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The development of immune therapeutics has revolutionized modern medicine, particularly in the
treatment of cancer and autoimmune diseases. Historically, drug discovery has been guided by two main
strategies: phenotypic and target-based approaches. While phenotypic screening has led to the

identification of first-in-class therapies, targeted drug discovery has enabled rational drug design based

on molecular mechanisms, enhancing precision and therapeutic efficacy. The integration of phenotypic
and targeted approaches has been accelerated by advancements in computational modeling, artificial
intelligence, and multi-omics technologies, and is reshaping drug discovery pipelines. Herein, key
examples of immunomodulatory drugs, including immune checkpoint inhibitors, bispecific antibodies,
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and small-molecule modulators, are employed to highlight their discovery pathways and mechanisms of

action. We also examine emerging hybrid approaches that connect functional and mechanistic insights
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1. Introduction

Immune therapeutics have emerged as one of the most trans-
formative innovations in contemporary medicine, particularly
in the field of immuno-oncology and autoimmune disorders, by
harnessing and modulating the body's intrinsic immune
defenses." Among the most impactful advances are immune
checkpoint inhibitors targeting programmed cell death protein
1 (PD-1), its ligand PD-L1, and -cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), which restore antitumor immu-
nity by disrupting key immunosuppressive pathways exploited
by cancer cells.? These agents have achieved unprecedented and
durable clinical responses across multiple tumor types."?
Despite these successes, significant challenges remain,
including primary and acquired resistance, variable response
rates, and immune-related toxicities.” Moreover, the relatively
narrow spectrum of validated immune checkpoint targets
continues to constrain broader therapeutic applicability,
underscoring the urgent need for novel targets and more
adaptable drug discovery strategies.” Given the clinical impact
of immunotherapy across cancer and autoimmune indications,
this review specifically focuses on drug discovery strategies for
immune-modulating agents. While this review emphasizes
clinically approved and advanced stage immunotherapeutics, it
also examines emerging discovery strategies, including small
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to accelerate therapeutic development. Leveraging both paradigms, future immune drug discovery will
depend on adaptive, integrated workflows that enhance efficacy and overcome resistance.

molecules, peptides, and hybrid phenotypic and targeted
approaches, that aim to expand and refine the current immu-
notherapy landscape.

The development of immune therapeutics has historically
relied on two principal drug discovery strategies: phenotypic
and target-based approaches. Phenotypic drug discovery entails
the identification of active compounds based on measurable
biological responses, often in the absence of prior knowledge
regarding their molecular targets or mechanisms of action
(Fig. 1).® This strategy has been pivotal in discovering first-in-
class agents and uncovering novel therapeutic mechanisms.?
By emphasizing functional outcomes, phenotypic screening
captures the complexity of cellular systems and is particularly
effective in uncovering unanticipated biological interactions.
This approach has been instrumental in identifying immuno-
modulatory compounds that affect T cell activation, cytokine
secretion, and other immune functions.* Despite its advan-
tages, phenotypic screening poses challenges in downstream
development, especially in target deconvolution.®* These efforts
often require advanced follow-up studies using biochemical,
proteomic, or genomic methods, potentially prolonging
discovery timelines and complicating validation.**

Target-based drug discovery begins with identifying a well-
characterized molecular target, often grounded in established
biological insights (Fig. 1).>® This approach uses advances in
structural biology, genomics, and computational modeling to
guide rational therapeutic design. High-resolution methods like
X-ray crystallography and cryo-EM enable detailed views of
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Fig. 1 Target-based and phenotypic drug discovery pipelines (created in https://BioRender.com).

target-ligand interactions, aiding the development of highly
specific small molecules, antibodies, and peptide drugs.>*
While targeted discovery is highly effective for optimizing
compounds against known pathways, it is fundamentally
limited by its reliance on validated targets.” This dependence
limits its applicability to poorly characterized or emerging
disease mechanisms.” Nonetheless, recent progress in compu-
tational structural biology—particularly in predictive modeling
and protein structure refinement—has broadened the scope of
this approach, enabling the exploration of previously intrac-
table targets and enhancing its utility across diverse therapeutic
areas.®

Recent technological and methodological advances support
the integration of phenotypic and targeted approaches as
a means to overcome limitations inherent to each strategy.®
Target-based workflows increasingly use phenotypic assays to
validate candidate molecules, creating a feedback loop between
mechanistic precision and biological complexity.” For example,
a compound identified through structure-guided design can be
evaluated in phenotypic systems to assess its impact on cellular
behavior and pathway modulation. Conversely, phenotypic
screening, when coupled with high-content imaging,'*** single-
cell transcriptomics,®'* and other advanced analytical plat-
forms, can reveal nuanced biological responses that inform
target identification and hypothesis refinement. Artificial
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intelligence (AI)'*'® and machine learning (ML)" are playing
a central role in parsing these complex, high-dimensional
datasets, enabling the identification of predictive patterns and
emergent mechanisms. Moreover, the integration of multi-
omics approaches, including genomics, transcriptomics, pro-
teomics, and metabolomics, provides a comprehensive frame-
work for linking observed phenotypic outcomes to discrete
molecular pathways, thus facilitating more informed thera-
peutic discovery and development.*®

Combining these strengths, researchers are developing
hybrid discovery workflows that integrate high-throughput
screening, structural biology, and computational modeling
into pipelines suited for complex biological challenges. This
review critically examines the evolving landscape of immune
therapeutics, focusing on how integrated phenotypic and tar-
geted drug discovery strategies are accelerating the develop-
ment of checkpoint inhibitors, bispecific antibodies, and small
molecule modulators to enhance antitumor immunity and
address therapeutic resistance.

2. Phenotypic-screening based drugs

Though fewer drugs have been approved via phenotypic
screening, this approach can overcome limitations inherent to
target-based discovery.” For example, targeted approaches
often experience remarkable attrition due to lack of efficacy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which may stem from flawed target hypotheses or incomplete
understanding of compensatory mechanisms. These factors
increase false positives and reduce drug approval rates.*

Despite the rational design of drugs inhibiting “well-vali-
dated” targets, many candidates ultimately fail in clinical trials
due to the limitations of single-target approaches.’ Such
strategies often fail to address the complexity of cellular
signaling networks and adaptive resistance mechanisms seen
in clinical settings.>® In contrast, phenotypic screening provides
a powerful and unbiased alternative that circumvents the need
for prior knowledge of the molecular target.’ This approach has
been pivotal in discovering successful therapeutics such as
thalidomide, underscoring its value in drug discovery.* Pheno-
typic screening is especially beneficial when the underlying
biological pathways are poorly characterized or when the ther-
apeutic objective involves modulating multifaceted, system-
level immune responses.>* This section presents key therapeu-
tics discovered and developed exclusively through phenotypic
screening.

