immune 
privilege is not an unchangeable barrier but rather a configurable circuit for therapeutic orchestration. 
One element of a dynamic, closed-loop immune-engineering architecture is checkpoint inhibition. 
This platform offers the possibility of long-lasting, vision-preserving disease treatment by combining 
AI-driven neoantigen detection, liquid-biopsy feedback loops, and flexible delivery biomaterials. 
While several of these approaches remain at a conceptual or early translational stage, they outline a 
plausible roadmap toward vision-preserving immunotherapy in ocular oncology.
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these barriers, neuroimmune modulation mediated by 
retinal neurons, microglia, and soluble neuropeptides 
actively suppresses inflammatory signaling. While this 
preserves visual function, it also dampens antitumor 
immune activity.2–5 While these mechanisms preserve 
visual function by limiting inflammatory damage, they 
also generate a microenvironment that is inherently 
resistant to effective antitumor immune responses.4,5

The most challenging ocular malignancy in terms 
of immunology and clinical management is uveal 
melanoma (UM). Although cutaneous melanoma and 
uveal melanoma originate from melanocytes, they differ 
substantially in their tumor ecology and immunological 
behavior. Uveal melanoma exhibits an extremely low 
tumor mutational burden, which limits neoantigen 
generation, restricts T-cell priming, and results in minimal 
pre-existing antitumor immunity.6  In addition to having 
a modest tumor mutation load, uveal melanoma's altered 
HLA expression patterns are a key immune evasion 
strategy.6 Rather than permanent structural abnormalities 
in antigen presentation, reduced HLA class I expression 
may develop independently of β2-microglobulin loss, 
indicating regulatory suppression. Simultaneously, uveal 
melanoma shows little increase in HLA class II expression, 
which is indicative of poor interferon-γ signaling and 
insufficient CD4 T-cell-mediated immunological support.6 
Collectively, these flaws impair immune priming, reduce 
antigen visibility, and maintain an immunologically 
invisible tumor phenotype that is not very sensitive to 
checkpoint blockage.4,5 Antigen-presentation pathways 
are frequently impaired in uveal melanoma, with 
several studies demonstrating reduced or heterogeneous 
expression of HLA class I molecules on tumor cells, 
thereby limiting effective CD8⁺ T-cell recognition and 
infiltration.7 Accordingly, the classical steps of adaptive 
antitumor immunity, including antigen recognition, 
immune activation, tumor infiltration, and cytotoxic 

engagement, are markedly attenuated. Consequently, UM 
has not responded well to systemic immunotherapies that 
rely on pre-existing immune activation.7

These features highlight important limitations in 
current immunotherapeutic and immune-engineering 
strategies. However, UM lacks targetable surface 
antigens for CAR-T therapy as well as the co-stimulatory 
environment necessary for effective T-cell proliferation.7,8 
Although TIL-based therapies can generate cytotoxic 
effector cells, their activity in uveal melanoma is rapidly 
suppressed by factors such as TGF-β and IDO. Similarly, 
vaccine-based approaches rarely achieve sustained 
intertumoral infiltration even when they induce systemic 
immune activation.8 In practice, systemic immune 
activation induced by these approaches is often rapidly 
neutralized by dominant metabolic and cytokine-
mediated suppressive signals within the uveal melanoma 
microenvironment. Collectively, these limitations 
indicate that while existing platforms can initiate T-cell 
activation, they fail to maintain functional immune 
activity within the uveal melanoma microenvironment.8 
These mechanistic limitations may also account for the 
disappointing outcomes seen with checkpoint inhibition 
alone. In contrast to UM, PD-1/PD-L1 and cytotoxic 
T-lymphocyte–associated antigen-4 (CTLA-4) inhibition 
depend on stimulating T cells that are already active 
in tumor identification and tumor elimination.8,9 The 
immune-privileged state of the eye inhibits baseline T-cell 
activation, and UM tumors exhibit low levels of PD-L1 
and restricted interferon-response signatures. Because of 
this, clinical investigations typically demonstrate objective 
response rates of about 5–10% even with dual checkpoint 
blocking, and the responses that do occur are seldom 
long-lasting.7 These observations suggest that checkpoint 
inhibitors are unlikely to be effective as monotherapies and 
may instead require integration into broader combination 
strategies designed to induce inflammatory priming.8,9 
All of these findings suggest that UM is a uniquely 
difficult immune-engineering issue, a cancer that is 
immunologically hidden yet pharmacologically accessible. 
Precision metabolic modulators, oncolytic virotherapy, 
T-cell redirection platforms (such as tebentafusp), and 
sensible combination techniques are promising methods 
to alter the therapeutic paradigm for this biologically 
resistant cancer.8,9 Together, these characteristics position 
uveal melanoma as a prototypical example of immune 
resistance driven by spatially imposed immune privilege 
rather than target absence, motivating a reexamination of 
immunotherapy from an engineering perspective.

Conceptual framework
This review is structured around a conceptual framework 
that links ocular immune privilege to therapeutic resistance 
and examines how emerging immune-engineering 
strategies aim to address these barriers. Accordingly, the 

What is the current knowledge?
•	 Ocular immune privilege restricts immune-cell 

trafficking and limits systemic immunotherapy efficacy.
•	 Immune checkpoint inhibitors show low and short-

lived responses in uveal melanoma.
•	 Tumor immune resistance arises from low antigenicity 

and dominant local immunosuppressive pathways.

What is new here?
•	 This review reframes ocular immunotherapy as a 

problem of spatially constrained immune engineering.
•	 It integrates delivery systems, immune redirection, and 

metabolic modulation as coordinated solutions.
•	 Translational priorities are identified, distinguishing 

near-term strategies from long-term conceptual 
technologies.

Review Highlights
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manuscript is organized into four thematic domains: (1) 
the mechanisms of ocular immune privilege that produce 
an immune-silent tumor niche; (2) the effectiveness and 
limitations of existing checkpoint inhibitors within this 
limited ecosystem; (3) emerging precision immune-
engineering strategies intended to reprogram the tumor 
microenvironment, such as adoptive cell technologies, 
TCR-based redirection, oncolytic virotherapy, and 
biomaterial-enabled modulation; and (4) the translational 
landscape of preclinical and clinical advancements that 
together redefine the future of immunotherapy for ocular 
malignancies. This structure provides a coherent link 
between underlying biological mechanisms, therapeutic 
limitations, and emerging engineering-driven solutions 
discussed throughout the review. Importantly, this 
framework does not propose a single dominant therapeutic 
modality, but instead emphasizes coordinated modulation 
of immune activation, delivery constraints, and 
microenvironmental resistance as the central challenge 
in ocular immunotherapy. This review uses a defined 
language framework for conceptual clarity. The phrase 
"precision immune engineering" refers to integrated, 
design-driven approaches that actively modify tumor–
immune interactions by fusing biological understanding 
with synthetic, computational, or biomaterial-based 
treatments. Within this context, "immunomodulation" 
refers to specific, often reversible changes in the direction 
or strength of immunological signals, such as localized 
checkpoint interference, metabolic inhibition, or cytokine 
blocking. On the other hand, more long-lasting or systemic 
changes in immune activity, such as modifications to 
antigen presentation, T-cell differentiation stages, or 
immunological memory formation, are referred to as 
"immune reprogramming." From temporary modulation 
to long-term immune-state remodeling, these phrases are 
employed consistently throughout the article to represent 
varying degrees of intervention depth.

Checkpoint inhibition in ocular oncology
Checkpoint inhibition targeting CTLA-4, including 
agents such as ipilimumab and tremelimumab, has shown 
limited and variable clinical efficacy in metastatic uveal 
melanoma. The bulk of clinical studies have reported 
low objective response rates, with only occasional cases 
of illness stability and a lack of consistent partial or 
complete remissions. Although these agents are generally 
well tolerated, their limited effectiveness highlights the 
need for alternative or combination immunotherapeutic 
strategies tailored to the unique immunobiology of ocular 
malignancies. Despite a thorough clinical investigation of 
CTLA-4 and PD-1/PD-L1 inhibitors in uveal melanoma, 
a recurring pattern appears in all studies: Checkpoint 
inhibitor monotherapy is ineffective in uveal melanoma 
primarily because tumor-specific T-cell priming 
is profoundly impaired.6,10 Deficient dendritic-cell 

activation, downregulated MHC class I expression, and 
suppressive metabolic pathways such as IDO-mediated 
tryptophan depletion collectively prevent the generation 
and maintenance of functional effector T cells that are 
required for checkpoint blockade to exert therapeutic 
benefit.6,10 Even dual blockage produces transient 
responses with significant toxicity, and objective response 
rates seldom ever surpass 5–10%. Crucially, the underlying 
tumor biology of uveal melanoma, which includes its low 
tumor mutational burden, poor antigen presentation, 
lack of pre-existing T-cell priming, and dominant 
metabolic and cytokine-mediated immunosuppressive 
pathways like IDO and TGF-β signaling, is directly 
reflected in these modest clinical outcomes. In contrast to 
cutaneous melanoma, which typically exhibits high tumor 
mutational burden, abundant neoantigen presentation, 
and pre-existing T-cell infiltration, uveal melanoma lacks 
the immunological prerequisites required for effective 
checkpoint inhibition.11 Low PD-L1 expression, deficient 
antigen presentation, and minimal baseline interferon 
signaling prevent PD-1/PD-L1 and CTLA-4 blockade 
from restoring cytotoxic T-cell function, rendering 
checkpoint inhibitors largely ineffective as monotherapy 
in this setting.11 In this context, heterogeneity within the 
tumor microenvironment, rather than the intrinsic effect 
of checkpoint inhibition, may account for the inconsistent 
findings regarding the prognostic significance of liver-
only metastasis.11 Collectively, existing evidence suggests 
that checkpoint inhibitors may be more effective when 
incorporated into combination regimens that induce 
inflammatory priming, rather than being used as stand-
alone therapies.12 

CTLA-4-targeting immune checkpoint blockade: 
medications like tremelimumab and ipilimumab
In 2011, the U.S. Food and Drug Administration (FDA) 
approved ipilimumab as the inaugural treatment drug for 
metastatic cutaneous melanoma (CM), which operates 
by mitigating immune suppression via the inhibition of 
the CTLA-4 pathway. Ipilimumab enhances cytotoxic 
T-cell proliferation and function by inhibiting the CTLA-
4 checkpoint pathway, which normally restrains T-cell 
activation.13,14

Previous studies have shown that ipilimumab yields only 
modest therapeutic effects in patients with metastatic UM, 
generally leading to limited occurrences of stable disease 
(SD), infrequent partial responses (PR), and rare complete 
responses (CR), results primarily based on small-cohort 
research. A retrospective investigation of 20 metastatic 
UM patients revealed that treatment with ipilimumab 
resulted in a median overall survival (OS) of around five 
months, highlighting its limited clinical efficacy in this 
malignancy.15 A retrospective, population-based study 
assessed the therapeutic efficacy of immune checkpoint 
inhibitor (ICI) monotherapy versus combination 
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regimens, seeking to ascertain if dual blockade strategies 
could improve clinical outcomes in patients with 
metastatic uveal melanoma.16 The study indicated a 
median OS of 9.9 months, which was comparable to, 
and not significantly superior to, the current benchmark 
median OS of approximately 10.2 months in metastatic 
uveal melanoma, suggesting no considerable survival 
benefit from the treatment method.17 In the cohort 
of 24 patients treated with ipilimumab, no objective 
responses were recorded; none attained PR or CR, thereby 
underscoring the limited therapeutic efficacy of CTLA-4 
inhibition in metastatic uveal melanoma.16 A phase Ib/II 
clinical trial examining the combination of radiofrequency 
ablation (RFA) and ipilimumab had minimal therapeutic 
efficacy, since the treatment did not produce significant 
antitumor responses, but it was well tolerated by patients. 
These findings further confirm the limited clinical 
efficacy of ipilimumab-based strategies in metastatic 
uveal melanoma.15 Similar results were documented in a 
retrospective multicenter investigation, in which none of 
the 11 patients with UM attained a complete CR or PR. 
Only two patients (18.2%) exhibited SD, highlighting the 
limited responsiveness of UM to CTLA-4 inhibition.18

Tremelimumab (CP-675,206), a completely human 
monoclonal antibody targeting CTLA-4, was assessed in a 
phase II clinical trial with 11 patients diagnosed with UM. 
The trial indicated a median progression-free survival 
(PFS) of 2.9 months and a median OS of 12.8 months, 
reflecting a minor clinical benefit and confirming the 
limited efficacy of CTLA-4 inhibition in this cancer.19 
A comprehensive study involving over 700 patients 
with UM indicated that the median OS post-diagnosis 
ranged from 3 to 4 months, highlighting the disease's 
aggressive characteristics and the absence of effective 
systemic therapy alternatives.20 The trial was prematurely 
ended at the initial interim analysis because no patients 
attained a complete CR or PR, indicating a lack of 
significant therapeutic efficacy.19 CTLA-4 inhibitors have 
demonstrated limited clinical efficacy in metastatic uveal 
melanoma, with meaningful benefit observed only in a 
small subset of patients. Nevertheless, these medications 
may provide a limited therapeutic advantage in a minor 
group of patients. Currently, the factors influencing 
individual reactions to ipilimumab are ambiguous, 
highlighting the necessity for biomarker-driven research 
to enhance the prediction and optimization of treatment 
results.21

Targeting the PD-1/PD-L1 axis with precision: 
therapeutic perspectives from atezolizumab, nivolumab, 
and pembrolizumab
These inhibitors act by disrupting the interaction between 
the programmed cell death protein-1 (PD-1) receptor 
and its ligand PD-L1, thereby relieving inhibitory 
signaling and restoring T-cell activity.22 Pembrolizumab, 

nivolumab, and atezolizumab are monoclonal antibodies 
that specifically target different elements of the PD-1/PD-
L1 signaling pathway and have been granted regulatory 
approval for melanoma treatment. However, evaluations 
of their therapeutic efficacy in uveal melanoma are largely 
based on retrospective analyses rather than prospective 
trials and should therefore be interpreted with caution. 
Prior studies indicated that nivolumab can improve OS 
and PFS in patients with metastatic melanoma, chiefly 
by restoring cytokine release and reactivating T-cell–
mediated immune responses.23 A recent single-institution 
trial of 14 patients with metastatic UM revealed an overall 
response rate (ORR) of 7.1%, suggesting that a limited 
number of patients saw substantial clinical improvement 
following PD-1/PD-L1 inhibitor therapy.24 The research 
indicated a median PFS of 10 weeks and a median OS of 
60 weeks, with nivolumab exhibiting excellent tolerability 
and a tolerable safety profile during the treatment period.24 
A multicenter study involving 17 patients with metastatic 
UM reported an ORR of 18%, with a median PFS of 5.8 
months and a median OS of 10.5 months, indicating 
limited clinical efficacy of PD-1/PD-L1 blockade in this 
cohort.25 Mild to severe (grade 1–2) adverse events (AEs) 
such as fatigue and anorexia were the most often reported 
treatment-related side effects, affecting around 17% of 
participants. No severe (grade 3 or 4) adverse events were 
recorded, indicating the treatment's favorable overall 
tolerability.25