2.1. Immunomodulatory drugs

Among the immunotherapeutics discovered through pheno-
typic screening, thalidomide and its subsequent 2nd generation
analogs stand out as rare examples where both the identifica-
tion of the parent compound and the subsequent optimization
of second-generation analogs were exclusively guided by
phenotypic assays." Thalidomide was originally marketed as an
anti-emetic for morning sickness in pregnant women.*®
However, the increasing evidence of its association with
neurologic toxicities and teratogenicity led to its discontinua-
tion.”* It was later reintroduced and approved for multiple
myeloma, marking its therapeutic resurgence. Moreover, the
initial catastrophic introduction of thalidomide has led to
stricter regulatory oversight of drug manufacturing and
approvals, as well as the establishment of key ethical principles,
including informed consent for patients.??

Phenotypic screening of thalidomide analogs led to the
discovery of two approved derivatives: lenalidomide and
pomalidomide.”® Both lenalidomide and pomalidomide
exhibited a significant increase in the potency for down-
regulating tumor necrosis factor (TNF) production and reduc-
tion in the sedative and neuropathic side effects with few
changes in the scaffold of thalidomide.** Two key conclusions
can be drawn from these findings. First, the shared pharma-
cological effects suggest a common mechanism of action and
target profile among these compounds. Second, the thalido-
mide scaffold demonstrates strong potential for structural
optimization. This is exemplified by the development of lena-
lidomide and pomalidomide, where minimal chemical modi-
fications to the parent compound resulted in substantial
enhancements in therapeutic activity and reductions in toxicity.

Subsequent studies identified cereblon, a substrate receptor
of the CRL4 E3 ubiquitin ligase complex, as the primary binding
target of these compounds. Thalidomide and its analogs bind to
cereblon, altering the substrate specificity of the E3 ligase and
leading to the ubiquitination and proteasomal degradation of
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specific neosubstrates, most notably the lymphoid transcription
factors IKZF1 (Ikaros) and IKZF3 (Aiolos).>** The degradation
of IKZF1/3 is now recognized as the key mechanism underlying
the anti-myeloma activity of lenalidomide and pomalidomide.
Clinically, patients who respond to these agents exhibit signif-
icantly higher cereblon expression levels—approximately
threefold higher—compared to non-responders.”” Moreover,
a strong correlation has been observed between elevated cere-
blon expression and improved treatment outcomes, including
partial or complete responses, whereas lower expression levels
are associated with stable or progressive disease.”® Beyond their
clinical use in multiple myeloma, thalidomide and its analogs
have become foundational components in targeted protein
degradation strategies. As cereblon-binding E3 ligase ligands,
they are widely used in the design of proteolysis-targeting
chimeras (PROTACs), which hijack the ubiquitin-proteasome
system to selectively degrade disease-relevant proteins. This
approach has catalyzed a new era of drug discovery with
significant translational potential across oncology and other
therapeutic areas.”**°

2.2. Bispecific antibodies

Bispecific antibodies (bsAbs) are another class of therapeutics
which has benefited from phenotypic screening. Antibodies
(Abs), otherwise known as immunoglobulins (IgG), are key
proteins of the immune system which are responsible for tar-
geting foreign substances and infectious agents.** Abs are
composed of two light chains and two heavy chains which are
linked by disulfide bonds, forming a monomer with a molecular
weight of 146-160 kDa.*' The hypervariable regions within the
heavy and light chains makes up the antigen-binding sites of
Abs.?*

Traditionally, an antibody is considered to have two identical
antigen-binding sites (two HL fragments) that make it bivalent
and monospecific. Immunoglobulins are expressed both as
membrane-bound receptors on B lymphocytes and as soluble
molecules secreted by plasma cells. Soluble Abs exhibit high
affinity and specificity in binding a wide range of natural and
artificial molecules (antigens). The ability of Abs to recognize
and bind diverse antigens stems from their diversity which
encompass 10°-10'° unique antigen-binding variants.?**
Conversely, bsAbs feature two distinct antigen-binding sites
which enables them to interact with two different targets which
increases their functionality and therapeutic range.***
However, bsAbs present a challenge in selecting the optimal
target combination for enhanced functional activity.***®

2.3. Cytokine-based therapies

The discovery of interleukin-2 (IL-2) serves as a classic example
of a therapeutic agent identified through phenotypic
screening.®® It originated from the observation that T cells
exhibited robust proliferation when cultured under specific
conditions. This finding led to the hypothesis that a soluble
factor, secreted by the T cells themselves, was responsible for
driving their growth.*® Subsequent biochemical purification
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and characterization of this factor ultimately led to the identi-
fication and naming of IL-2.%®

IL-2 is a prototypical four-a helix cytokine whose expression
is controlled at the mRNA level by signals from CD28 and the T
cell receptor.*® IL-2 exerts its biological effects by establishing
a receptor complex composed of three distinct subunits IL-2Ra
(CD25), IL-2RB (CD122) and the common vy chain (yc). Struc-
tural studies of IL-2 bound to the extracellular domains of these
receptor chains in a quaternary complex revealed that the
interaction sites on IL-2 for each receptor subunit are distinct
and non-overlapping. Notably, the o chain (CD25) does not
interact directly with the B (CD122) or yc chains, maintaining
a modular receptor assembly.’**

IL-2 is essential for immune homeostasis, regulating T (Treg)
cell function and fine-tuning effector lymphocyte responses.**
Paradoxically, the diverse roles of IL-2 have been exploited
therapeutically: low doses of recombinant IL-2 are used to
promote Treg-mediated immunosuppression in autoimmune
and inflammatory diseases while high doses stimulate anti-
tumor immune responses.**** Recent advances in under-
standing the functional, biophysical, and structural properties
of IL-2 have paved the way toward the development of novel IL-2
formulations.

The discovery of IL-2 exemplifies the fundamental principles
of phenotypic screening, wherein a distinct cellular pheno-
type—in this case, T cell proliferation—prompted investigation
into the underlying molecular driver. This strategy underscores
the value of observing functional cellular outcomes without
prior assumptions about specific molecular targets. Rather than
initiating drug discovery with a defined target, phenotypic
screening prioritizes the identification of bioactive compounds
based on their observable effects.*>** Building on this frame-
work, it is essential to explore how structural insights can
complement phenotypic approaches in the context of immune
checkpoint targeting. By elucidating key structural domains of
immune checkpoint molecules, researchers have been able to
rationally design more selective and effective therapeutic
interventions. Clinically, high-dose IL-2 has been used to boost
effector T cell responses in metastatic melanoma and renal cell
carcinoma, while low-dose IL-2 promotes Treg expansion to
treat autoimmune diseases such as lupus and graft-versus-host
disease.*>*?

Beyond oncology, immunotherapeutics have demonstrated
remarkable success in autoimmune and inflammatory diseases.
In neuroinflammation, natalizumab (anti-a4 integrin) and
ocrelizumab (anti-CD20) have significantly improved outcomes
for patients with multiple sclerosis.** Belimumab, an anti-BLyS
monoclonal antibody, is approved for systemic lupus eryth-
ematosus (SLE).** Additionally, biologics such as dupilumab (IL-
4Ro. antagonist) for atopic dermatitis and asthma,*® sec-
ukinumab (IL-17A inhibitor) for psoriasis and psoriatic
arthritis,”” and canakinumab (IL-1B inhibitor) for auto-
inflammatory syndromes*® illustrate the expanding therapeutic
reach of immune modulation. These examples highlight how
immune-based strategies are being successfully adapted across
diverse disease states beyond cancer.
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2.4. Phenotypically guided antibodies for rare diseases

Several therapeutic antibodies approved for rare diseases have
been developed through phenotypically guided screening
strategies that rely on functional endpoints rather than pre-
defined targets. Eculizumab, a monoclonal antibody targeting
complement protein C5, was originally identified based on its
ability to inhibit complement-mediated hemolysis in cellular
assays.” It became the first approved treatment for paroxysmal
nocturnal hemoglobinuria (PNH) and has since been approved
for atypical hemolytic uremic syndrome (aHUS).* Its long-
acting successor, ravulizumab, was developed through itera-
tive optimization of the eculizumab scaffold using pharmaco-
kinetically guided functional screens.**

Another example is emapalumab, a monoclonal antibody
against interferon-gamma (IFN-y), developed through cytokine-
response assays for patients with primary hemophagocytic
lymphohistiocytosis (HLH), a rare and life-threatening immune
disorder.** These examples highlight how phenotypic screening
can play a central role in identifying and optimizing therapeutic
antibodies, particularly in contexts where disease mechanisms
are complex or not fully elucidated.

3. Targeted drug discovery

Targeted drug discovery in immune checkpoint modulation
relies on structural insights into key binding domains of PD-1,
CTLA-4, and LAG-3.> PD-1's FG and BC loops facilitate ligand
interactions, while CTLA-4's FG loop and B-sheet strands form
a stable ligand interface.” LAG-3's D1 and D2 domains are
essential for MHC class II binding and dimerization, crucial for
therapeutic targeting. While immune checkpoint inhibitors
such as PD-1, PD-L1, CTLA-4, and LAG-3 have demonstrated
profound clinical success, the landscape of immune therapeu-
tics extends far beyond these targets. Stimulatory immune
checkpoints, including CD40, 0X40, and 4-1BB (CD137), play
a crucial role in promoting T-cell activation and enhancing anti-
tumor immunity.> Agonistic antibodies targeting these co-
stimulatory molecules are being actively developed to amplify
immune responses, often in combination with checkpoint
blockade.? In this section, we primarily focus on PD-1, PD-L1,
CTLA-4, and LAG-3 as representative immune checkpoints due
to their well-characterized structures, extensive clinical valida-
tion, and central roles in the evolution of cancer immuno-
therapy. This section explores how structural studies reveal
binding dynamics that block immune evasion and enhance
therapeutic strategies. Cryo-EM and X-ray crystallography
further refine small-molecule and peptide-based inhibitors,
paving the way for precision immunotherapy.

3.1. Key structural domains of immune checkpoints for drug
discovery

Understanding the structural features of immune checkpoints
is crucial for developing targeted therapeutics that enhance or
inhibit immune responses. In PD-1, the IgV region is respon-
sible for the flexible ligand and therapeutic binding interactions
that are characteristic of PD-1, with the FG loop (residues

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pro130 and Lys131) and BC loop being the most important.**
The FG loop, a key binding hotspot, is a strong binding region
and it is essential for the binding of PD-1 ligands like PD-L1.
The N terminal loop, although distant from the PD-1/PD-L1
interface, additionally contributes to the binding of PD-1/PD-
L1 through hydrogen binding.*® This type of interaction at the
two sites shows how flexible the PD-1 molecule is and illustrates
the possibility of designing inhibitors that target the range of
structure and dynamic changes.**

Likewise, regions of CTLA-4 that are also vital for its func-
tional regulation are present within its IgV-like domain is
focused here.* The FG loop (residues Tyr104 and Tyr105) and
strands A and G of the front B-sheet form an interface for ligand
binding.*® These regions are identified as targets because they
stabilize interactions mediated by hydrophobic residues like
Tyr102, Tyr107, Tyr109, and Tyr110, as well as polar residues
such as Asn106. The FG loop's structural flexibility boosts CTLA-
4's potential as a target for selective modulation, forming
specific and stable complexes.*”

LAG-3 has a distinct structure for both D1 and D2 domains,
which are required for its function.*® The D1 domain binds MHC
class IT molecules with high affinity, and the D2 domain is key for
dimerization.* Met171 residue in the D2 domain and bulky N-
linked glycans stabilize the dimerization interface, with glyco-
sylation crucial for structural flexibility.*® This flexibility enables
LAG-3 to adopt various conformations, affecting its cell surface
interactions and functions. The features of LAG-3 described
above are crucial for expanding its therapeutical range, especially
when targeting interfaces that are glycosylation dependent or
when needing to change the protein's conformation.