Concerning pembrolizumab, results from two prior 
expanded access programs demonstrated significant 
variability in ORR and PFS, while the median OS was 
indeterminate, underscoring the limited and inconclusive 
evidence regarding its clinical efficacy in metastatic uveal 
melanoma.26,27 A new modest, single-arm phase II trial 
(NCT02359851) reported a median progression-free 
survival of 11 months, significantly exceeding prior trials; 
however, the median overall survival remains uncertain.28 
A prospective, single-arm cohort trial comprising 17 
patients with metastatic UM documented PR in two 
patients (11.7%) and SD in six patients (35.3%), with a 
median PFS of 3.8 months and an unspecified median 
OS.29 Two investigations carried out by Bol et al16 and 
Jansen et al30—two investigations involving 43 and 9 
patients with UM, respectively—exhibited similar clinical 
outcomes, with no instances of CR. Bol et al noted PR in 
three patients (7%) and SD in twelve patients (27.9%), 
while Jansen et al documented stable illness in five 
patients (56%).16,30 The median progression-free survival 
values were 4.8 months (about 144 days) and 18 weeks 
(approximately 126 days), respectively, both aligning 
with the data published by Rossi et al.29 The median OS 
values were 10.3 months (about 309 days) and 46 weeks 
(approximately 322 days), respectively.16,30

Previous research has assessed and contrasted the 
clinical outcomes linked to different anti-PD-1 and anti-
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PD-L1 antibodies. Algazi and colleagues31 performed an 
analysis of 56 patients with metastatic uveal melanoma, of 
which 38 were administered pembrolizumab, 16 received 
nivolumab, and 2 were treated with atezolizumab. The 
ORR was 3.6%, with a median PFS of 2.6 months and a 
median OS of 7.7 months. Only one patient experienced 
treatment termination owing to toxicity.31 A retrospective 
analysis indicated an ORR of 4.7% in 86 patients with 
metastatic UM treated with pembrolizumab or nivolumab, 
with median OS durations of 14 months and 10 months, 
respectively.32 A further retrospective investigation of 
15 patients with metastatic uveal melanoma revealed no 
objective responses to treatment with pembrolizumab or 
nivolumab, indicating a median progression-free survival 
of 3 months and a median overall survival of 5 months.33 
Recently, Koch et al18 documented an ORR of 8.9% in 
45 patients with metastatic uveal melanoma treated 
with pembrolizumab or nivolumab. This retrospective 
investigation identified 11 patients who encountered 
AEs, with 4 patients developing severe AEs classified 
as grade 3 or 4.18 Indeed, more comprehensive data on 
PD-1 inhibitors were obtained from the IMCGp-100-202 
study (NCT03070392), which encompassed the largest 
prospectively treated cohort to date.34 Approximately 80% 
of the 126 individuals in the control group underwent 
pembrolizumab treatment. The ORR was 5%, the disease 
control rate (DCR) was 27%, the median OS was 16 
months, and the median PFS was 2.9 months.35 A minor 
subset of patients in this cohort underwent treatment 
with ipilimumab or dacarbazine, although the clinical 
outcomes showed negligible variation in comparison to 
the aforementioned trials.

Regarding practical practice, according to the 
findings of Owen et al,36 the effectiveness of future PD-1 
antibody therapy was significantly affected by the time 
of recurrence; earlier relapses resulted in diminished 
treatment responses. Nevertheless, for patients who 
attained a positive response, the ideal length of PD-1 
antibody treatment remained ambiguous. Consequently, 
therapy strategies necessitate additional assessment by 
long-term follow-up research. In general, PD-1 and PD-
L1 antibodies infrequently elicited prolonged remission in 
patients with metastatic uveal melanoma, with merely a 
minor percentage demonstrating restricted responses.

Synergistic immune checkpoint blockade: Using CTLA-4 
and PD-1 antibody therapy together
Due to the restricted clinical efficacy of antibody 
monotherapy, numerous studies have investigated the 
therapeutic potential of combining anti-PD-1 and anti-
CTLA-4 antibodies. A phase II trial (NCT02626962) 
indicated an ORR of 11.5% and SD in 51.9% of 52 
patients with metastatic uveal melanoma treated with a 
combination of nivolumab and ipilimumab.37 The median 
PFS was 3.0 months, while the OS was 12.7 months.37 A 

separate phase II trial (NCT01585194) documented an 
ORR of 18%, comprising one CR and five PR, in a cohort 
of 33 evaluable patients administered the combination of 
nivolumab plus ipilimumab.34 This trial revealed a median 
PFS of 5.5 months and a median OS of 19.1 months; 
nevertheless, the occurrence of serious AEs was as high 
as 40%.34

Multiple retrospective studies have investigated the 
combination of anti-PD-1 and anti-CTLA-4 antibody 
treatments, demonstrating similar clinical effects. A prior 
retrospective research indicated a median PFS of 2.8 
months in 15 patients with metastatic uveal melanoma 
(12 of whom were assessable) using a PD-1 inhibitor 
in conjunction with ipilimumab.32 Two supplementary 
investigations revealed analogous results: one included 
64 patients with metastatic UM treated with nivolumab 
or pembrolizumab in conjunction with ipilimumab, while 
the other had 89 metastatic UM patients administered the 
nivolumab–ipilimumab regimen.38,39 The initial research 
recorded a median PFS of 3 months and a median OS 
of 16.1 months.38 Simultaneously, 39.1% of the patients 
encountered severe AEs, with 37.5% categorized as 
grade 3 and 1.6% as grade 4.38 The aforementioned study 
indicated an ORR of 11.6%, a median PFS of 2.7 months, 
a median OS of 15 months, and a 30% occurrence of 
severe AEs.39 A retrospective, population-based study 
encompassed 19 patients who underwent combination 
therapy with ipilimumab and nivolumab.16 The median 
PFS was 3.7 months, while the OS was 18.9 months.16 A 
retrospective case series of eight patients with metastatic 
uveal melanoma assessed the therapeutic efficacy of 
combining ipilimumab and nivolumab with trans arterial 
chemoembolization.40 The median OS was 14 months; 
however, the median PFS was not disclosed.40

The largest retrospective multicenter study to date 
stratified 178 patients with metastatic uveal melanoma into 
two cohorts: cohort A, comprising 55 patients with liver-
only metastases, and cohort B, comprising 123 patients with 
both hepatic and extrahepatic metastases.18 Ninety-four 
patients (34 from cohort A and 60 from cohort B) received 
combination therapy with anti-PD-1 and anti-CTLA-4 
drugs. Furthermore, 31.2% of the patients encountered 
severe AEs, with no significant disparity noted across 
cohorts A and B.18 The median PFS for the total cohort 
was 2.8 months (2.4 months in cohort A compared to 2.9 
months in cohort B), while the median OS was 16 months 
(6.1 months in cohort A versus 18.2 months in cohort 
B).18 While the median progression-free survival was 
similar between the two groups, cohort B demonstrated 
a longer median overall survival than cohort A. Patients 
with both hepatic and extrahepatic metastases exhibited 
a more favorable response to dual immune checkpoint 
blockade (ICB) therapy and attained enhanced survival 
outcomes relative to those with liver-only metastases.18 
The mechanism underlying this therapeutic action is yet 
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unclear and requires further exploration. Concerning 
treatment-related adverse events (TRAEs) and treatment-
related serious adverse events (TRSAEs), both phase II 
trials had analogous toxicity profiles. Almost all patients 
encountered TRAEs, including diarrhea or colitis, 
tiredness, dermatological reactions, hepatic incidents, 
and hypothyroidism. TRSAEs were noted in almost 50% 
of the patients, predominantly manifesting as diarrhea, 
hepatic problems, and fever.34,37 Fatalities associated with 
treatment were infrequent, with documented instances of 
thyroiditis and Guillain–Barré syndrome.37 Nonetheless, 
the toxicity profile is moderate and shows minimal 
variation from that seen in CM, indicating its promise 
as a feasible therapeutic strategy.37 The clinical results of 
metastatic uveal melanoma are much inferior to those of 
metastatic cutaneous melanoma. A contributing cause is 
the much-reduced mutational burden in both primary 
and metastatic uveal melanoma, averaging 0.5 mutations 
per megabase, in contrast to 49.2 mutations per megabase 
in cutaneous melanoma.41,42 The decreased mutation 
burden may lead to attenuated immune activation and 
lower neoantigen production.43 A further contributing 
element is the markedly reduced expression of PD-1 and 
PD-L1 in UM metastases relative to CM metastases.44 
Additionally, lymphocyte-activation gene 3 (LAG-3) has 
been recognized as the primary marker of exhaustion, 
potentially elucidating the restricted effectiveness of 
CTLA-4 and PD-1/PD-L1 inhibitors.45

In summary, most patients who responded to ICI 
medication attained only PR, and the duration of 
therapeutic improvement was constrained. As of now, 
neither the National Comprehensive Cancer Network 
(NCCN) nor the American Society of Clinical Oncology 
(ASCO) has included immune checkpoint inhibitors 
(ICIs) in their treatment guidelines, despite the prior 
FDA approval of nivolumab and pembrolizumab as 
adjuvant therapies for melanoma patients with lymph 
node involvement after complete tumor resection.46,47 
Additional high-quality randomized controlled trials are 
necessary to further validate this therapeutic approach, 
due to the current deficiency of prospective, large-
sample, evidence-based data. Nevertheless, this regimen, 
especially the combination of anti-PD-1 and anti-CTLA-4 
therapy, continues to represent a potentially advantageous 
choice for patients with otherwise restricted therapeutic 
possibilities.

Targeting possible immune checkpoints
Novel immunological checkpoints such as TIGIT have 
demonstrated potential as innovative immunotherapeutic 
targets in UM. Preclinical studies demonstrate that TIGIT 
is increased in malignancies and that its concurrent 
inhibition with PD-1 yields synergistic effects by 
augmenting T-cell activation. Although monoclonal 
antibodies targeting TIGIT are presently in clinical trials 

for numerous malignancies, their therapeutic efficacy in 
uveal melanoma needs to be thoroughly clarified.
Therapeutic advances using T-cell immunoreceptor ITIM/
ITSM domain inhibitors to target TIGIT checkpoint 
signaling
The receptor contains the immunoreceptor tyrosine-
based inhibitory motif (ITIM) domain. TIGIT is 
an inhibitory molecule found on lymphocytes that 
diminishes the function of T cells and natural killer (NK) 
cells by interacting with CD155 on antigen-presenting 
cells (APCs) or tumor cells.48 In the study conducted 
by Chauvin et al49 an increase in TIGIT expression, 
accompanied by co-expression of PD-1, was noted in 
melanoma patients. Furthermore, TIGIT expression 
was seen to escalate subsequent to PD-1 blockage. The 
simultaneous suppression of TIGIT and PD-1 receptors 
resulted in increased degranulation and proliferation 
of CD8⁺ T cells when exposed to cells that express the 
TIGIT ligand.49 Recently, in the study conducted by 
Stalhammar et al50 primary UM tumors demonstrate a 
markedly elevated mean density of TIGIT-positive cells 
per mm² in comparison to normal choroidal tissue, 
paralleling the disparity noted between metastatic lesions 
and normal liver tissue. Furthermore, metastatic primary 
uveal melanoma exhibits a higher density of TIGIT-
positive cells per mm² compared to both non-metastatic 
and corresponding metastatic uveal melanoma samples. 
The findings indicate that TIGIT is a promising target for 
immunotherapy in UM. Multiple monoclonal antibodies 
targeting TIGIT, including iragolumab, AB-154, BMS-
986207, and MK-7684, have been produced.51 Clinical 
trials assessing TIGIT inhibition have commenced for 
numerous cancer types, including multiple myeloma and 
chronic myeloid leukemia. Nonetheless, its therapeutic 
efficacy in advanced UM is yet to be established and 
necessitates further exploration.
IDO blockage
Indoleamine 2,3-dioxygenase (IDO) is a rate-limiting 
metabolic enzyme that facilitates the conversion of 
tryptophan, consequently affecting the proliferation, 
activation, and survival of lymphocytes.52,53 Research 
indicates that IDO inhibits the function of T cells and NK 
cells while facilitating tumor angiogenesis.53 In UM cells, 
the elevation of IDO expression generated by interferon-
gamma (IFN-γ) can shield tumor cells from T-cell and 
NK-cell-mediated immune responses, thus promoting 
immune evasion.53 Notably, the combination of IDO1 
inhibitors with other therapeutic drugs frequently 
produces superior clinical outcomes compared to IDO1 
inhibitor monotherapy, due to their synergistic effects.52 
A phase I/II clinical trial (ECHO-202/KEYNOTE-037) 
demonstrated encouraging antitumor activity and 
favorable tolerability for the combined therapy of the 
IDO1 inhibitor epacadostat and pembrolizumab; however, 
patients with UM were excluded from this research.54 
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Results from a phase III clinical trial (NCT02752074) 
demonstrated that this medication did not enhance 
PFS or OS in patients with unresectable or metastatic 
melanoma.55 In the study led by Stalhammar et al,50 both 
metastatic and nonmetastatic main tumors demonstrated 
a greater mean density of IDO-positive cells per mm² 
compared to normal choroidal tissue, a trend similarly 
noted in metastases when compared to normal liver 
tissue. Furthermore, IDO expression was associated with 
the expression of the checkpoint receptor TIGIT, and both 
exhibited a moderate connection with the immune-related 
prognostic signature.50,56 IDO may serve as a promising 
immune checkpoint target for UM; nevertheless, despite 
the research on many IDO-targeting drugs, none of the 
current studies involve patients with UM.
LAG3
LAG3 is a receptor present on NK cells, T cells, and 
plasmacytoid dendritic cells, newly recognized as an 
immunological checkpoint protein.57,58 LAG-3 signaling 
in T cells may induce T-cell malfunction, facilitating 
tumor immune evasion.58 In the study conducted by Woo 
et al,59 LAG-3 and PD-1 were shown to be co-expressed 
on tumor-infiltrating lymphocytes (TILs), functioning 
synergistically to augment T-cell proportions and 
preserve immunological homeostasis. The simultaneous 
inhibition of these receptors demonstrated a reduction in 
tumor proliferation and an augmentation of anticancer 
immune responses.59 In melanoma patients who exhibited 
disease progression following previous anti-PD-1/PD-
L1 therapy, the combination of the anti-LAG3 antibody 
BMS-986016 with nivolumab showed clinical efficacy. 
Regrettably, there is presently no clinical evidence 
substantiating the effectiveness of anti-LAG3 therapy in 
UM. Single-cell study of UM demonstrated that, among 
exhaustion-associated immune checkpoint markers on 
CD8⁺ T cells, LAG3 displayed the highest expression level, 
whereas PD-1 exhibited the lowest.45 Furthermore, the 
expression of LAG3 and its ligand Galectin-3 exhibited a 
strong correlation with high-risk clinical and histological 

features, including the epithelioid cell type, absence of 
BAP1 expression, and monosomy of chromosome 3.58 
These findings suggest that LAG-3 represents a potentially 
relevant immune checkpoint target in uveal melanoma, 
warranting further clinical investigation (Table 1).58 
All of these clinical results highlight the importance of 
immune checkpoint inhibition as a clinical baseline in 
uveal melanoma, but they also highlight how ineffective it 
is as a stand-alone tactic in the immune-privileged ocular 
microenvironment. As a result, immune-engineering 
techniques that actively promote priming, trafficking, and 
persistence are required.
 
Immunotherapy redefined beyond checkpoint blockade
Beyond immune checkpoint blockade, several emerging 
immunotherapeutic strategies have been investigated to 
address resistance mechanisms and improve treatment 
efficacy in uveal melanoma. Strategies such as cancer 
vaccinations, adoptive cell transfer, and metabolic 
regulation are expanding the treatment landscape. 
Together, these methods are not intended to serve 
as checkpoint inhibition's direct clinical substitutes, 
but rather as translational platforms intended to get 
around particular biological bottlenecks found in uveal 
melanoma and to guide logical combination strategies 
for further clinical development. Unlike systemic tumors, 
uveal melanoma thrives within the immune-privileged 
ocular niche, where complex inhibitory networks 
suppress both innate and adaptive immune responses. 
Fig. 1 schematically summarizes the multidimensional 
immune-escape mechanisms that inform the development 
of advanced immunotherapeutic strategies.

Cancer vaccines
Cancer vaccines employ tumor cells or modified antigens 
to induce CD4⁺ and CD8⁺ T-cell responses. Although 
preclinical studies have yielded encouraging findings, 
clinical outcomes in uveal melanoma remain modest and 
largely anecdotal.

Table 1. Clinical outcomes and prospective avenues for immune checkpoint inhibition in uveal melanoma

Checkpoint 
axis Key agents Clinical signal Challenges Future perspectives References

CTLA-4 Ipilimumab and 
Tremelimumab

Mostly SD; rare PR/CR; OS 
~5–12 mo

Low T-cell priming, weak 
immunogenicity

Dual blockade; biomarker-driven 
use; liver-directed combos

60

PD-1/PD-L1 Nivolumab, 
Pembrolizumab, 
Atezolizumab

ORR 3–18%; PFS 2–5 mo; 
OS 7–16 mo

Low TMB, weak PD-L1, 
early relapse

Precision-guided use; combos 
with vaccines/BiTEs

61

Dual ICB Nivolumab + Ipilimumab ORR 11–18%; PFS ≤5.5 mo; 
OS ≤19 mo; AEs 30–40%

High toxicity; variable 
benefit by metastasis site

Dose de-escalation; triplet 
blockade (LAG-3/TIGIT)

62

TIGIT Iragolumab, AB-154, 
MK-7684

No UM trials; upregulated 
in UM; PD-1 co-expressed

Functional redundancy; 
untested in UM

First trials in TIGIT+ UM; combo 
with PD-1

63

IDO Epacadostat, Linrodostat No UM data; melanoma 
trials failed

Promotes immune escape 
& angiogenesis; TIGIT-
linked

Dual metabolic–immune 
inhibition; metabolic biomarkers

64

LAG-3 Relatlimab, Favezelimab No UM data; highest CD8+ 
exhaustion marker

Ligand (Galectin-3) linked 
to high-risk UM

Anti-LAG3 + PD-1 in biomarker-
enriched cohorts

65
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Techniques for tumor-derived whole-cell vaccination
The premise of whole cell-based vaccinations is that 
tumor cells can act as non-professional APCs and are 
notably able to produce unique tumor antigen peptides 
via unconventional pathways that significantly differ 
from those employed by professional APCs.66 Verbik et 
al attributed the suppression of CD8⁺ T-cell activation 
in UM cells to the absence of HLA class II expression or 
co-stimulatory molecules. Consequently, through genetic 
manipulation, UM cells can be designed to express 
recipient syngeneic MHC II (HLA II or HLA-DR) alleles in 
conjunction with CD80 co-stimulatory molecules.67 MHC 
II UM vaccines are produced from genetically engineered 
UM cells. Specifically, CD80 molecules can mitigate 
the IFN-γ-induced elevation of PD-L1, thus reducing 
T-cell suppression. Simultaneously, the inserted MHC II 
molecules, lacking the MHC II-associated invariant chain 

(Ii), can bind atypical tumor peptides and facilitate antigen 
presentation via unusual intracellular trafficking routes.66 
Significantly, although matching of MHC I alleles is not 
obligatory, MHC II molecules must possess at least one 
compatible allele with the patient in instances of UM.51

The primary objective of vaccination is to stimulate 
CD4⁺ T cells. These cells are essential for supporting 
CD8⁺ T-cell–mediated immunity and the development of 
durable immunological memory.68 Initially, they operate as 
conventional “helper” T cells, releasing diverse cytokines 
crucial for the activation and functionality of CD8⁺ T 
cells.69,70 Secondly, they induce dendritic cells (DCs) to 
express CD40 molecules, a process termed “licensing” 
which subsequently activates CD8⁺ T cells.71,72 Additionally, 
CD4⁺ T lymphocytes can directly promote cytotoxicity 
in tumor cells via mechanisms including Fas-mediated 
cytolysis or apoptosis triggered by tumor necrosis factor–

Fig. 1. Immune-Escape Architecture of Uveal Melanoma within the Immune-Privileged Ocular Microenvironment. This schematic illustrates the 
multidimensional immunosuppressive landscape that enables uveal melanoma to persist within the immune-privileged environment of the eye. Tumor 
cells release macrophage migration inhibitory factor (MIF) and transforming growth factor-β (TGF-β), establishing a tolerogenic milieu that dampens both 
innate and adaptive cytotoxic responses. Expression of indoleamine-2,3-dioxygenase-1 (IDO-1) further depletes tryptophan, metabolically arresting T-cell 
proliferation. Tumor-derived immune inhibitory regulators including CD200, CD47, Galectin-9 (GAL-9), TNFRSF6B (DcR3), and PD-L1/2 collectively suppress 
effector immune infiltration and activation. On the effector side, NK lymphocytes expressing death receptor Fas (CD95) become inactivated by tumor-secreted 
circulating Fas ligand (FasL), while cytolytic T lymphocytes encounter apoptotic blockade through similar Fas–FasL signaling. Adaptive immune T cells exhibit 
overexpression of multiple inhibitory receptors, PD-1, TIM-3, and CD200R, which attenuate cytotoxic potential and sustain T-cell exhaustion. Simultaneously, 
tumor-associated macrophages (TAMs) expressing signal regulatory protein-alpha (SIRP-α) interact with tumor CD47 to deliver the “don’t-eat-me” signal, 
preventing phagocytosis and maintaining immune evasion. Together, these interlocking pathways define a self-reinforcing network of immune privilege that 
shields ocular tumors from systemic immune clearance.43 Adapted from Basile et al.43 (distributed under the terms of the Creative Commons Attribution 
License (CC BY).

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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related apoptosis-inducing ligand (TRAIL).73,74 Vaccine-
induced CD4⁺ T cells can identify and react to initial UM 
cells, while also exhibiting cross-reactivity with metastatic 
UM cells. Similarly, activated CD8⁺ T lymphocytes 
demonstrate cytolytic efficacy against both primary and 
metastatic uveal melanoma cells.66,68 In a recent study, 
Kittler et al75 offered a comprehensive elucidation of the 
Mel202/DR1/CD80 vaccines, which proficiently primed 
and activated highly pure CD4⁺ T cells. The activated 
CD4⁺ T cells subsequently proliferated, produced IFN-γ, 
and formed a varied polyclonal CD4⁺ T-cell repertoire, 
including T helper (Th) type 1, Th2, Th17, and regulatory 
T (Treg) cells.75 Among these subgroups, Treg cells seem 
to exert no considerable influence on the overall efficacy 
of the anticancer vaccination response.75 Currently, 
clinical data are limited to exceptionally rare or anecdotal 
instances with positive outcomes.
Dendritic cell-based vaccination strategies that present 
antigens
DCs, with the highest antigen-presenting efficacy, 
are the sole professional APCs capable of activating 
naïve antigen-specific T lymphocytes. Consequently, 
employing dendritic cells to provoke immunologic 
anticancer responses and formulate dendritic cell-based 
vaccines constitutes a logical approach for managing 
stage IV melanoma.76 This method involves transfecting 
autologous monocyte-derived DCs with particular mRNA 
sequences that encode target antigens to generate optimal 
DC vaccines. The tumor antigens gp100 and tyrosinase 
are predominantly expressed in UM cells, making them 
optimal targets for UM immunotherapy.77,78 In a Phase II 
research, Bol et al79  DCs were transfected with mRNA 
expressing two antigens to present HLA-A*02:01-
restricted peptides, thereby producing DC vaccines that 
can elicit and amplify tumor-specific CD8⁺ and CD4⁺ 
T-cell responses. The median disease-free survival was 
34.5 months, and the 3-year OS rate of 79% in DC-
vaccinated patients surpassed the normal literature figure 
of approximately 60% for high-risk uveal melanoma. 
Moreover, researchers proposed that DC immunization 
may induce de novo immune responses and demonstrated 
little harm when utilized as an adjuvant therapy in 
high-risk UM patients.79 Currently, there is no clinical 
evidence indicating that dendritic cell (DC) vaccine 
immunotherapy is more effective than other immune-
based or non-immune therapeutic modalities.17,80

A current randomized phase III clinical trial 
(NCT01983748) aims to evaluate the efficacy of DC 
vaccines containing autologous tumor RNA in preventing 
or delaying disease development in high-risk UM 
patients, in comparison to standard therapy. A phase 
I trial (NCT04335890) is now examining the safety, 
tolerability, and possible overall survival benefit of IKKβ-
matured, RNA-loaded dendritic cell vaccines in patients 
with metastatic uveal melanoma.

Adoptive cell treatments
Cell transfer by adoption
Adoptive cell transfer (ACT) involves the ex vivo 
expansion and activation of autologous immune cells 
followed by their reinfusion into the patient. This tailored 
immunotherapy generally employs CD8⁺ T cells or tumor-
specific CD8⁺ T cells, although CD4⁺ helper (Th) cells may 
also be utilized. These cells are frequently sourced from 
TILs acquired from biopsies of UM patients and may be 
genetically modified to identify particular tumor antigens. 
Strobel et al have conducted a comprehensive assessment 
of this therapeutic approach; hence, it is only succinctly 
reviewed in this chapter, accompanied by updates on 
newly commenced clinical studies.

The regression of UM produced by the adoptive transfer 
of autologous TIL was initially reported by Chandran et 
al.81,82 Recently, numerous studies have been investigating 
innovative ACT-based methodologies. BPX-701 is a T-cell 
product wherein autologous T cells are transduced with 
an HLA-A2-restricted, PRAME-specific T-cell receptor 
(TCR) and integrated with an inducible caspase-9 safety 
switch (NCT02743611). PRAME, a melanoma antigen 
preferentially expressed, has been identified in around fifty 
percent of both primary and metastatic uveal melanoma 
cases.83,84 An alternative strategy utilizes autologous CD8⁺ 
T lymphocytes targeting SLC45A2, an antigen present in 
100% of UM cell lines, although expressed at minimal or 
undetectable levels in normal tissues (NCT03068624). 
These T cells, easily produced from donor sources, can 
effectively eradicate most HLA-matched melanoma 
cells.85 The third method utilizes MAGE-C2/HLA-A2 
TCR T cells (NCT04729543). MAGE-C2, a constituent 
of the cancer germline antigen gene subfamily, is solely 
expressed in neoplastic tissues. The antigenic peptide 
originating from MAGE-C2 can elicit specific T-cell 
responses in select patients without inducing measurable 
harm.86,87 Nevertheless, none of this research disclosed the 
findings.
CAR-T cell immunotherapy with engineering
Chimeric antigen receptor (CAR) T-cell therapy is a novel 
immunotherapeutic approach that has demonstrated 
efficacy in treating several hematologic malignancies in 
recent years. This method entails the incorporation of 
genetic alterations into enriched T cells, generally with 
retroviral vectors like lentiviruses or employing precise 
gene-editing techniques, to facilitate the expression of 
CARs on the T-cell surface.88 The modified T-cells are 
subsequently grown to a level suitable for therapeutic 
application.88 Chimeric Antigen Receptors (CARs) are 
designed cell surface receptors that generally consist of 
a target-binding extracellular domain, a hinge region, a 
transmembrane domain that secures the receptor to the 
cell membrane, and one or more intracellular signaling 
domains that facilitate T-cell activation.89 By integrating 
target-binding single-chain variable fragments (scFv) with 
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specific intact surface antigens, CAR T cells can identify 
targets irrespective of HLA molecular context, rendering 
them widely applicable among patients with varied HLA 
backgrounds.89,90

In the study conducted by Forsberg et al,91 it was 
demonstrated that, among the established CAR-T targets, 
HER2 mRNA was the sole molecule expressed at a 
considerable level in the majority of UM samples, and that 
UM cells could respond to HER2 CAR-T cells in a target-
specific way. HER2 CAR-T cells successfully eliminated 
UM cells in both in vitro conditions and in human IL-2 
transgenic NOD/SCID IL-2 receptor gamma-knockout 
mice.91 This treatment elicited significant or total regression 
of UM refractory to conventional ACT therapy using 
autologous TILs, indicating a promising novel therapeutic 
approach and facilitating the clinical application of 
CAR-T technology. While the anticancer efficacy of HER2 
CAR-T cells has been established in both in vivo and in 
vitro models, additional studies are necessary to assess 
their therapeutic applicability and long-term outcomes in 
UM patients.91 A phase I clinical trial (NCT03635632) is 
now examining C7R-GD2 CAR-T cells for the treatment 
of various GD2-positive solid tumors, including GD2-
positive uveal melanoma. This study seeks to assess the 
tolerability, safety, and therapeutic effectiveness of these 
modified CAR-T cells. The C7R gene was integrated into 
GD2 CAR-T cells to ensure prolonged cytokine signaling 
and augment their persistence, therefore enhancing 
overall survival and functional longevity. Furthermore, 
RNA-interference strategies targeting metabolic and 
oxidative-stress regulators, such as siRNA-mediated 
silencing of PFKFB4 and HMOX1, have been shown to 
suppress tumor proliferation and enhance sensitivity to 
chemotherapeutic and immune-based regimens.92 The 
research reveals a significant molecular contradiction 
across vaccination, TIL, CAR-T, and TCR-T modalities: 
cellular treatments seldom ever produce long-lasting 
responses, even though UM expresses highly targetable 
antigens such as gp100, PRAME, and SLC45A2.93 This 
suggests that effector cells' incapacity to operate in the 
immune-privileged and metabolically restrictive milieu 
is the main obstacle rather than antigen shortage. DC 
vaccines demonstrate a separation between immune 
activation and successful tumor penetration by producing 
substantial systemic immunogenicity but little tumor 
control.10 In rare instances, TIL and modified TCR-T cells 
produce striking regressions; nonetheless, they often die 
from TGF-β, IDO-mediated inhibition, and quick fatigue. 
The absence of UM-specific surface antigens presents 
further difficulties for CAR-T treatments. Together, our 
results demonstrate that before cell-based treatments 
may be clinically transformational in UM, they need 
microenvironment-modifying primers, such as metabolic 
inhibitors or oncolytic viruses.94