The structures of PD-1, CTLA-4, and LAG-3 show that these
proteins are dynamic with adjustable domains and interfaces.
This makes them suitable for targeting strategies to interfere
with immune checkpoint pathways. The structures of PD-1,
CTLA-4, and LAG-3 reveal dynamic interfaces that can be
exploited for immune checkpoint modulation, forming the
foundation for structure-guided therapeutic design.

3.2. Structure-guided targeting of immune checkpoints

Understanding of the structural basis of the PD-1/PD-L1 inter-
action has provided insight into immune checkpoint regulation
and therapeutic intervention. Structure of PD-1 complexed with
anti-PD-1 drugs, pembrolizumab and nivolumab, explain the
mechanisms behind their functioning. Both the antibodies
have the similar biding site on PD-1 and prevents binding of PD-
1 and PD-L1.°%** Pembrolizumab induces structural changes at
BC loop as well as FG loop of PD-1, while nivolumab stabilizes
FG loop leading to disruption of its binding with PD-L1 thus
increasing T cell activation. Furthermore, pembrolizumab
optimizes its binding through flexible C’'D loop indicating that
structural dynamics are vital in providing therapeutic targets.*
PD-L1 studies also provide insights which are complementary.
The crystal structure of PD-L1 with small molecules like BMS-
202 and BMS-8 reveals a unique mechanism where dimeriza-
tion is induced by these molecules.** At the dimer-dimer
interface, these compounds attach to PD-L1 thus stabilizing its
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dimeric structure and preventing PD-1 from interacting. In case
of BMS-202 and BMS-8, size exclusion chromatography (SEC)
and NMR experiments have confirmed that they cause PD-L1 to
dimerize, hence blocking interaction between PD-1/PD-L1.%°
These findings underscore the potential of small molecules in
modulating immune checkpoints and highlight the possibili-
ties opened by structural studies.

Structural investigations have also given deep insights into
CTLA-4/tremelimumab complex.®® Unlike its normal ligand B7-
1/2, tremelimumab interacts with an interface of CTLA-4 that
includes the essential motif 97MYPPPY102 present in FG loop.
Such binding outcompetes B7-1/2 and thus restores T-cell
functioning and potentiates anti-tumor effects. Protein inter-
face analysis has identified important amino acid residues in F
and G strands of CTLA-4 B-sheets whose mutation are critical
for antibody binding. Notably, Bio-Layer Interferometry (BLI)
assays show that antibodies like HL32 and Ipilimumab block
B7-1 binding through overlapping epitopes.®” However, struc-
ture of HL32 shows a pH-dependent affinity that dissociates at
the acidic endosomal pH to maintain recycling of CTLA-4 while
ipilimumab maintains its bound state causing it to be degraded
within lysosomes. This detailed understanding of pH-
dependent binding dynamics demonstrates how structural
data can inform the design of antibodies with reduced toxicity.

X-ray crystallography and cryo-EM have been used in the
structural analysis of LAG-3, revealing that its D1 and D2
domains play a critical role in ligand binding and thus causing
immune inhibition.*® The major site for MHC class II interac-
tion has been marked to be the D1 domain with a 25-residue
loop stabilizing its interaction. Such knowledge can then be
applied in designing therapeutic antibodies such as Favezeli-
mab that inhibits D1-MHC class II interactions and reinstates T-
cell functionalities (Fig. 2).°® Moreover, cis-dimerization of LAG-
3 mediated through D2 domain is crucial for its inhibitory
activity.® To target dimerization interface of D2, C9B7W type
antibodies were introduced that interrupted dimerization and
thus blocked the binding of both MHC class II and FGL1
ligands by LAG-3 protein.* These findings highlight the syner-
gistic roles of D1 and D2 domains in LAG-3 biology and provide
complementary pathways for therapeutic intervention.

These structural insights highlight the pivotal role of high-
resolution studies in immune checkpoint drug discovery. By
revealing key interaction sites and guiding the design of thera-
peutics, structure-based approaches have advanced the develop-
ment of more precise and less toxic inhibitors. This foundation
paves the way for exploring antibody-based therapies, which
leverage structural understanding to enhance immune check-
point modulation. These structural insights underscore the role
of high-resolution studies in guiding immune checkpoint drug
discovery, paving the way for the development of novel thera-
peutic agents with improved specificity and reduced toxicity.

3.3. Antibody-based therapies: PD-1/PD-L1 and CTLA-4
inhibitors

Structural knowledge has directly contributed to the develop-
ment of therapeutic antibodies that block immune checkpoint
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signaling and restore immune function in cancer treatment.
Monoclonal antibodies against PD-1/PD-L1 axis have shown
remarkable activity in therapeutic trials for melanoma, non-
small cell lung cancer (NSCLC) and other malignancies.®
These IgG4 antibodies like, pembrolizumab and nivolumab,
bind to PD-1 thereby blocking its interaction with PD-L1 and
resulting in restoration of T-cell function.’” Pembrolizumab
possesses hinge region mutation at S288P that makes it more
stable while binding to the CC'-loop of PD-1 and nivolumab
selectively binds to N-terminal loops on PD-1 thus making it
more effective at reviving immune functionality. These PD-1
inhibitors restore T cell function by blocking PD-1 interaction
with PD-L1, preventing inhibitory signaling. They are approved
for various cancers including melanoma, non-small cell lung
cancer, and Hodgkin lymphoma.*

PD-L1 specific antibodies like atezolizumab, avelumab and
durvalumab binds with great affinity to the forward B-sheet of
PD-L1.”° For example, atezolizumab has dissociation constant
of 0.4 nM which blocks NSCLC-associated immunosuppression
mediated by PD-LI (Fig. 3).”* Similarly, avelumab and durvalu-
mab manifest great potency with dissociation constants
amounting to 42.1 pM and 667 pM respectively.”>”* The impact
has been most apparent in improving outcomes in Merkel cell
carcinoma and bladder cancer. Another nanobody, KN035, has
a remarkable feature of targeting PD-L1 CC'FG strands,
providing a new therapeutic strategy.”® This suggests the
potential of producing small molecule inhibitors that can

29942 | RSC Adv,, 2025, 15, 29937-2995]

simulate nanobody interactions thereby broadening the thera-
peutic arsenal. These anti-PD-L1 antibodies inhibit ligand-
receptor engagement, restoring antitumor immunity. Atezoli-
zumab is approved for NSCLC and triple-negative breast cancer;
avelumab for Merkel cell carcinoma; and durvalumab for
bladder and lung cancers.”