Translational constraints and risk–benefit considerations of 
adoptive cell therapies in ocular tumors
Although adoptive cell-based treatments, such as CAR-T 
and TCR-engineered lymphocytes, present an intuitively 
appealing approach to antigen-directed tumor removal, 
using them to treat ocular cancers presents a number of 
biological and safety issues that are very different from 
those faced by cutaneous melanoma or hematologic 
cancers.94 One major limitation concerns target specificity. 
Many candidate antigens in uveal melanoma are not 
strictly tumor-exclusive, increasing the risk of on-target/
off-tumor toxicity,93 a worry that is especially important 
for an organ where even little collateral damage might 
cause permanent blindness. Ineffective lymphocyte 
trafficking and persistence constitute a significant 
obstacle in addition to antigen selection.95 Effective 
infiltration and long-term activity of transplanted effector 
cells are limited by the immune-privileged ocular milieu, 
vascular-stromal limitations, and suppressive soluble 
mediators (such as TGF-β and IDO).96 Rapid depletion 
and limited access to ophthalmic and hepatic metastatic 
sites often reduce the in vivo performance of systemically 
expanded cytotoxic lymphocytes, even when they exhibit 
strong activity ex vivo.97  Cytokine-associated toxicity is 
another factor to take into account. In ocular oncology, 
where therapeutic benefit must be weighed against 
stringent safety thresholds and maintenance of neurologic 
and visual function,97 cytokine release syndrome and 
immune effector cell–associated neurotoxicity, both of 
which have been extensively described in systemic CAR-T 
applications, present heightened concerns.98 These hazards 
limit the therapeutic window for cell-based therapies and 
restrict the flexibility of dosage.98 Lastly, adaptive immune 
evasion and antigen heterogeneity continue to be major 
challenges. Antigen expression in uveal melanoma varies 
both spatially and temporally, allowing antigen-low or 
antigen-negative clones to proliferate selectively under 
immunological challenge.99 This phenomenon highlights 
the necessity for multispecific or combinatorial techniques 
and restricts the durability of responses when single-
target tactics are used.97-99 When taken as a whole, these 
factors indicate that although adoptive cell therapies have 
conceptual potential, their clinical impact in ocular tumors 
will probably depend on improved antigen selection, the 
inclusion of intrinsic safety controls, tactics to improve 
trafficking and persistence, and logical integration with 
therapies that modify the microenvironment rather than 
being used as stand-alone modalities.96-99

Virotherapy with oncolytics
Clinical advancement
The notion of employing viruses for cancer therapy 
originated in the 1950s, paralleling advancements in tissue 
culture techniques and rat cancer models.100 Throughout 
that period, numerous cancer patients received treatment 
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with raw oncolytic viral formulations, including 
contaminated bodily fluids, administered via practically all 
possible routes.101 Although the immune system typically 
neutralized the viruses before they could influence tumor 
progression, occasional infections succeeded, leading to 
tumor regression, particularly in immunocompromised 
patients, who, however, often became ill or died once the 
infection spread to healthy tissues. A notable example 
came from Osaka University, where tumor regression 
was observed in 37 out of 90 terminal cancer patients 
treated with a wild-type mumps virus.  Despite the 
encouraging outcomes, this research was discontinued 
in the 1970s, and the viral strains used were eventually 
lost (T. Asada, personal communication). The advent of 
modern oncolytic virotherapy, where viral genomes are 
genetically modified to enhance tumor selectivity, can be 
traced to a 1991 study demonstrating that a thymidine 
kinase (TK)-deficient herpes simplex virus (HSV) with 
reduced neurovirulence exhibited anti-tumor activity in 
a murine glioblastoma model.102 Since the inception of 
viral engineering for the creation of an oncolytic HSV, 
there has been swift clinical advancement in this domain. 
Numerous completed and ongoing trials now utilize 
oncolytic viruses from at least ten different viral families, 
with a steady introduction of newly developed oncolytic 
viruses entering clinical evaluation and application.103,104

Oncolytic viruses have generally demonstrated 
acceptable tolerability across a range of clinical studies.105 
Nonetheless, forthcoming clinical trials utilizing oncolytic 
viruses are anticipated to utilize elevated dosages, as 
continuous technological innovations such as enhanced 
cell substrate optimization, the integration of cell 
microcarriers, and the utilization of disposable wave 
bioreactors persist in improving manufacturing efficiency 
and viral production yields.106-108 Consequently, it may 
still be premature to ascertain if successful oncolytic 
virotherapy may be attained without considerable 
toxicities at therapeutically beneficial levels. A specific 
safety worry pertains to the potential for an oncolytic virus 
to disseminate outside the treated patient and perhaps 
undergo mutation, so reacquiring its original harmful 
characteristics.109 Nonetheless, despite sporadic reports 
of viral shedding in bodily fluids like urine or respiratory 
secretions, there is no recorded evidence of oncolytic virus 
transmission to caregivers or close contacts.105

Clinical efficacy
Recent phase 1/2 clinical trials have provided evidence for 
the efficacy of single-agent oncolytic virotherapy, further 
substantiated by compelling anecdotal case reports.100,110-112 
In a clinical experiment, talimogene laherparepvec, 
formerly referred to as OncoVEX, an oncolytic HSV 
designed to express granulocyte-macrophage colony-
stimulating factor (GM-CSF), was directly administered 
into the tumors of patients with metastatic malignant 
melanoma. The treatment led to total remission of both 

injected and uninjected lesions in 8 of the 50 individuals 
who underwent therapy.110 This study is the most 
compelling evidence that intratumoral administration 
of an oncolytic virus can successfully cross-prime and 
augment anticancer immune responses. Melanoma, 
due to its recognized sensitivity to immunotherapy, is 
particularly amenable to oncolytic virotherapy, with 
positive results with both HSV-GM-CSF (OncoVEX) and 
vaccinia virus-based therapies.113

In the second clinical trial, JX594, an oncolytic vaccinia 
virus genetically engineered to express GM-CSF, was 
administered through intertumoral injection to patients 
with unresectable hepatocellular carcinoma, yielding 
objective tumor responses in 3 of the 10 evaluable subjects.111 
Clinical trials integrating oncolytic viruses, including 
reovirus, vaccinia, and HSV, with pharmacological 
agents or radiation are yielding a significant incidence 
of tumor responses.111,114-116 Nonetheless, it is unclear 
whether the documented therapeutic responses are 
directly due to the oncolytic viruses or the simultaneous 
administration of potent anticancer agents in combination 
therapy. This crucial question can only be definitively 
resolved by randomized phase 3 clinical studies. 
To date, clinical evidence has not clearly established 
direct viral oncolysis as the dominant mechanism of 
tumor elimination.105 Consequently, the fundamental 
principle of the oncolytic paradigm, where a systemically 
administered virus extensively spreads across tumor 
locations to provoke tumor eradication, remains to 
be definitively substantiated. A recent phase I clinical 
trial indicated that JX594, delivered intravenously, 
was detectable in tumor biopsy samples only when the 
circulating viral burden surpassed a threshold of 10⁹ 
infectious units.117 This study's primary conclusion is 
that systemically administered oncolytic viruses can 
specifically target tumor locations by traversing tumor-
associated blood arteries and proliferating within the 
malignant tissue. This process is reliant on concentration 
and becomes observable only when the viral dose 
exceeds a crucial threshold. Thus, the degree of direct 
tumor ablation caused by oncolytic activity seems to be 
significantly dosage-dependent, while the attainable dose 
for numerous oncolytic viruses is often restricted by 
manufacturing constraints. Additional insights have arisen 
from both active and concluded clinical trials. Initially, as 
clinical outcomes often do not meet initial expectations, 
it is clear that more predictive and physiologically 
appropriate preclinical models are necessary. There is 
an urgent requirement for orthotopic cancer models in 
immunocompetent animals that are both vulnerable 
to the specific oncolytic virus under investigation and 
accurately mimic the pathogenesis of human infection. 
Current models frequently prove insufficient due to either 
the absence of a functional immune system, as observed 
in cultured cell lines or human xenograft models, or their 
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inherent resistance to the virus being studied, with certain 
exceptions like the vaccinia virus. An additional insight is 
that iterative phase I clinical trials may become standard 
practice in oncolytic virotherapy. In contrast to traditional 
pharmaceuticals, which are usually optimized prior to 
clinical trials, oncolytic viruses function as intricate 
engineering systems with multiple adjustable components 
that can be perpetually adjusted and enhanced. Iterative 
phase I studies offer a pragmatic framework for 
integrating incremental genetic and design improvements 
into the clinical development process without obstructing 
regulatory or safety protocols. A significant advancement 
from recent clinical research is the ability to monitor 
viral spread in patients via the production of reporter 
transgenes, providing essential pharmacokinetic data 
throughout early development. In rat research, viral 
dissemination can be assessed post-mortem by examining 
the distribution of infected cells at various time intervals; 
however, such invasive methods are impractical in human 
trials. This constraint has impeded comprehension of why 
oncolytic virotherapy results in humans frequently falling 
short compared to preclinical models. To address this, 
reporter genes have been integrated into oncolytic viral 
genomes, facilitating recurrent, noninvasive imaging and 
quantification of viral infection dynamics throughout the 
body.118,119

Administration of an oncolytic measles virus 
engineered to express the soluble extracellular domain of 
carcinoembryonic antigen (MV-CEA) via intraperitoneal 
injection in patients with treatment-resistant ovarian 
cancer revealed through serum CEA monitoring that 
only a small fraction of tumor cells were infected, with 
negligible indications of significant viral replication 
or amplification in vivo.120 Reporter genes engineered 
to engage with radioactive tracers have been assessed 
in human investigations. Oncolytic herpes simplex 
viruses (HSVs) can be seen using PET using the HSV 
TK enzyme, which phosphorylates specific positron-
emitting substrates, thus sequestering them within 
infected cells. This notion was exemplified in a clinical 
experiment utilizing HSV TK–based gene therapy for 
glioblastoma.121 Nonetheless, clinical validation for 
monitoring the spread of replication-competent oncolytic 
viruses remains outstanding. The gene that encodes 
the thyroidal sodium iodide symporter (NIS), which is 
important for concentrating radioactive iodide, has been 
integrated into the genomes of various oncolytic viruses, 
such as adenovirus, measles virus, vesicular stomatitis 
virus (VSV), HSV, and vaccinia virus. These engineered 
viruses have undergone assessment in preclinical research 
utilizing diverse radioisotopes (125I, 123I, 124I, and 99mTcO₄⁻) 
to track in vivo viral dissemination.

This adaptable NIS-based imaging methodology 
was recently corroborated in a clinical experiment, 
wherein 99mTcO₄-based SPECT/computed tomography 

(CT) imaging effectively monitored the intratumoral 
dissemination of an oncolytic adenovirus designed to 
express NIS.122 The strategy known as radiovirotherapy has 
shown that the therapeutic efficacy of an NIS-expressing 
oncolytic virus can be augmented by the administration of 
¹³¹I, a radioisotope that emits high-energy beta particles, 
thereby intensifying localized radiation in the infected 
tumor tissue.123

Potential for local intravitreal/intraocular administration.
In ocular oncology, oncolytic virotherapy (OV) serves not 
only as a complement to ICI but also as a transformative 
approach that can alter the tumor-immune environment. 
The eye, historically regarded as an immune-privileged 
organ, inherently restricts T-cell activation and promotes 
immunological tolerance elements that account for the 
low efficacy of PD-1/PD-L1 and CTLA-4 inhibition 
in the treatment of uveal melanoma. OVs confront this 
immune-suppressive environment by transforming the 
ocular milieu from a state of immunological quiescence 
to one of active immune activity. OVs function as in situ 
vaccines by lysing tumor cells and releasing neoantigens, 
thereby enhancing epitope presentation and initiating 
systemic antitumor immunity that can target far metastatic 
locations, especially in the liver.124,125 Recent findings show 
that immunotherapeutic blockade of CD47 can potentiate 
virus-mediated immune activation and enhance 
neutralizing antibody responses, offering a dual advantage 
in oncolytic virotherapy.126 This strategy is innovative 
because of the synthetic engineering of OVs tailored for 
ocular malignancies. These viruses, containing immune-
stimulatory transgenes such as IL-15 superagonists, 
bispecific T-cell engagers, or CRISPR-based gene-editing 
modules, can concurrently reduce tumor mass, reinstate 
HLA expression, and eradicate immunosuppressive 
checkpoints at the genetic level. These developments 
expand the role of oncolytic viruses beyond direct 
cytolysis, positioning them as multifunctional platforms 
capable of modulating local immune responses.127 The 
application of local intravitreal or intraocular injection 
adds a novel dimension to oncolytic virotherapy. Unlike 
systemic treatments, this targeted delivery method attains 
high tumor selectivity with minimum systemic damage, 
while facilitating immunological signal transmission to 
far metastatic locations. Potentially enabling localized 
intraocular tumors to contribute to broader systemic 
immune activation.128

OV is being investigated more and more as a possible 
part of multimodal immunotherapy approaches for 
eye cancers. It can be strategically integrated with ICIs 
to overcome inhibitory barriers, with adoptive T-cell 
treatment to amplify antigen-specific clones, and with 
nanomedicine-based delivery methods to accurately 
regulate spatial and temporal release kinetics. This 
comprehensive method enhances OV from a simple 
“checkpoint-supportive” function to a pivotal catalyst in 
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a new paradigm of ocular immuno-oncology, wherein 
localized therapy triggers systemic immune orchestration 
and enduring worldwide tumor control.129

Bispecific antibodies and immune engagers
Antibody-based bispecific therapies have shown 
significant effectiveness in the treatment of hematologic 
malignancies, and promising advancements are currently 
being made in the development of BiTE-based approaches 
for solid tumors. Nonetheless, these therapies are 
intrinsically constrained by their reliance on surface-
expressed antigens as targets. Conversely, over 90% of the 
human proteome is located intracellularly, rendering it 
unattainable by traditional antibody-based methods and 
highlighting the necessity for alternate ways to address 
intracellular targets.130,131 The appearance of intracellular 
antigens on major histocompatibility complex (MHC) 
molecules enables their recognition. T-cell receptors 
(TCRs), which inherently identify MHC–peptide 
complexes that reflect the intracellular antigenic landscape, 
are thus optimal candidates for targeting concealed 
epitopes. MHC class I molecules are generally present 
on almost all nucleated cells; however, their expression 
may be diminished or obscured in cancer cells and cells 
infected by specific viruses, enabling these cells to avoid 
immune surveillance.132 As a result, genetic and protein 
engineers have endeavored to create TCRs that replicate 
the essential structural and functional characteristics 
of antibodies, especially their elevated binding affinity, 
generally around three orders of magnitude superior to 
that of natural TCRs and their soluble nature.

Initial attempts to produce soluble TCRs consisting 
exclusively of the variable domains from both chains 
(Vα and Vβ) were ineffective, since these constructs 
demonstrated inadequate solubility and structural 
instability. This was mostly attributable to the exposure 
of hydrophobic residues, typically concealed within the 
cell membrane, resulting in misfolding and aggregation.133 
Nonetheless, researchers have encountered numerous 
technical obstacles intrinsic to the structure and biophysics 
of the TCR, most notably, the difficulty of maintaining 
TCR chains in a soluble state while concurrently 
augmenting binding avidity.

Following years of refining, these endeavors resulted 
in the creation of the inaugural FDA-approved bispecific 
TCR-based treatment, tebentafusp. This chemical 
specifically targets the HLA-A*02:01-restricted tumor-
associated antigen (TAA) gp100 in uveal melanoma, 
a common malignant ocular tumor, representing a 
significant advancement in the clinical application of 
soluble TCR therapies.134 This therapy is classified as 
an immune-mobilizing monoclonal T-cell receptor 
against cancer (ImmTAC). It is presently being assessed 
in a phase II/III clinical trial for nonocular melanoma 
(NCT05549297).

The ImmTAC platform combines an affinity-enhanced 
TCR with a humanized scFv targeting CD3, facilitating 
effective T-cell redirection to tumor cells. Despite their 
remarkable tumor-killing potency, ImmTACs exhibit a 
brief plasma half-life of only a few hours, requiring regular 
dosage to sustain therapeutic effectiveness. In addition to 
tebentafusp, several TCR-based T-cell engagers (TCEs) 
are now being developed, aimed against intracellular 
tumor-associated antigens, including MAGE-A4/8, 
MAGE-A1, and WT1,135 or surviving.136 A novel TCE has 
been developed, employing the ectodomains of the Vγ9δ2 
TCR for tumor recognition, referred to as the gamma delta 
TCR anti-CD3 bispecific molecule (GAB). The Vγ9δ2 
TCR identifies butyrophilin (BTN) family members, 
facilitating tumor detection that is not contingent upon 
mutational load, MHC restriction, or TAA expression. The 
primary drawback of the GAB platform currently resides 
in the diminished expression levels of these modified 
molecules, which constrain their therapeutic efficacy 
and scalability in clinical applications.137 This novel 
family of T-cell engagers offers a substantial possibility 
to target hitherto unattainable intracellular antigens that 
classic bispecific antibodies or CAR-T treatments cannot 
detect. In contrast, initiatives to target oncopeptide–MHC 
complexes utilizing the CAR-T platform have surfaced, 
leading to the notion of peptide-centric CARs, which 
broaden the applicability of CAR technology beyond 
surface antigens to the MHC-presented intracellular 
peptide repertoire.138 Nonetheless, the MHC complex 
remains the inherent and most suitable ligand for TCRs, 
maintaining its complete signaling capacities and excellent 
functional responsiveness. The principal hurdles that 
persist include preserving the transmembrane structure 
of TCRs and mitigating their comparatively low binding 
affinity in physiological circumstances.94,139

Recent advancements in genetic and protein engineering 
have created new opportunities for improving natural 
biomolecular interactions, and TCEs have also profited 
from these technological improvements, facilitating the 
development of more effective and stable therapeutic 
constructions (Table 2).140,141 Even in cases when 
checkpoint inhibitors are ineffective, bentafusp  has the 
most consistent clinical effectiveness among UM trials. 
This discrepancy shows that, whereas UM has antigens, 
it lacks effective T-cell engagement pathways.142 TCR-
bispecifics directly reroute T lymphocytes with high 
affinity while avoiding poor MHC expression.143 However, 
there are still drawbacks: deep hepatic metastases often 
react insufficiently, cytokine toxicity is still significant, 
and advantages are mostly limited to HLA-A*02:01 
individuals. Furthermore, inconsistent durability 
findings across cohorts imply that microenvironmental 
resistance is yet unresolved.10 All of the research points 
to tebentafusp as a foundational treatment that must be 
used in conjunction with microenvironment-modifying 
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agents, such as OVs or specific metabolic inhibitors, to 
transform partial responses into long-lasting remission.6 
Collectively, these platforms should not be viewed as 
immediate replacements for checkpoint inhibition, but as 
translational tools designed to interrogate and overcome 
specific biological bottlenecks in uveal melanoma, thereby 
informing rational combination strategies rather than 
single-modality escalation.

Overcoming the challenges of ocular immune privilege
The concept of immune privilege originated from early 
observations that allografts could survive for extended 
periods when transplanted into certain anatomical sites, 
including the brain and the anterior chamber of the eye.151 
The primary function of immune privilege is to protect 
fragile and highly sensitive cells within specific tissue 
microenvironments. This privilege can be compromised 
under specific pathological conditions such as infection, 
advanced diabetic retinopathy (DR), or age-related 
macular degeneration (AMD) permitting microorganisms 
in the local environment to circumvent additional systemic 
innate and adaptive immune responses. Alternatively,152 
immune privilege may be undermined by the deterioration 
or degeneration of retinal pigment epithelium (RPE) cells, 
which function as the physical barrier sustaining this 
condition. Conversely, the immunological privilege that 
safeguards the eye from inflammatory harm may facilitate 
the onset of antiretinal autoimmunity, wherein peripheral 
tolerance mechanisms inadequately respond to ocular 
antigens.153 Recent single-cell and spatial transcriptomic 
studies suggest that ocular immune privilege operates 
as a dynamically regulated system rather than a purely 
static barrier. Multi-omic analyses indicate that immune 
tolerance and inflammatory signaling can coexist within 
the ocular environment through coordinated interactions 
between adaptive and innate immune components. As 
summarized in Fig. 2, the integrated immunogenomic 

landscape illustrates how cellular heterogeneity, clonotype 
expansion, and HLA-associated regulatory mechanisms 
contribute to the balance between immune quiescence 
and activation.

Classical mechanisms of ocular immune privilege
The retina, functioning as an extension of the brain, is an 
immune-privileged region within the eye.155157 The immune 
privilege mechanism evolved to safeguard retinal integrity 
and avert inflammatory damage, protecting the retina's 
very sensitive neurons that have restricted regenerative 
and reparative capabilities. Multiple publications have 
offered extensive reviews on ocular immune privilege, 
including its historical context, fundamental mechanisms, 
and practical significance, especially for corneal 
transplantation.158-162 The concept of an immunologically 
privileged region in the eye, specifically the anterior 
chamber, was initially presented by Medawar in 1948.163 
Numerous immunological cells, biochemical pathways, 
and regulatory factors are recognized for their roles in 
sustaining ocular immune privilege. This safeguarding is 
accomplished by both active and passive mechanisms:

BRB and blood–aqueous barrier function not only 
as anatomical boundaries but also as active regulators 
of immune access, restricting leukocyte trafficking and 
limiting the intraocular penetration of systemically 
delivered immunotherapeutic agents. 1) Diverse 
endothelial cells, immunological cells (such as natural 
killer and dendritic cells), and retinal neurons establish 
a secondary defense by releasing immunosuppressive 
substances that inhibit effector T-cell activity and restrict 
intraocular inflammation. 2) Antigen entry into the 
anterior chamber, vitreous cavity, or subretinal space 
induces ACAID, a tolerogenic process characterized by 
systemic suppression of delayed-type hypersensitivity and 
preferential expansion of regulatory T-cell populations, 
thereby limiting durable effector T-cell responses against 

Table 2. Next-generation immunotherapies for uveal melanoma are transitioning from traditional vaccine methodologies to synthetic immune platforms, 
emphasizing mechanistic mapping, clinical outcomes, and future innovation potential

Modality Core mechanism Clinical signal Challenges Future directions References

Whole-cell vaccines UM cells engineered with MHC-II + 
CD80 prime CD4⁺ T cells

Anecdotal responses; 
polyclonal CD4⁺ activity

Limited data; 
allele match; weak 
persistence

Neoantigen vaccines; 
combos with ICIs

144

DC vaccines mRNA-transfected DCs present UM 
antigens

Phase II: DFS 34.5 mo; 
OS ~79%

No proven 
superiority; trials 
ongoing

Phase III RNA-DCs; 
optimized maturation

145,146

ACT (TIL/TCR-T) Expanded TILs or engineered TCR-T 
(PRAME, SLC45A2, MAGE-C2)

Case regressions; early 
PRAME-TCR trials

Complex, HLA-
restricted, tumor 
escape

Universal TCRs; 
multiplex targeting

147

CAR-T cells scFv-based receptors target UM 
antigens, HLA-independent

HER2 CAR-T active 
preclinically; GD2 trial

Infiltration, toxicity, 
short persistence

Armored CAR-Ts; 
cytokine support

148

Oncolytic viruses Engineered OVs lyse tumors, expose 
neoantigens

T-VEC, JX-594 active in 
melanoma/HCC; UM 
concept

Dose limits; 
immune clearance; 
off-target risk

IL-15/CRISPR-armed 
OVs; OV + ICI/ACT

149

TCR-bispecifics Soluble TCRs fused to CD3 scFv 
redirect T cells

Tebentafusp FDA-
approved; GAB 
bypasses MHC

HLA restriction, 
short half-life; low 
BTN

Next-gen TCEs (WT1/
MAGE); γδ-TCR 
engagers; Fc-fusion

150
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Fig. 2. Cellular topology and clonotype architecture defining immune regulation within the ocular immune-privileged niche. This figure presents a systems-
level yet structurally simplified map of immune organization in the ocular microenvironment, illustrating how immune privilege emerges from coordinated 
cellular compartmentalization, controlled clonal expansion, and transcriptionally constrained immune states rather than global immune suppression. (A) 
Single-cell embedding of ocular immune populations reveals discrete clustering of adaptive (CD4⁺ and CD8⁺ T cells) and innate (macrophages and dendritic 
cells) compartments, indicating preserved immune architecture under immune-privileged conditions. (B) Quantitative clonotype-size profiling across CD4⁺ and 
CD8⁺ subsets demonstrates selective, size-restricted clonal expansion, consistent with localized antigen sensing rather than widespread polyclonal activation. 
(C) Network-based representation of immune states identifies non-random transcriptional neighborhoods, highlighting structured crosstalk between adaptive 
and innate immune compartments instead of diffuse immune infiltration. (D) Clonotype-resolved single-cell analysis distinguishes CD4⁺- and CD8⁺-specific 
expansion dynamics, reflecting differential immune engagement under ocular constraints. (E) Density distributions of activation- and exhaustion-associated 
gene signatures indicate compartment-specific immune tuning, with restrained effector amplification. (F) Antigen-associated clonotypes show selective 
enrichment, demonstrating that ocular immune privilege limits but does not abolish antigen-driven T-cell responses. (G) Differential transcriptional profiling of 
ocular CD4⁺ T cells reveals concurrent regulatory, differentiation, and controlled activation programs. (H) Functional pathway enrichment analysis highlights 
preferential engagement of antigen processing, interferon signaling, and immune-regulatory pathways, while excluding broad inflammatory cascades. 
Collectively, this figure emphasizes organizational coherence over panel density, demonstrating that ocular immune privilege is maintained through structured 
cellular topology and clonotype governance that permit immune surveillance while preventing uncontrolled effector escalation. Panels were intentionally 
curated and hierarchically organized to enhance interpretability and mechanistic clarity.154 Reprinted from Concepcion. et al (distributed under the CC BY 
license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
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intraocular tumors. This phenomenon is marked by 
significant immune suppression facilitated by CD4⁻
CD8⁺ regulatory T cells and the modulation of Th1- 
and Th2-mediated inflammatory responses, thereby 
forming a tertiary layer of immune defense.153,164 This 
summary emphasizes the essential physiological and 
molecular mechanisms that support ocular immune 
privilege. The BRB is crucial in restricting the entry of 
circulating immune cells into the eye. The structure 
comprises two elements: the outer BRB, constituted by 
the tight connections of RPE cells, and the inner BRB, 
produced by retinal capillary endothelial cells.165,166 The 
outer BRB facilitates immune privilege by secreting 
substances such as pigment epithelial-cell-derived factor 
and vascular endothelial growth factor (VEGF), which 
maintain the structural and functional integrity of the 
retinal vasculature and choriocapillaris.167,168 The inner 
blood-retinal barrier consists of pericytes, astrocytes, 
Müller cells, the collagen IV basement membrane, and 
perivascular macrophages.169,170 The anterior ocular 
barrier, referred to as the blood–aqueous barrier, 
comprises vascular endothelial cells in the iris and 
nonpigmented ciliary epithelial cells, serving to inhibit 
the movement of chemicals from plasma to the aqueous 
humor.171,172 The disruption of these physical barriers 
undermines immunological privilege and may result in 
retinal disease, marked by increased BRB permeability and 
heightened capillary hydrostatic pressure in the eye.173,174 
When physical barriers are breached, innate and adaptive 
immune responses in the intraocular microenvironment 
are activated, leading to immune modulation and 
inflammatory suppression mediated by effector immune 
cells and endothelial cells. The immunoregulatory action 
is mediated by soluble components in the aqueous 
humor and membrane-bound compounds from other 
intraocular compartments. Principal soluble mediators 
encompass transforming growth factor beta (TGF-β), 
alpha-melanocyte-stimulating hormone, calcitonin gene-
related peptides, thrombospondin-1, vasoactive intestinal 
peptides, and complement-inhibitory compounds.175 
Aqueous humor is a translucent, colorless fluid found in the 
anterior and posterior chambers of the eye.176 The aqueous 
humor, an essential element of the eye, contains many 
immunomodulatory substances such as neuropeptides, 
cytokines, growth factors, and soluble cell-surface 
receptors, which together inhibit inflammatory responses 
and promote the activation of regulatory T cells.158,177,178 
Consequently, the innate and adaptive immune responses 
operate to mitigate inflammation, augment the generation 
of anti-inflammatory cytokines, and facilitate the 
activity of immunological-tolerance effector T cells and 
other immune effector cells.179-183 Intraocular resident 
immune cells, including macrophages and microglia, 
participate in active neuroimmune modulation through 
interactions with retinal neurons and glial cells, producing 

neuropeptides and inhibitory cytokines that suppress local 
inflammation. While essential for retinal protection, this 
neuroimmune regulation further constrains antitumor 
immune activation and contributes to resistance against 
immune checkpoint–based therapies. Antigens located 
in the anterior chamber can elicit systemic immune 
suppression targeting specific infections.184 This effect 
is also observed in the vitreous cavity and subretinal 
space.185,186 Retinal resident microglia behave as antigen-
presenting cells with diminished MHC class II expression, 
functioning as an immune checkpoint by suppressing T-cell 
activation and fostering anti-inflammatory responses.175,187 
Ocular immune privilege exerts both protective and 
permissive effects within the ocular microenvironment. 
It establishes a microenvironment that is separated from 
systemic circulation, protecting all elements of the visual 
system; even little disturbances can result in significant 
ocular illnesses and jeopardize the effectiveness of ocular 
allografts.162 Conversely, the rigidity of immune privilege 
may constitute a weakness, as demonstrated by the 
immunological tolerance of intraocular malignancies and 
the onset of infectious blindness resulting from illnesses 
such as trachoma, river blindness, or herpes simplex 
virus infection.159,188 Addressing ocular immune privilege 
requires more than simply shifting between immune 
suppression and activation; it depends on carefully 
controlled temporal and spatial modulation; it requires 
temporal and spatial reconfiguration. Next-generation 
ocular immunotherapies aim to achieve reversible and 
localized immune modulation, enabling therapeutic 
intervention while preserving the protective features of 
immune privilege. As shown in Fig. 3, ocular immune 
privilege is reinforced by HLA-structured transcriptional 
immune states that permit surveillance while restricting 
effector activation.