CTLA-4 inhibitors help treat cancer by blocking the interac-
tion between CTLA-4 and B7-1/2 hence restoring T-cell activa-
tion. The first checkpoint inhibitor approved for metastatic
melanoma was ipilimumab which is an IgG1 monoclonal
antibody that binds to CTLA-4.7 Ipilimumab binds to the large,
buried surface area of CTLA-4 with a high binding affinity (Kp =
5.25 nM). It interacts with the front B-sheet of CTLA-4 and
overlaps with the CTLA-4:B7 recognition surface, creating direct
steric hindrance that prevents B7 ligand binding (Fig. 3). This
blockade inhibits T-cell downregulation and enhances the
antitumor activity of T-cell lymphocytes, making it a potent
immune checkpoint inhibitor. Ipilimumab blocks CTLA-4:B7
interactions, enhancing T cell activation. It was the first
immune checkpoint inhibitor approved for metastatic
melanoma.”

Tremelimumab, an IgG2 antibody has been designated as
orphan drug for mesothelioma and is undergoing trials in
combination therapies.” It binds to CTLA-4 at a site overlapping
with the CTLA-4:B7 interaction interface (Fig. 3). Its IgG2
subclass minimizes antibody-dependent cellular cytotoxicity
(ADCC), making it preferable due to its reduced systemic side

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Anti-LAG-3 Antibody
Favezelimab

Anti-PDL1 antibodies:
* Atezolizumab

* Durvalumab

¢ Avelumb

PD-1

Anti-PD-1 Antibodies
* Pembrolizumab
* Nivolumab

Anti-CTLA-4 antibody
¢ Ipilimumab
* Tremelimumab

T-cell
activation

Fig.3 Antibody based therapy forimmune checkpoint inhibition. PL-1 expressed on the T-cells interacts with the PDL-1 expressed on the tumor
cells. This interaction causes inactivation of T-cells. By blocking PD-1/PD-L1 interactions by utilizing anti-PD-1 and anti-PD-L1 antibodies help
restore anti-tumor function of T-cells. Similarly, CTLA-4 expressed on the T-cells interacts with B7 on the antigen presenting cells and causes
immunosuppression. Anti-CTLA-4 antibodies mediate activation, proliferation, and tumor-antigen responsiveness of T-cells.

effects while maintaining anti-tumor efficacy. These advances
demonstrate how antibody engineering, guided by structural
insights, continues to refine immune checkpoint therapies for
enhanced efficacy and safety. Tremelimumab is under investi-
gation for use in mesothelioma and hepatocellular carcinoma,
and acts similarly to ipilimumab by blocking CTLA-4.7°

3.4. Innovative antibody engineering for enhanced immune
checkpoint therapy

Antibodies have been genetically engineered in the laboratory to
improve their specificity to precisely target their receptor,
minimize the immune response against the antibody and
enhance their therapeutic potential. Technologies such as:
Non-fucosylated antibodies generated by removal of fucose,
an oligosaccharide, from the Fc region exhibited enhanced
binding to the FcyRIlla receptor expressed by immune cells and
significantly increases antibody dependent cellular cytotoxicity
(ADCC).”” Preclinical studies with non-fucosylated PD-L1
monoclonal antibodies have shown enhanced peripheral T-
cell activation and reduced regulatory T-cell function leading
to more potent anti-tumor activity. Such engineered antibodies
demonstrate a way forward in improving therapeutic outcomes.
3.4.1. Pro formulations. The prodrug antibodies called
Probody™ therapeutics, are designed to avoid off-target effects
by using masking peptides that hinder antigen-binding areas.”
These masks are cleaved by tumor-specific proteases, allowing
the antibody to bind only at the tumor site. CX-072 is a PD-L1
targeting Probody™ that has been shown to exhibit less

© 2025 The Author(s). Published by the Royal Society of Chemistry

systemic toxicity in preclinical studies, and it is currently
undergoing clinical trials for solid tumors and lymphomas.”

3.4.2. Bispecific antibodies. Bispecific antibodies combine
two different molecules to enhance the anti-tumor defense.*
M7824 which is a fusion protein of PD-L1 and TGF-BRII has
demonstrated some hopes in early clinical trials in biliary tract
and colon cancers. In a similar vein, MGDO013 targets both PD-
L1 and LAG-3 which have shown promising results in treatment
of solid tumors as well as hematologic malignancies.***>

Despite their successes, there are various setbacks encoun-
tered by antibody-based therapies including resistance,
immune-related adverse events (irAEs) among patients with
varying rates of response.®® Current research efforts concentrate
on understanding mechanisms of resistance, optimization of
dosing strategies together with exploring combination
approaches so as to achieve efficacy while minimizing side
effects. Future developments in antibody engineering such as
antibody-drug conjugates (ADCs) or multi-specific antibodies
may help overcome these problems thereby advancing cancer
immunotherapy further (Fig. 4).%*

3.5. Peptide-based and small-molecule inhibitors

An antibody-based approach to treat cancer is seen as too costly,
administratively burdensome and having stability problems,
thereby leading to the emergence of peptide-based therapies
and small molecule drugs which are considerably considered as
cost-effective, administratively less complex, and more stable
alternatives or additions for cancer treatment. One such alter-
native approach that modulates immune checkpoints is
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Fig. 4 Challenges of antibody therapies and innovations. (A) Antibodies bind surface, membrane, proteins on the extracellular space. (B) Tar-
geting of cytosolic proteins with antibodies remains a challenge due to inability to cross cell membrane. (C) Antibody—drug conjugates as

a targeted drug delivery system (created in https://BioRender.com).

targeting key regulatory pathways like ubiquitination and
degradation (Fig. 5). For instance, IL-2 promotes FBXO38-
mediated ubiquitination and degradation of PD-1 thus
increasing its anti-cancer efficacy while curcumin destabilizes
PD-L1 through inhibition of deubiquitination hence improving
its anti-CTLA-4 therapy.*® Only a limited number of small
molecule inhibitors targeting immune checkpoints, particularly
PD-1/PD-L1, have emerged from rational medicinal chemistry
efforts. Among the most studied are biphenyl-based
compounds developed by Bristol Myers Squibb (BMS), which
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demonstrated submicromolar potency in disrupting PD-1/PD-
L1 interactions.*® Despite their strong in vitro activity, these
hydrophobic compounds (e.g., BMS-1001, BMS-202, BMS-200,
and BMS-1166, Fig. 5) have not progressed into clinical devel-
opment. Several companies, including Incyte, Arising Interna-
tional, Chemocentryx, Polaris Pharmaceuticals, and Maxinovel,
have developed related scaffolds centered on the biphenyl
core.®® Notably, INCB086550 (Fig. 5) from Incyte has shown
promising antitumor activity in humanized mouse models and
is currently being evaluated in a phase I clinical trial. Early
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Fig. 5 Chemical structures of small molecule inhibitors of PD-1/PD-L1 interaction.
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results indicate enhanced T-cell activation and immune
modulation consistent with PD-1/PD-L1 blockade.® In parallel,
academic efforts have focused on optimizing BMS-derived
leads, while others have explored structure-based virtual
screening to expand the repertoire of small molecule inhibitors
targeting PD-1 and related immune checkpoints. Inhibitors like
2-bromopalmitate disrupt palmitoylation on PD-L1 destabiliz-
ing it thereby enhancing anti-tumor immunity.?” Small mole-
cules like YPD-29B have been reported to function as PD-L1
modulators. They work by inducing PD-L1 dimerization, which
can destabilize the protein and promote its internalization.
Once internalized, PD-L1 undergoes lysosomal degradation,
effectively reducing its presence on the cell surface (Fig. 6).%®

3.5.1. PD-1/PD-L1 peptide-based inhibitors. Peptide based
inhibitors are designed based on the structural insights into
their binding interfaces to block the PD-1/PD-L1 interaction.
The first peptide antagonist known as (D)PPA-1 was made using
mirror-image phage display so as to constrain tumor growth in
vivo by inhibiting the interaction between PD-1 and PD-L1.*
The optimized peptides like PL120131 target specific residues
on PD-1 thus relieving cells from apoptotic signaling induced by
PD-L1.%° Other molecules, TPP-1 and UNP-12, also have been
reported to considerably decrease the size of tumors in
preclinical experiments.®* Furthermore, NP-12 in combination
with tumor vaccines or cyclophosphamide has shown increased
activity against melanoma as well as colon cancers.”” Another
peptide called PD-LYSO, is based on an interesting approach
which enhances lysosomal degradation of PD-L1 improving
therapeutic outcomes (Fig. 6).”* Peptides such as PL120131 and
PD-LYSO inhibit PD-1/PD-L1 binding or promote PD-L1 degra-
dation, leading to enhanced T cell-mediated cytotoxicity in
preclinical models.”

3.5.2. CTLA-4 peptide-based inhibitors. In the context of
CTLA-4, peptide-based therapies have shown the potential to

a. Peptide- based therapy

PD-LYSO

b. Protein degradation based therapy

View Article Online
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disrupt CTLA-4 binding to B7 ligands. For example, a synthetic
peptide called p344 specifically binds the 99MYPPPY104 loop of
CTLA-4 to prevent CTLA-4 from interacting with B7-1.*
Computational tools like Rosetta were used to design cyclic
peptides such as peptide cyc[EIDTVLTPTGWVAKRYS] which
has been tested experimentally for its ability to increase CD8+ T-
cell cytotoxicity and decrease tumour growth in lung cancer
models.”® Another promising approach utilizes helix-loop-helix
(HLH) peptides, such as ERY2-4, a modified version of
a CTLA-4 binding peptide inhibits CTLA-4/B7-1 interaction
while boosting lymphocyte responses without cross-reactivity
with CD28 thereby making it a valuable candidate for immu-
notherapy.®® Furthermore, monobody proteins derived from the
MYPPPY motif of CTLA-4 such as CFN13 and its Fc-fusion
variant CFN13-Fc are potent inhibitors of CTLA-4/CD80 inter-
actions further supporting the therapeutic potential of peptide-
based CTLA-4 inhibitors.*”

3.5.3. LAG-3 peptide-based inhibitors. Lymphocyte activa-
tion gene-3 (LAG-3) expressed on immune cells is another
important immune checkpoint. A peptide, LFP-6, was also
shown to inhibit the binding of FGL1 to LAG-3 thus enhancing
T cell function in vivo.”® A proteolysis-resistant version of this
peptide, LFP-D1, as well as the bispecific peptide LFOP targeting
PD-1/PD-L1 and LAG-3/FGL1 have also been found to synergize
with radiotherapy thereby improving anti-tumor immunity
(Qian et al. 2024). Additionally, cyclic peptides such as Cyclo
(CVPMTYRAC) disturb LAG-3/HLA-DR interactions, activating
CD8+ T cells while reducing regulatory T cells.® Cyclo has been
useful for imaging LAG-3 expression and analysis of immuno-
therapy responses in murine melanoma models after labeling
this peptide with gallium-68 to produce 68Ga-NOTA-XH05.'*

These advancements in peptide- and small-molecule-based
immune checkpoint inhibitors highlight their potential as
promising alternatives to traditional antibody therapies. With

c. Small-molecule based therapy

Small molecules
[ ]
[ ]

biguitination
Qoo

ul
Sz e

PD-L1 Dimerization

Activation

Fig. 6 Mechanisms of immune checkpoint inhibitors. (A) Peptides such as PD-LYSO are specially designed with structural insights to bind PD-L1
expressed on tumor cells and subsequently causes internalization and lysosomal degradation of PD-L1. (B) IL-2 causes upregulated expression of
FBXO-38 within T-cells that results in ubiquitination of PD-1 and causes proteasomal degradation of PD-1, hence inhibiting PD-1/PD-L1 axis. (C)
Small molecules like YPD-29B causes dimerization and destabilization of PD-L1, subsequently resulting in internalization and lysosomal

degradation of PD-L1.
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improved tumor penetration, favorable pharmacokinetics, and
reduced production costs, these innovative approaches are
paving the way for more effective and accessible cancer immu-
notherapies. Further optimization and clinical validation of
these therapies could revolutionize the field of immuno-
oncology.