Re-engineering immune privilege: localized and 
reversible modulation
How immunotherapies are administered, as opposed 
to which immunological targets are chosen, is a crucial 
but sometimes disregarded factor in precision immune 
engineering in ocular cancer.189 The therapeutic 
environment in the eye is particularly limited because 
intraocular volume is constricted, molecular trafficking 
is restricted by the blood–retinal and blood–aqueous 
barriers, and even little inflammatory damage may 
permanently impair vision.190 In this situation, systemic 
immune agent delivery often turns out to be ineffective 
or clinically undesirable. Biodegradable nanoparticles, 
responsive nanocarriers,190 and injectable hydrogel 
depots are examples of nanotechnology-based delivery 
systems that provide a way to balance ocular safety with 
immune activation.191 In response to microenvironmental 
signals like hypoxia, acidity, or inflammatory signaling, 
these systems may influence immune function in a 
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geographically and temporally limited way by facilitating 
local drug retention and stimulus-dependent release.192 
For drugs with limited therapeutic windows, localized 
delivery methods, specifically, intravitreal and intraocular 
administration, have grown in significance as a means 
of implementing precision immunological tactics in 
ocular treatment.193 According to this viewpoint, delivery 

engineering is a crucial component of the design of 
precision immunotherapy for the eye rather than only 
being supportive.193-195 This distinction is critical, as it 
separates immune-engineering approaches designed 
for ocular tumors from systemic immunotherapy 
paradigms that do not account for spatial and anatomical 
constraints.189 One method employs nanoparticle-encoded 

Fig. 3. HLA-structured immune-state organization sustaining ocular immune privilege. This figure provides a condensed, mechanism-oriented 
representation of how ocular immune privilege is maintained through coordinated cellular, clonal, and transcriptional programs rather than diffuse immune 
suppression. (A) Relative distribution of resting and effector CD4⁺ and CD8⁺ T-cell subsets highlights restrained effector representation under immune-
privileged conditions. (B) Clone-size stratification reveals selective, non-random clonal expansion patterns, indicating controlled antigen engagement 
rather than broad polyclonal activation. (C) Expression mapping of activation, differentiation, and effector-lineage markers (including TH1/TH17-associated 
programs) demonstrates tightly regulated functional polarization. (D–F) Single-cell clonotype analyses distinguish CD4⁺ and CD8⁺ T-cell expansion dynamics 
and identify antigen-associated clonotypes without widespread inflammatory amplification. (G) Differential gene-expression profiling of ocular CD4⁺ T cells 
highlights an HLA-associated transcriptional axis integrating immune regulation, interferon responsiveness, and limited effector activation. (H) Pathway-level 
enrichment analysis confirms preferential engagement of antigen processing, interferon signaling, and immune-regulatory pathways while excluding broad 
inflammatory cascades.154 Collectively, the figure emphasizes organizational clarity over panel density, illustrating that ocular immune privilege is reinforced by 
HLA-structured immune states that permit immune surveillance while constraining effector escalation. Panels were intentionally curated and visually simplified 
to enhance interpretability and reduce redundancy, enabling direct mechanistic insight into immune-privileged regulation. Reprinted from Concepcion. et al 
(distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
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immune modulators that specifically deliver short-acting 
inhibitors of TGF-β2, α-MSH, or IDO in hypoxic tumor 
environments. Such nanoparticle-based systems are 
designed to create localized regions of transient immune 
modulation, allowing effector cell access while maintaining 
overall ocular immune tolerance. By designing particles 
that respond to reactive oxygen species or matrix 
metalloproteinases, immunosuppression is alleviated 
solely in areas determined by tumor physiology.196 
Adaptive biomaterials represent an emerging approach 
in ocular immunotherapy. Intelligent hydrogels infused 
with checkpoint inhibitors or cytokine agonists can 
modulate their release in response to intraocular signals 
such as pH variations, lactate buildup, or angiogenic 
factors, guaranteeing that immune regulation is localized 
to tumor-afflicted areas. Certain designs integrate self-
healing polymers, allowing the hydrogel to reseal and 
reestablish immunological tolerance when the therapeutic 
payload is exhausted. Energy-based approaches have 
also been explored as non-pharmacological methods 
to transiently enhance ocular drug and immune-cell 
delivery.197  Pulsed focused ultrasound techniques, in 
conjunction with microbubbles, can temporarily disrupt 
the blood-retina barrier for many hours, allowing the 
penetration of bispecific antibodies, CAR-T cells, or 
NK cell engagers. Likewise, photothermal nanorods 
optimized for near-infrared wavelengths can accurately 
“unlock” tight connections with micron-scale precision.197 
Synthetic immune engineering is at the forefront. Logic-
gated bispecific antibodies that require concurrent 
identification of a tumor antigen (e.g., gp100) and a 
stress signal (e.g., hypoxia-induced CAIX) guarantee that 
immune activation is restricted to malignant locations. 
Simultaneously, CRISPR-based temporal editing facilitates 
the temporary suppression of immunosuppressive ligands 
like FasL or PD-L1 on retinal pigment epithelium, 
succeeded by their regulated re-expression post-therapy 
to restore tissue homeostasis.198 This perspective reframes 
immune privilege as a dynamically regulated biological 
system that can be transiently modified and subsequently 
restored to preserve ocular homeostasis. Such immuno-
engineering strategies may enable effective tumor 
control while minimizing disruption to the eye’s inherent 
immunological protective mechanisms (Fig. 4).199

Drug delivery systems and localized administration in 
ocular immunotherapy
Systemic delivery of immunotherapeutic agents for ocular 
malignancies is often limited by the BRB and blood–
aqueous barrier (BAB), which restricts intraocular drug 
penetration and may increase the risk of systemic immune-
related adverse effects. Intravitreal injection remains the 
clinical standard for direct ocular drug administration, 
allowing bypass of the blood–retinal barrier and 
achievement of high local drug concentrations.199 

However, repeated intravitreal injections carry cumulative 
risks, including infection and retinal detachment. Next-
generation strategies, such as protease-activated “split” 
antibody constructs, are designed to enable preferential 
activation within the tumor microenvironment, thereby 
reducing off-target effects.199 Nanoparticle-based 
carriers are increasingly being explored for localized 
ocular immunotherapy. Platforms including liposomes, 
dendrimers, polymeric micelles, and exosome-like 
vesicles have been engineered to enhance trans corneal 
and transretinal delivery, enable sustained drug release, 
and limit systemic exposure.200 Nanocarriers designed 
for uveal melanoma and retinoblastoma exhibit the 
capability to attain elevated intraocular bioavailability 
while minimizing systemic medication exposure.201 
Biodegradable nanoparticles further support this 
approach by offering controlled release profiles adapted 
to local ocular physiology.190 Hydrogels offer a means 
of localized drug delivery with improved spatial and 
temporal control. Injectable hydrogels capable of co-
encapsulating drug-loaded nanoparticles can form in 
situ depots within the vitreous, enabling prolonged and 
localized drug release.202 Responsive hydrogel networks 
that react to local cues such as acidity, reactive oxygen 
species (ROS), or hypoxia, initially developed for cancer 
immunotherapy, provide a useful design framework for 
ocular applications.203 Immunostimulatory peptide-based 
hydrogels may further support localized drug delivery 
while modulating the ocular immune environment and 
limiting systemic immune-related adverse effects (Table 
3).204 This reframing of ocular immune privilege as a 
dynamically tunable system rather than a fixed barrier 
provides the conceptual bridge between mechanistic 
understanding and biomarker-guided precision 
immunotherapy discussed in the following section.

Biomarkers and precision immunotherapy
Recent proteomic studies have contributed to improved 
prognostic assessment in patients with UM. A recent 
large-scale study using LC–MS/MS iTRAQ-based 
proteomics analyzed primary UM samples from 53 
metastasizing and 47 non-metastasizing patients.211 A 
total of about 3,935 proteins were evaluated across all 
samples, with bioinformatics analysis revealing 191 
proteins increased in metastatic patients and 211 proteins 
upregulated in non-metastatic instances.211 Reactome 
pathway analysis of proteins enriched in metastatic UM 
revealed overrepresentation of immune-related pathways, 
as well as pathways associated with vesicle-mediated 
transport, extracellular matrix organization, and protein 
metabolism.211 In contrast, non-metastatic patients had a 
predominance of pathways related to metabolism, cellular 
responses to environmental stimuli, and developmental 
biology.211 Immune system-related proteins were 
significantly overrepresented in metastatic patients, while 
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Table 3. Reprogramming ocular immune privilege: novel techniques transforming obstacles into therapeutic conduits

Strategy Mechanistic concept Current limitations Innovative advances References

Barrier modulation BRB and BAB act as physical gates 
to immune infiltration

Breach risks vision loss; 
systemic delivery is blocked

Ultrasound + microbubbles; NIR 
nanorods for transient, localized 
barrier loosening

205

Microenvironment 
reprogramming

Aqueous humor and RPE secrete 
TGF-β, α-MSH, IDO, suppressing 
effector T-cells

Global immunosuppression 
hinders anti-tumor responses

Nanoparticles releasing short-acting 
inhibitors only in hypoxic tumor 
niches

206

Smart biomaterials
Hydrogels or adaptive polymers 
release drugs in response to 
intraocular cues.

Current systems lack dynamic 
control, risk of chronic 
inflammation

Self-healing hydrogels tuned to pH/
ROS/lactate; checkpoint-loaded 
adaptive biomaterials

207

Synthetic immune 
engineering

Logic-gated antibodies, CRISPR-
based ligand silencing for tumor-
specific activation

Lack of reversible control; off-
target systemic activation

Dual-input ImmTACs (antigen + stress 
signal); temporal CRISPR switches for 
FasL/PD-L1

208

Localized delivery 
systems

Intravitreal injections, 
nanoparticles, and hydrogels 
bypass systemic circulation.

Frequent injections carry 
infection/retinal detachment 
risk

Protease-activated antibodies; 
biodegradable nanocarriers; 3D 
hydrogels as long-term depots

209,210

Fig. 4. Simplified visualization of HLA-associated immune-state organization in the ocular microenvironment. This updated illustration shows a smaller, 
more concentrated picture of the eye's immune system to make it easier to understand and read. The study combines all the important parts into one clear 
picture that shows how the immune system is organized in space and what it means for its function, without using separate panels. UMAP embedding of 
ocular immune cells, color-coded by correlation with HLA-B27–associated uveitis, illustrates that cells with analogous association scores aggregate into 
distinctly separated transcriptional neighborhoods, signifying a non-random spatial organization of immune states rather than diffuse or overlapping patterns. 
Functional pathway enrichment of immune states linked to HLA-B27 shows that antigen processing and presentation, interferon signaling, the innate immune 
response, and immune-regulatory processes are all very important. This shows that immune activation is pathway-specific and controlled in the immune-
privileged ocular environment. This picture emphasizes readability and conceptual coherence by reducing superfluous visual segmentation and boosting 
visual continuity. This makes it easier to understand HLA-linked immune organization.154 Reprinted from Concepcion. et al (distributed under the CC BY 
license (http://creativecommons.org/licenses/by/4.0/).

housekeeping pathways exhibited stronger enrichment in 
non-metastatic instances.211 These findings support the 
presence of an immunosuppressive phenotype in primary 
UM, characterized by relatively low expression of immune 
checkpoint–related molecules.211 Nevertheless, certain 
molecules such as CDH1 and HLA-DPA1, in addition 
to 15 kinases and phosphatases, have been identified 
as promising novel targets for immune checkpoint 

suppression therapy.211 Using these data, the authors 
proposed a predictive model based on 32 proteins, which 
achieved an accuracy of approximately 93% in identifying 
patients at risk of metastatic progression.211 Such studies 
may inform the future development of immunoassays 
for non-invasive UM detection using blood or other 
biological samples.212-214 Subsequent research with bigger 
cohorts of UM patients will be crucial for a more precise 
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evaluation of the predictive capabilities of protein profiles 
obtained from primary UM proteomics. In parallel, 
liquid biopsy approaches based on circulating tumor 
DNA (ctDNA) are increasingly being used for non-
invasive cancer monitoring. A study involving 69 MUM 
patients treated with tebentafusp revealed that detectable 
ctDNA at baseline indicated a worse prognosis, while a 
≥90% reduction in ctDNA after 12 weeks was linked to 
significantly enhanced survival, nearing the outcomes 
of patients with initially undetectable ctDNA.215 These 
findings indicate that ctDNA may serve as an early and 
sensitive biomarker for monitoring treatment response 
and guiding therapeutic decisions.

Aqueous humor (AH) liquid biopsy represents a 
minimally invasive approach for molecular analysis in 
retinoblastoma (RB), a disease in which conventional 
tumor biopsies are generally avoided because of procedural 
risks. Tumor-derived cell-free DNA can be obtained from 
aqueous humor samples collected via ocular paracentesis, 
enabling genomic and epigenetic analyses.216 The DNA 
methylation profiles in AH-derived cfDNA closely resemble 
those of primary RB tumors, encompassing significant 
modifications such as RB1 promoter hypermethylation 
and MYCN/SYK promoter hypomethylation, thereby 
facilitating precise molecular categorization without 
enucleation.217 Serial aqueous humor sampling allows 
longitudinal assessment of tumor molecular features and 
has been associated with treatment outcome prediction 
in retinoblastoma.216 Imaging biomarkers, including 
optical coherence tomography (OCT) and positron 
emission tomography (PET), have expanded the ability 
to monitor ocular tumors and immune-related changes 
in vivo.218–220 OCT, providing micrometer-scale resolution, 
has historically been utilized for the structural imaging 
of retinal and choroidal malignancies; nevertheless, 
its nascent function as a proxy for immunological 
activation is just recently gaining recognition.221,222 OCT 
angiography (OCT-A) can identify immunotherapy-
induced vascular remodeling, localized edema due to 
immune infiltration, and microvascular pruning in 
regressing malignancies. Alterations in artery density 
and flow signals may function as non-invasive markers 
of T-cell activity and cytokine-mediated inflammation. 
These structural changes may indirectly reflect immune-
related activity within ocular tissues.223 Conversely, PET 
offers a molecular insight into immunological processes. 
Innovative tracers, like granzyme B–specific probes, can 
assess cytotoxic T-cell degranulation, whereas galectin-1 
ligands assist in forecasting responses to checkpoint 
blockage. Immuno-PET approaches exceed conventional 
FDG-PET by differentiating genuine tumor development 
from pseudoprogression, a vital distinction in ocular 
malignancies, where edema or fluid accumulation 
may otherwise resemble disease exacerbation.224 When 
integrated with radiomics, PET data produce intricate 

textural characteristics linked to CD8⁺ T-cell infiltration 
and immunological heterogeneity, offering predictive 
insights that surpass the capabilities of histology alone. The 
combined use of OCT and PET enables complementary 
assessment of localized ocular changes and systemic 
immune activity: OCT acts as a localized, high-resolution 
indication of structural and vascular immune alterations 
in the eye, whereas PET serves as a systemic, molecular 
monitor of effector immune activity.225 Together, these 
modalities allow correlation of local ocular tissue changes 
with systemic immune markers, supporting more 
informed evaluation of therapeutic response. This method 
enables prompt evaluation of therapy effectiveness, guides 
eye-preserving strategies, and aids in preventing excessive 
treatment. Imaging-based immune monitoring may 
contribute to more precise and individualized management 
of ocular malignancies by enabling longitudinal, non-
invasive assessment of treatment response (Table 4).146 
Collectively, these findings reveal that uveal melanoma 
maintains an active immune privilege through a 
multilayered network of genetic rearrangements, cytokine 
signaling, metabolic reprogramming, and intercellular 
interactions. Rather than a state of passive tolerance, it 
represents a dynamic immunosuppressive ecosystem 
that continually recalibrates its inhibitory and escape 
circuits. The schematic below Fig. 5 summarizes these 
interwoven processes from BAP1-driven transcriptional 
reprogramming and cytokine-mediated tolerance to the 
cross-communication among immune and stromal cell 
populations, establishing the biological foundation for 
next-generation therapeutic paradigms. These include 
combination strategies, microbiome-based interventions, 
and AI-enabled immunotherapies discussed in the 
subsequent sections.