3.5.4. Small molecules from antibody pharmacophores
(SMADbPs). Over the past few years, our lab has pioneered the
discovery of first-in-class small molecule inhibitors of immune
checkpoints using various approaches.’®* This work has
involved fluorescence resonance energy transfer (FRET) assays
in screening chemical libraries, which resulted in the discovery
of small molecules targeting V-domain immunoglobulin
suppressor of T cell activation (VISTA),'* ICOS (inducible cos-
timulator of T cells)," and LAG-3."°*'** Additionally, we
employed pharmacophore-based virtual screening using PyRod,
a software that enables for visualizing pharmacophoric binding
pocket characteristics and identifying hot spots for hit
discovery, in the identification of small molecules targeting
various immune checkpoints.’®**” Notably, our group was the
first to successfully utilize affinity selection mass spectrometry
(ASMS) for identifying immune checkpoint inhibitors, leading
to the discovery of ICOS-targeted small molecules.**®

Our most remarkable advancement in this field has been the
introduction of small molecules from antibody pharmaco-
phores (SMADbPs) as a new workflow for the discovery of small
molecules targeting immune checkpoints.'® SMAbPs leverages
co-crystal structures of checkpoints with monoclonal antibodies
to build pharmacophore maps for virtual screening. The
application of SMAPs to five immune checkpoints resulted in
hits with submicromolar potency in both cell-free and cellular
assays.'” Notably, SMAPs identified the most potent inhibitors
targeting T-cell immunoglobulin and mucin domain 3 (TIM-3)
(MG-T-19, Fig. 7) and VISTA (MG-V-53, Fig. 7) reported to
date, as well as first-in-class small molecule modulators of BTLA
(B- and T-lymphocyte attenuator) (MG-B-28, Fig. 7), 4-1BB (MG-
1-62, Fig. 7), and CD27 (MG-C-30, Fig. 7)."*°
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3.6. Targeting immunosuppressive cell populations: TAMs
and Tregs

In addition to immune checkpoint blockade, targeting immu-
nosuppressive cell populations within the tumor microenvi-
ronment—namely tumor-associated macrophages (TAMs) and
regulatory T cells (Tregs)—has emerged as a complementary
strategy to enhance antitumor immunity.* These cell types play
critical roles in establishing immune tolerance, suppressing
cytotoxic T lymphocyte (CTL) activity, and promoting tumor
progression.*

TAMs are typically skewed toward an M2-like, anti-
inflammatory phenotype that supports tumor growth, angio-
genesis, and metastasis. Therapeutically, reprogramming or
depleting TAMs has been pursued through inhibition of colony-
stimulating factor 1 receptor (CSF1R), a key regulator of
macrophage survival and differentiation.” Small-molecule
CSF1R inhibitors such as pexidartinib (approved for tenosyno-
vial giant cell tumor) and monoclonal antibodies like emactu-
zumab have demonstrated the ability to reduce M2 macrophage
infiltration and enhance the efficacy of immune checkpoint
therapies in preclinical and early clinical settings."

Tregs, characterized by high expression of CD25, CTLA-4,
and the chemokine receptor CCR4, suppress effector T-cell
activity and contribute to immune evasion." Targeting Tregs
has focused on selectively disrupting their recruitment and
function in tumors without inducing systemic autoimmunity.
CCR4-targeted monoclonal antibodies such as mogamulizu-
mab have been shown to deplete intratumoral Tregs and are
currently under investigation in combination with PD-1 inhib-
itors for refractory solid tumors and T-cell lymphomas.* Addi-
tional strategies involve low-dose cyclophosphamide or anti-
CD25 approaches, though these carry the risk of depleting
activated effector T cells.

Collectively, TAM and Treg targeting strategies are gaining
momentum as critical components of combination immuno-
therapy regimens. These approaches aim to reshape the tumor
immune landscape, alleviate immunosuppression, and amplify
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Fig. 7 Chemical structures of small molecules identified using SMAbPs targeting TIM-3, VISTA, BTLA, 4-I1BB, and CD27.
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Fig. 8 Summary of molecular mechanisms of representative immune-modulating therapeutic classes. (A) Checkpoint inhibitors restore T cell
function by blocking the interactions between negative immune checkpoints and their binding partners. (B) Bispecific antibodies engage CD3 on
T cells and tumor-associated antigens (e.g., CD19) to promote T cell-mediated killing. (C) Cytokine-based therapies (e.g., IL-2) activate immune
cells through JAK/STAT signaling in a dose-dependent manner. (D) Small molecules and peptides disrupt checkpoint signaling through
dimerization, degradation, or direct binding. (E) Agents targeting TAMs and Tregs reprogram or deplete immunosuppressive cells in the tumor
microenvironment to enhance antitumor immunity (created in https://BioRender.com).

responses to checkpoint inhibitors, particularly in immuno-
logically “cold” tumors. As understanding of the cellular and
molecular regulators of these suppressive populations deepens,
future efforts are likely to focus on precision targeting,
biomarkers of response, and rational combination designs. A
consolidated overview of the molecular mechanisms associated
with these immunomodulatory strategies is illustrated in Fig. 8.

4. Case studies of hybrid discovery
workflows

Hybrid technologies in drug discovery combine the use of
phenotypic screening with molecular profiling and genetic to
obtain and enhance therapeutic agents. This approach helps
bridge functional and mechanistic insights which can lead to
finding of predictive biomarkers as well as novel therapeutic
candidates. Hybrid methodologies give a comprehensive
framework for enhancing tumor immunotherapy and targeted
therapies by addressing highly complex mechanisms such as
synthetic lethality, modulation of tumor microenvironment as
well as resistance to drugs.

© 2025 The Author(s). Published by the Royal Society of Chemistry

One persuasive illustration is the application of ENMD-2076
and TAK-901 aurora kinase inhibitors in triple-negative breast
cancer (TNBC)."° 15-Gene tumor immunologic phenotype (TIP)
signature coupled with high-throughput sequencing-based
screening (HTS2) was used by researchers to identify
compounds which could reprogram expression of TIP genes.'*
These inhibitors upregulated the Th1 chemokines CXCL10 and
CXCL11, enhancing T-cell infiltration into the tumor microen-
vironment and greatly enhancing the effectiveness of anti-PD-1
therapy in preclinical TNBC models. This method highlights
how combination therapies modulating the immune environ-
ment within tumors that overcome resistance can be identified
through hybrid workflows.

Similarly, this applies to the treatment of EGFR wild-type
(EGFR-WT) tumors like head and neck squamous cell carci-
noma (HNSCC) and lung adenocarcinoma, where hybrid
methods employed clinical data in combination with genetic
profiling to find out new therapeutic targets. Clinical trials such
as Impower 150 proved that combining atezolizumab, bev-
acizumab, paclitaxel and carboplatin could improve patients’
progression-free survival significantly."">'** Moreover, new
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mutations were analyzed, including FCGR2B, IGF1R, and KIT,
and this also led to the development of innovative therapies like
BI-1206 and imatinib mesylate."™* This finding demonstrates
how phenotypic data, together with molecular information, can
inform multi-drug regimens aimed to treat specific patient
groups.*

The growing integration of AI and ML in immune drug
discovery is revolutionizing both phenotypic and targeted
approaches. In phenotypic screening, AI enables high-
throughput analysis of complex cellular imaging data, facili-
tating the extraction of subtle morphological and functional
changes that would be difficult to detect manually. Deep
learning models are being trained on high-content imaging
datasets to recognize immune cell activation patterns, cytokine
release profiles, and tumor cell killing responses with
increasing precision. Importantly, Al is not expected to render
traditional phenotypic screening obsolete, but rather to
complement and extend its capabilities. By enhancing feature
extraction, hit prioritization, and predictive modeling, AI can
bridge phenotypic observations to mechanistic insights more
efficiently. In addition, Al is playing a growing role in structure-
based drug design, virtual screening, and de novo molecule
generation—particularly when integrated with multi-omics and
real-world clinical data. The convergence of Al and phenotypic
assays represents a synergistic evolution that will continue to
enhance the resolution and translational relevance of immune
drug discovery pipelines.

5. Challenges and resistance in
immune checkpoint therapy

Despite the transformative success of immune checkpoint
inhibitors (ICIs), a significant proportion of patients fail to
respond, and many responders eventually develop resistance.>
These limitations stem from both primary (innate) and
acquired mechanisms of resistance. Primary resistance may
result from poor immunogenicity, absence of tumor-infiltrating
lymphocytes (TILs), or low expression of checkpoint ligands
such as PD-L1.> Tumors with a “cold” immune phenotype—
characterized by limited antigen presentation or suppressed
interferon signaling—are particularly unresponsive to ICIs.”

Acquired resistance, on the other hand, often emerges after
initial response and may involve upregulation of alternative
immune checkpoints (e.g., TIM-3, TIGIT, LAG-3), loss of neo-
antigen expression, or mutations in interferon-y signaling and
antigen processing pathways.” For example, mutations in JAK1/
JAK?2 or B2M can result in insensitivity to T cell-mediated killing
and loss of MHC class I presentation, respectively.”

To overcome these challenges, several strategies are under
investigation. Rational combination therapies, such as dual
checkpoint blockade (e.g., PD-1 + LAG-3 inhibitors) or ICIs
combined with kinase inhibitors (e.g., VEGFR, MEK), have
shown promise in restoring immune responsiveness.” Epige-
netic modulators such as HDAC or DNMT inhibitors may
reprogram the tumor microenvironment to enhance antige-
nicity and T cell infiltration. Additionally, oncolytic viruses,
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STING agonists, and cytokine therapies are being developed to
stimulate local immune activation in poorly inflamed tumors.
The integration of predictive biomarkers and adaptive trial
designs will also be critical for optimizing these interventions
and tailoring treatment to dynamic
interactions.”

tumor-immune

6. Conclusions and outlook

The future of drug discovery lies not in choosing between
phenotypic and targeted approaches but in recognizing how
they can complement each other. As technology continues to
advance, hybrid discovery strategies will become increasingly
refined, leveraging computational modeling, high-content
screening, and multi-omics integration to bridge functional
outcomes with molecular mechanisms. These evolving work-
flows offer a path forward in addressing the complexity of
immune therapeutics, reducing attrition rates, and accelerating
the development of more effective treatments. Ultimately, the
challenge is not just discovering new drugs but ensuring they
reach patients with greater precision, fewer setbacks, and sus-
tained efficacy. With an expanded toolkit and a growing
appreciation for the strengths of both paradigms, the next era of
drug discovery will not be defined by rigid categories but by the
flexibility to adapt, integrate, and innovate.

Hybrid discovery workflows are poised to shape the future of
immune therapeutics by integrating high-throughput
screening, computational modeling, and mechanistic valida-
tion in a dynamic and iterative manner. These workflows
combine the functional relevance of phenotypic assays with the
precision of target-based design, enhanced by Al-driven pattern
recognition and multi-omics data integration. For instance,
early-stage phenotypic hits can be rapidly triaged through
transcriptomic or proteomic profiling to infer putative mecha-
nisms of action, followed by structural modeling for rational
optimization. Such workflows not only shorten discovery time-
lines but also allow real-time adaptation to emerging resistance
mechanisms or biomarker-defined patient subgroups. Looking
ahead, next-generation immunotherapy pipelines will likely rely
on closed-loop systems in which in vitro functional screening,
computational analytics, and medicinal chemistry cycles are
tightly interwoven. This adaptive strategy represents a depar-
ture from linear discovery models and is particularly well-suited
for addressing the complexity and dynamism of the tumor
immune microenvironment.

Precision medicine has become increasingly central to the
development and clinical implementation of immune thera-
peutics. By leveraging patient-specific molecular and immuno-
logic features, precision-guided immunotherapy enables the
stratification of responders and the rational design of combi-
nation strategies. Biomarkers such as PD-L1 expression levels
are now routinely used to guide the use of PD-1/PD-L1 check-
point inhibitors in NSCLC and melanoma. Tumor mutational
burden (TMB) has emerged as another important predictor of
immune responsiveness, correlating with increased neoantigen
presentation and T cell infiltration. In certain malignancies,
such as microsatellite instability-high (MSI-H) colorectal
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cancer, high TMB has been associated with robust responses to
immune checkpoint blockade. HLA typing and mutational
analyses are further being explored to identify patient pop-
ulations most likely to benefit from peptide-based vaccines or
neoantigen-specific T cell therapies. Emerging technologies
such as single-cell transcriptomics and spatial profiling are also
being employed to map immune cell states within tumors and
to tailor immunotherapy regimens accordingly. These advances
highlight how precision medicine is reshaping immune drug
discovery, enabling patient-centric approaches that increase
therapeutic efficacy while minimizing off-target effects.
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