Building on this immunological framework, the 
following section transitions from mechanistic insights 
to translational innovation, outlining how integrative 
strategies combining radiotherapy, targeted therapy, 
epigenetic modulation, and intelligent immune 
engineering can reprogram ocular immune privilege 
and overcome the persistent barriers to effective tumor 
eradication.

Future horizons and translational directions
Combination therapies: checkpoint inhibitors with 
radiation, targeted therapy, or epigenetic modulators.
Despite advances in systemic immuno-oncology, ocular 
malignancies, particularly UM and CM, remain largely 
resistant to ICI monotherapy. This resistance has prompted 
investigation of combination strategies that integrate 
ICIs with radiotherapy, targeted therapies, or epigenetic 
modulators to enhance tumor immune responsiveness.232

Radiation + ICIs: amplifying the abscopal effect
Radiation therapy (RT) induces tumor cell death and 
can promote the release of tumor-associated antigens 
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Fig. 5. Multilayered immune-evasion network orchestrating uveal-melanoma persistence within the immune-privileged ocular niche. This composite schematic 
delineates the sequential transition from immune surveillance to tolerance and ultimately full immune escape in uveal melanoma, integrating genetic, cytokine, 
and cellular dimensions of tumor-immune crosstalk. (A) Genetic and vesicular priming phase: Approximately half of uveal-melanoma cases exhibit BAP1 
loss, triggering aberrant PROS1 signaling and release of extracellular vesicles (EVs) enriched with microRNA-146A, which modulate dendritic-cell antigen 
presentation and suppress the initiation of cytotoxic responses. (B) Cytokine-mediated tolerance stage: Tumor and stromal compartments secrete high levels 
of IL-10 and TGF-β, reshaping the ocular milieu toward a tolerogenic phenotype that expands regulatory T cells (Tregs) and inhibits antigen-presenting 
functions. (C) Metabolic and angiogenic escape axis: Loss of chromosome 3/BAP1 activates the mTOR–YAP/TAZ signaling cascade, up-regulating VEGF 
and IL-6, which couple angiogenesis to immune evasion through endothelial-barrier modulation and MDSC recruitment. (D) Cellular ecosystem of sustained 
suppression: Within the uveal-melanoma microenvironment, cross-communication among NK cells, T lymphocytes, Tregs, MDSCs, dendritic cells, and 
endothelial cells establishes a feedback-locked immunosuppressive network that maintains ocular immune privilege and allows long-term tumor persistence 
despite systemic immunity.6 Adapted from Song et al. (distributed under the terms of the Creative Commons Attribution License (CC BY).

Table 4. Innovative biomarker approaches in ocular oncology: integrating molecular, liquid, and imaging techniques to enhance precision immunotherapy.

Biomarker 
modality Core concept Clinical/preclinical signal Challenges Future directions References

Proteomic 
Signatures

Protein atlases stratify 
metastatic vs. non-
metastatic UM

The 32-protein panel predicted 
metastasis with 93% accuracy

Small cohorts; 
clinical integration

AI-based risk scores; blood 
proteo-immunoassays

211

ctDNA Plasma mutation tracking 
for real-time monitoring

≥90% reduction after tebentafusp 
→ improved survival

Low sensitivity in 
small tumors

Adaptive therapy; minimal 
residual disease detection

226

Aqueous 
Humor Biopsy

cfDNA from AH as a 
molecular window into 
tumors

RB1, MYCN, and SYK methylation 
predicted outcomes in RB

Invasive; limited 
sample volume

AH classifiers guiding eye 
salvage vs enucleation

227

OCT / OCT-A Imaging immune effects via 
vascular/tissue remodeling

Shows pruning, edema, and 
infiltration linked to T-cell activity

Mostly structural, 
not molecular

OCT “immunograms” 
linking vasculature + 
immune cues

228,229

PET Imaging Tracers visualize systemic 
immune activity

Granzyme B, galectin-1 PET 
predict immunotherapy response

Radiation; limited 
ocular resolution

Immuno-PET + radiomics 
immune fingerprints

230

OCT + PET Integrated local + systemic 
immune monitoring

Validates ocular remodeling with 
systemic T-cell activity

Cost: multimodal 
integration

Dynamic immune atlases 
replacing static biopsy

231

https://creativecommons.org/licenses/by/4.0/
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and immunogenic signals that support T-cell priming. 
When combined with immune checkpoint inhibitors, 
radiotherapy can elicit systemic anticancer responses 
through the abscopal effect. A 2025 retrospective analysis 
involving 24 metastatic uveal melanoma patients treated 
with stereotactic radiation combined with ICIs reported 
an overall response rate of 39.1%, a median PFS of 11.6 
months, and an OS of 27.6 months, indicating a significant 
enhancement compared to prior results with ICI alone.233 
These findings suggest that radio-immunotherapy may 
enhance immune activity in a subset of UM tumors 
compared with ICI monotherapy.
Targeted therapy + ICIs: exploiting MAPK pathway 
alterations
In contrast to UM, CM often contains mutations in the 
MAPK signaling pathway, particularly in BRAF, NRAS, 
and NF1, mirroring the mutation pattern observed in 
cutaneous melanoma. This molecular profile provides 
a rationale for evaluating combinations of BRAF/MEK 
inhibitors with ICIs, particularly in conjunctival melanoma. 
Preclinical models and initial clinical investigations 
indicate that targeted therapy can enhance tumor antigen 
presentation and inhibit immunosuppressive mechanisms, 
therefore augmenting tumor responsiveness to checkpoint 
inhibition.234 Although not yet standard practice, such 
combinations may offer clinical benefit in selected patient 
populations.
Epigenetic modulators + ICIs: a novel frontier
The combination of ICIs with epigenetic modulators, 
including HDAC inhibitors and DNA methyltransferase 
inhibitors, represents a highly unique treatment 
strategy. These drugs can reinstate antigen presentation 
by augmenting MHC expression, reactivating 
dormant tumor-associated antigens, and decreasing 
immunosuppressive myeloid cells. Although direct data 
on ocular malignancies is scarce, preclinical models and 
initial clinical trials in other solid tumors suggest that 
epigenetic remodeling may transform immunologically-
desert UM lesions into forms sensitive to ICI. This 
approach focuses on modifying tumor–immune 
interactions through epigenetic regulation rather than 
solely intensifying immune activation.

Role of microbiome-immune interactions in ocular 
oncology
Recent studies suggest that microbiome–immune 
interactions may influence tumor development, immune 
evasion, and treatment response in ocular malignancies. 
Despite the eye's historical classification as an immune-
privileged organ with limited microbial presence, 
recent metagenomic sequencing has uncovered distinct 
microbial populations on the ocular surface, including 
Corynebacterium, Staphylococcus, and Cutibacterium, 
which can modulate local immune responses and 
modify the immunologic microenvironment.235 These 

microbial communities engage with the ocular mucosal 
immune system through pattern recognition receptors 
(PRRs), particularly TLR2 and TLR4, which subsequently 
regulate downstream cytokine signaling pathways, 
change antigen presentation, and affect T-cell activation 
within the local immunological network.236 In ocular 
surface squamous neoplasia (OSSN) and conjunctival 
melanoma, microbiome-immune interactions can have 
multiple effects, either augmenting immune surveillance 
or facilitating immune evasion via chronic inflammatory 
signaling and Treg activation. Recent evidence suggests 
that commensal microorganisms can influence tumor 
immune checkpoints by modifying PD-L1 expression 
and MHC-I presentation on tumor and stromal cells, 
thereby diminishing cytotoxic T lymphocyte (CTL) 
infiltration and undermining the overall effectiveness 
of immunotherapy.237 Specific bacterial species produce 
short-chain fatty acids (SCFAs) and histone deacetylase 
inhibitors (HDACi) that can epigenetically modulate 
tumor suppressor genes or stimulate pro-tumorigenic 
cytokine promoters in ocular tissues. Furthermore, the 
gut–ocular microbiome axis, also known as the gut–
retina link, has been demonstrated to affect systemic 
immune responses pertinent to intraocular malignancies, 
such as uveal melanoma.238 Experimental concepts such 
as ocular microbiome modulation, modeled after fecal 
microbiota transplantation, have been proposed but 
remain largely theoretical. Advances in synthetic biology 
have led to experimental exploration of engineered 
microbial systems for localized immunomodulation.239 
Advanced 3D ocular tumor organoid systems, when co-
cultured with microbiota, provide real-time observation 
of microbe–immune–tumor interactions, offering a 
robust experimental model for therapeutic evaluation, 
mechanistic investigation, and tailored immunotherapy 
response forecasting.239 The ocular microbiome has 
transitioned from a perceived passive entity to an active 
regulator of immunological equilibrium and tumor 
development. Understanding the interaction among the 
microbiome, immune system, and tumor may reveal 
novel diagnostic indicators, predictive biomarkers, 
and advanced microbiome-based immunotherapeutic 
approaches in ocular malignancy. Emerging evidence 
suggests that non-coding RNAs play critical regulatory 
roles in immune signaling, antigen presentation, and 
cellular differentiation, highlighting their potential as 
modulators of tumor immunogenicity and therapeutic 
response.240  Many of the underlying computational 
techniques are currently being actively used in modern 
cancer immunology, even if the ideas presented 
above reflect forward-looking and mostly theoretical 
applications of artificial intelligence within ocular 
immunotherapy.241 In this regard, the methodological 
underpinnings for the ultimate development of more 
adaptable and closed-loop AI-driven immune systems 
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are provided by recent developments in computational 
immunology and machine learning.241 In order to bridge 
the gap between theoretical immune engineering notions 
and current translational practice, the next part focuses 
on existing and new computational methodologies that 
are currently affecting immunotherapy design, patient 
stratification, and treatment optimization.241

Artificial intelligence
Artificial intelligence (AI) has been increasingly 
applied in ocular oncology to support data integration, 
pattern recognition, and treatment decision-making. 
By integrating real-time biological data with adaptive 
computer algorithms, AI enhances therapeutic decision-
making beyond the constraints of traditional static 
treatment models. This dynamic, data-driven model 
positions AI as the foundation of advanced precision 
immunotherapy for ocular malignancies.242,243

AI-based modeling of ocular immune dynamics
Conceptual frameworks suggest that cognitively adaptive 
immunotherapy, in which AI-assisted systems help 
regulate intraocular immune responses, represents a 
forward-looking and exploratory direction rather than 
a clinically established therapeutic option for ocular 
cancer. Conceptual frameworks have proposed the future 
integration of AI-driven immune modeling with localized 
ocular immunotherapy. These models envision real-time 
analysis of immune biomarkers, metabolic signals, and 
spatial immune dynamics to inform adaptive treatment 
strategies. These biocompatible graphene-based polymer 
devices feature sophisticated immune sensors that 
continuously monitor cytokine variations (e.g., IFN-γ, 
IL-10, TNF-α), detect immune cell localization via CD3/
CD8/CD4 expression, and track metabolic indicators such 
as hypoxia-induced lactate accumulation in real time.244

Subsequent to data collection, the NSIPs evaluate 
these signals utilizing an integrated hybrid AI engine 
that amalgamates deep learning architectures with logic-
based reasoning frameworks, representing a variant 
of neurosymbolic artificial intelligence. This system 
analyzes the immunological environment and determines 
context-specific therapeutic interventions.241 For instance, 
when T-cell fatigue markers like PD-1 or LAG-3 exceed 
baseline levels, the NSIP can administer anti-checkpoint 
chemicals through nanoporous micro-reservoirs or by 
activating optogenetic light pulses that rejuvenate local 
cytotoxic T-cells.245 Significantly, these treatments are not 
pre-coded; they are generated dynamically in real time 
by a distant, cloud-based computing system referred to 
as the Generative Immune Architecture (GIA).246 The 
GIA perpetually models and simulates tumor-immune 
interactions throughout time, subsequently relaying 
updated "immunologic scripts" to the NSIP, directing 
it on the timing and manner of immune activation or 
suppression.246 Together, these approaches illustrate a 

conceptual, device-centered closed-loop framework in 
which intraocular immune sensing and local actuation 
are dynamically coupled.241,245 Simultaneously, intelligent 
nanocarriers traversing the ocular vasculature are 
integrated with the identical AI network, facilitating 
accurate, condition-specific drug delivery.247 Immune-
active substances like IL-2, bispecific T-cell engagers, or 
synthetic neoantigen constructions are released by these 
nano systems. Release is triggered only when specific 
biochemical signs are detected, such as hypoxia, TGF-β 
overexpression, or regulatory T-cell formation.245,247 

Retinal optoelectronic implants with optogenetic 
immune switches enable light-directed immune 
modulation, wherein AI-controlled light frequencies 
selectively elicit pro-inflammatory or immunosuppressive 
responses according to the local immunological 
milieu.241,247 When combined, these ideas highlight the 
possibility of more contextually aware and spatially 
regulated immune regulation in the eye, although 
they are yet exploratory and need more experimental 
support. Such frameworks are conceptually described as 
adaptive systems that would continuously assess immune 
signals and inform context-dependent interventions, as 
opposed to fixed dosing paradigms.247,248 With sufficient 
experimental validation, such conceptual frameworks 
may help inform future strategies aimed at improving 
tumor control while preserving ocular immune balance.249 
Although fully autonomous immune-regulating systems 
are not yet clinically available, incremental advances in 
biosensing, immuno-imaging, and adaptive drug delivery 
suggest that partial clinical translation of these concepts is 
feasible. This section introduces a number of AI-related 
ideas that are used as functional descriptors rather than 
as references to clinically deployed technologies.241 
To be clear, "Generative Immune Architecture" refers 
to a hypothetical AI system that may dynamically 
simulate tumor-immune interactions and guide adaptive 
therapy choices by combining multi-omic, imaging, 
and clinical data.241 "Neural-symbolic immunologic 
processors" refer to hybrid computational systems that 
analyze immunological statuses and direct the choice of 
intervention by fusing rule-based immunologic logic 
with data-driven learning.247 Treatment paradigms where 
therapeutic parameters (such as timing, dosage, or target 
selection) are repeatedly modified based on real-time 
immune response are referred to as "cognitively adaptive 
immunotherapy".248 Similarly, "logic-gated antibodies" 
are created structures that improve spatial specificity 
by activating immune effector functions only when 
specified biological circumstances are satisfied at the same 
time.247,248 Lastly, rather than using set treatment regimens, 
"immunologic scripts" are a conceptual shorthand for 
algorithmically created decision rules that control context-
dependent immune modulation.241,247,248
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AI and computational immunology to optimize personalized 
immunotherapy
This section focuses on computational and machine-
learning approaches that are already being used 
in modern cancer immunology to support patient 
stratification, biomarker discovery, and immunotherapy 
optimization, as opposed to the conceptual and device-
oriented frameworks discussed in the section before.250 
In this context, AI-based computational approaches are 
increasingly being applied to refine patient stratification, 
biomarker identification, and treatment optimization in 
cancer immunotherapy. The advancement of modern 
immunotherapy is increasingly reliant on machine learning 
algorithms that can simulate the complex interactions 
between malignancies and immune networks.250 Similar 
network-based modeling approaches developed in systems 
neuroscience, including harmonic and connectivity-
aware frameworks, have demonstrated how complex 
biological interactions can be decomposed and analyzed 
at scale, providing transferable methodological insights 
for immune-network modeling.251 These computational 
methods are essential for forecasting therapy success, 
identifying probable responders, and mitigating immune-
related toxicity. Elemam et al utilized 20 different machine 
learning methods to forecast immunotherapy responses 
in solid tumors, attaining very accurate survival forecasts 
via multi-omic data integration.250 Simultaneously, 
single-cell multi-omics technologies have facilitated AI-
driven models to reveal immunological heterogeneity 
with unparalleled granularity and accuracy. Zhu et al 
combined machine learning algorithms with single-cell 
transcriptome datasets to delineate immune infiltration 
landscapes and guide the appropriate selection of 
checkpoint blockade medicines, thus enhancing the 
personalization of cancer immunotherapy.252 Next-
generation CAR-T constructs are being computationally 
engineered to dynamically modify their activity in 
response to the tumor microenvironment, as proposed 
by Toro-Pedroza et al, representing a substantial 
advancement toward adaptive and self-regulating cellular 
immunotherapies.253 A nascent domain encompasses AI-
assisted vaccine design, wherein computer tools facilitate 
the creation of highly tailored immunogens. Imani et al 
utilized deep learning frameworks to create neoantigen-
based mRNA vaccines tailored to individual tumor 
characteristics, including pharmacokinetic aspects, in 
their computer modeling to improve vaccine efficacy and 
delivery accuracy.254 AI-engineered nanoparticle delivery 
systems have significantly improved focused therapeutic 
accuracy, facilitated tumor-specific administration, 
and reduced systemic toxicity. Simultaneously, artificial 
intelligence is transforming clinical decision support 
systems (CDSS) by offering oncologists personalized, 
data-informed treatment recommendations.254,255 Barua et 
al demonstrated this potential by illustrating how AI can 

derive actionable insights from unstructured electronic 
health records (EHRs) and scholarly literature.255 AI-
driven reinforcement learning frameworks can now 
simulate immunotherapy trajectories to dynamically 
adjust dose schedules and treatment timing. Causal 
inference frameworks based on latent variable modeling, 
originally developed for analyzing neural spiking time-
series, provide a conceptual foundation for disentangling 
dynamic immune interactions from noisy longitudinal 
immunologic data.256 Khanal et al have verified this 
unique technique, demonstrating its efficacy in 
neuroimmune modulation tests and emphasizing the 
potential of adaptive, self-learning algorithms to enhance 
and customize immunotherapy regimens in real time.257 
While many precision immune engineering approaches 
have been put forward to treat ocular cancers, there is a 
significant disparity in the experimental validation of 
these approaches.139 Preclinical and early translational 
studies showing immune activation and antigen-specific 
targeting support dendritic cell-based vaccines and 
bispecific T-cell engagers, while AI-guided neoantigen 
prediction, adaptive dosing frameworks, and fully 
personalized immunogenomic platforms are currently 
mostly theoretical or computational. Different strategies 
have different benefits and drawbacks.139 Although 
vaccine-based strategies provide immunologic memory 
and specificity, they rely on efficient antigen presentation, 
which is often impaired in ocular malignancies. 
Bispecific designs have the potential to cause off-target 
inflammation yet may directly engage effector T cells to 
circumvent inadequate priming.146 Delivery methods 
based on nanocarriers increase local bioavailability and 
lower systemic toxicity, but they have issues with regulated 
release, ocular penetration, and retention.139,146 Crucially, 
delivery limitations specific to ocular anatomy, such as 
blood–retinal barrier impermeability, small injection 
volumes, and the need to maintain visual function, must 
be addressed by immunological engineering techniques in 
the eye.146 These elements highlight the need for precise, 
localized delivery methods and warn against applying 
systemic immunotherapy paradigms directly to ocular 
settings.
Technical and translational limitations of AI-powered 
ocular immunotherapy 
The practical usefulness of AI-enabled implants, intelligent 
nanocarriers, and optogenetic immune-modulation 
platforms is still limited by significant translational 
and technological obstacles, despite their conceptual 
attractiveness.258 Strict anatomical restrictions, restricted 
surgical access, and the possibility of vision-threatening 
side effects, including infection, retinal detachment, 
or chronic inflammation, must all be considered 
when implantation of sensor or actuation devices into 
the eye.259 Because persistent foreign elements might 
eventually cause fibrotic encapsulation, immunological 
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activation, or device failure, long-term biocompatibility 
is still a major problem.260 From an immunological 
standpoint, autoimmune uveitis, off-target inflammation, 
and permanent loss of ocular immune privilege are 
risks associated with frequent or prolonged immune 
manipulation inside the eye.261 Although localized 
immune activation has potential benefits, a major obstacle 
is still obtaining enough therapeutic efficiency without 
causing collateral tissue harm.261 Furthermore, there 
are further complications associated with maintaining 
implanted or semi-autonomous systems, such as the 
necessity for modification or removal operations, 
calibration drift, signal stability, and device endurance.262 
Lastly, the majority of AI-guided immunotherapeutic 
platforms still rely on upstream developments in real-
time immunologic monitoring, biosensing accuracy, and 
regulatory frameworks that can assess self-modifying or 
adaptive medical systems.263 Therefore, rather than being 
immediate therapeutic remedies, these technologies 
should now be seen as long-term translational goals.264 
Iterative preclinical validation, cautious clinical trial 
design, and tight coordination across immunology, 
materials science, and surgical innovation are all necessary 
for further advancement.262–264

Ethical and practical considerations: trial design in rare 
ocular tumors
Clinical trials with rare eye cancers, such as uveal 
melanoma, conjunctival carcinoma, retinoblastoma, and 
ocular adnexal lymphomas, present unique ethical and 
practical obstacles. Despite representing a minuscule 
percentage of worldwide cancer incidence, these 
malignancies significantly affect vision and survival, 
hence requiring highly personalized, ethically sound 
research approaches that harmonize scientific integrity 
with patient safety and quality of life factors.
Ethical challenges
The idea of clinical equipoise, which requires authentic 
ambiguity about the superiority of one treatment 
compared to another, is sometimes contested in rare 
tumor trials due to the scarcity of comparison data. Ethical 
decision-making becomes more complex when standard 
therapies provide limited benefit and experimental 
options are scarce. In these situations, denying access to 
potentially advantageous investigational medicines, even 
as a control measure, may contravene the ethical principle 
of beneficence. Furthermore, informed consent in these 
investigations necessitates extraordinary rigor. Individuals 
with uncommon ocular malignancies frequently 
exhibit "therapeutic optimism," mistakenly associating 
participation in clinical trials with assured therapeutic 
advantage. Consequently, the consent procedure 
must be meticulously designed to convey uncertainty, 
potential hazards, and realistic outcomes with complete 
transparency. The ethical considerations grow further 

intricate in pediatric instances, such as retinoblastoma, 
when proxy consent by guardians creates further moral 
and legal issues that necessitate meticulous management.
Practical and methodological constraints
Conventional randomized controlled trials (RCTs) are 
frequently unfeasible for uncommon ocular malignancies 
due to very restricted patient groups. As a result, other 
trial designs have arisen as ethical and statistically valid 
possibilities. Adaptive trial designs, Bayesian statistical 
frameworks, and basket trial methodologies provide 
variable patient recruitment and iterative data-informed 
learning as evidence is gathered. Pathak and Singh assert 
that Bayesian approaches, namely, achieve a judicious 
equilibrium between statistical accuracy and practical 
applicability in the context of small patient populations. 
N-of-1 trial designs, although infrequently utilized, 
offer ethically advantageous frameworks, particularly 
for ultra-rare ocular cancers. These trials provide highly 
personalized therapy assessment while ensuring scientific 
rigor and upholding ethical transparency in patient-
centered research.
Global collaboration and data pooling
International collaboration is increasingly necessary 
to address limited patient numbers and support data 
integration in rare ocular tumors. Initiatives like the 
European Reference Network for Rare Eye Diseases 
(ERN-EYE) and the International Rare Cancers Initiative 
(IRCI) are crucial for standardizing research techniques, 
facilitating data exchange, and allowing meta-analytic 
integration among institutions. Nonetheless, these 
collaborative initiatives present considerable hurdles, 
such as complexities in cross-border ethical reviews, data 
privacy issues, compliance with GDPR requirements, and 
the necessity of guaranteeing equitable access to research 
participation and new medicines for all patients engaged.
Justice and accessibility
Ensuring equal access to clinical trials for underrepresented 
populations, especially in resource-constrained areas, 
constitutes a core ethical responsibility in contemporary 
ocular oncology research. To reduce equity disparities 
and enhance geographic inclusion, innovative approaches 
such as telemedicine platforms, decentralized patient 
recruitment models, and AI-driven screening systems are 
being utilized, facilitating remote participation, prompt 
diagnosis, and more inclusive trial enrollment among 
varied populations (Supplementary file 1, Table S1).

Discussion
Across current immunotherapy platforms for uveal 
melanoma, a recurring pattern is observed. Only certain 
facets of ocular immune privilege are addressed by 
each modality, and no one strategy has been shown to 
be consistently effective.6 TIL-, CAR-T-, and TCR-T–
based therapies are frequently limited by metabolic 
suppression and early T-cell exhaustion; oncolytic viruses 
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can induce inflammation but remain constrained by 
delivery challenges; bispecific TCR therapies produce 
more consistent responses yet are restricted by HLA 
subtype and microenvironmental resistance; checkpoint 
inhibitors fail primarily due to insufficient inflammatory 
priming; and vaccine-based strategies often induce 
systemic immunity without effective tumor infiltration.268 
These observations indicate that resistance to checkpoint 
inhibition in uveal melanoma arises not from intrinsic 
drug failure, but from a convergence of immune privilege, 
low neoantigen burden, impaired antigen presentation, 
and dominant local immunosuppressive signals.268 As 
a result, checkpoint inhibitors alone cannot overcome 
the structural and functional barriers that define the 
ocular tumor microenvironment.268 Accordingly, uveal 
melanoma immunotherapy may be better understood 
as a problem of coordinated immune modulation rather 
than the optimization of a single therapeutic modality.93 
Effective treatment is therefore likely to require 
combination strategies that sequentially promote tumor 
priming, enhance effector-cell engagement, and limit 
suppressive metabolic and cytokine pathways such as IDO 
or TGF-β.143 Immune privilege can be conceptualized 
as a dynamically regulated biological system that may 
be transiently modified and subsequently restored to 
preserve ocular integrity. These insights support the 
development of rational combination approaches that 
integrate immune activation, trafficking, and metabolic 
support in a coordinated manner.269

Research restrictions and unresolved issues 
The therapeutic effect of immune-based treatments for 
ocular cancers is still limited by a number of outstanding 
issues, despite significant advancements in this field.6 
The most important of them is the eye's immune-
privileged condition, which places strict restrictions on 
immune-cell trafficking, inflammatory amplification, 
and therapeutic penetration.93 This privilege is necessary 
to maintain visual function, but it also complicates the 
direct application of systemic immunotherapy paradigms 
by fostering a milieu that prioritizes immune tolerance 
over long-lasting anticancer immunity.270 The molecular 
features of ocular malignancies themselves constitute a 
similar constraint.270 The most notable characteristics of 
uveal melanoma are low tumor mutational load, limited 
neoantigen variety, and inadequate antigen presentation, 
which lead to poor baseline T-cell priming.60 These 
characteristics essentially limit checkpoint inhibition's 
effectiveness and contribute to the explanation of the low 
response rates seen in clinical studies, especially when 
combination tactics are used.189 Technical and practical 
obstacles sometimes hinder advancement. Because 
of the possibility of vision-threatening consequences, 
intraocular tumor biopsies are often avoided, which 
restricts access to longitudinal tissue-based immune 

profiling.271 While new methods like liquid biopsy, 
imaging biomarkers, and spatial transcriptomics provide 
useful surrogate data, they are not yet able to completely 
replace direct tumor–immune interface investigation.194 
Another limitation is safety issues. The therapeutic 
window for effective immunological treatments is limited 
because excessive immune activation in the small ocular 
region might result in autoimmune uveitis, retinal 
damage, and permanent vision impairment.194 Instead 
of long-term systemic activation, this calls for finely 
regulated, targeted, and reversible immune modulation 
techniques. When taken as a whole, these restrictions 
suggest that no one immunotherapeutic approach is 
likely to be adequate for treating ocular cancers.271 Rather, 
sensible combination strategies that include immune 
priming, microenvironmental reprogramming, and 
precise administration while honoring the anatomical and 
functional limitations specific to the eye will be necessary 
for successful clinical translation.190

Conclusion
Ocular cancers, especially uveal melanoma, demonstrate 
the basic incompatibility between immune-privileged, 
anatomically limited tissues and systemic immunotherapy 
models. Immune checkpoint inhibition is constrained by 
low tumor mutational burden, poor antigen presentation, 
inadequate baseline T-cell priming, and dominant local 
immunosuppressive networks maintained by ocular 
immune privilege. This biological pattern is consistent 
across all currently available platforms. Together, these 
characteristics account for the mild and sometimes 
temporary clinical improvements seen in ocular 
malignancies when checkpoint blockade is used alone. 
The inability to safely and reversibly modulate immune 
privilege without compromising vision, restricted access 
to longitudinal tumor tissue for immune monitoring, 
a limited therapeutic window imposed by the risk of 
autoimmune uveitis, and insufficient delivery strategies 
capable of limiting immune activation to tumor-
relevant compartments are some of the major unmet 
needs identified in this review that continue to impede 
therapeutic progress. Approaches that combine biological 
effectiveness with spatial accuracy and ocular safety are 
needed to address these issues. The greatest practical 
short-term progress, from a translational perspective, 
is found in approaches that specifically tackle these 
obstacles. These include localized and biomaterial-enabled 
drug delivery systems that limit immune modulation 
to intraocular or peri-tumoral spaces, TCR-based 
redirection platforms that can avoid defective antigen 
presentation, targeted suppression of metabolic and 
cytokine checkpoints like IDO and TGF-β, and adaptive 
clinical trial designs that are adapted to the rarity and 
heterogeneity of ocular tumors. These strategies provide 
tenable avenues for deployment and are backed by newly 
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available clinical or late-preclinical data. Conversely, more 
futuristic ideas, like as implanted immune-responsive 
devices, completely autonomous AI-guided immune 
control systems, and optogenetic immunity switches, 
need to be seen as long-term translational goals rather 
than short-term treatment fixes. Advances in biosensing 
dependability, long-term biocompatibility, regulatory 
supervision for adaptive medical systems, and thorough 
safety validation are necessary for their implementation. 
Together, our findings support a precision immune 
engineering paradigm wherein logical combination 
techniques, spatially controlled administration, and 
reversible immune privilege modulation, rather than 
systemic immune activation, drive advances in ocular 
immunotherapy. While AI-driven closed-loop immune 
regulation is still primarily theoretical and will necessitate 
rigorous biomarker validation and delivery strategies 
specifically tailored to ocular safety constraints, ocular 
immuno-oncology 2.0 represents a translational 
continuum in which therapeutically viable approaches are 
starting to emerge.
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