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Abstract: Cancer therapy is undergoing a paradigm shift driven by five
distinct next-generation modalities. Despite advances in immune
checkpoint inhibition and targeted therapy, a substantial proportion of
patients with advanced malignancies fail to achieve durable responses
[43,44]. This systematic review provides an integrated comparative
analysis of antibody—-drug conjugates (ADCs), bispecific antibodies
(BsAbs), CAR-T cell therapy, mRNA cancer vaccines, and radioligand
therapy (RLT), with attention to their histotype-specific versus pan-tumour
applicability. A PRISMA 2020-compliant systematic search of
PubMed/MEDLINE, Scopus, CENTRAL, and ClinicalTrials.gov was
conducted covering January 2018 through May 2025 [45]. Phase 2-3
randomised controlled trials, pivotal single-arm trials, and regulatory
submissions were eligible. Risk of bias was assessed using RoB 2.0 and
ROBINS-I. 128 eligible studies were identified. ADCs — led by trastuzumab
deruxtecan (T-DXd) — established the first tumour-agnostic ADC approval
in 2024, with mPFS of 28.8 vs 6.8 months over T-DM1 in HER2+ breast
cancer (HR 0.33) [2]. BsAbs vyielded ORRs of 40-80% across
haematological and solid tumour indications [13—-20]. The first randomised
CAR-T trial in a solid tumour (satri-cel vs TPC in gastric cancer)
demonstrated significant PFS improvement in 2025 [26]. mMRNA-4157 plus
pembrolizumab reduced melanoma recurrence risk by 44% (HR 0.56) [31].
[177Lu]Lu-PSMA-617 extended OS by 4 months over standard care in
mCRPC (HR 0.62) [39]. All five modalities have achieved regulatory
approvals and clinically meaningful efficacy. Combinatorial strategies,
predictive biomarker development, and equitable access are the foremost
challenges for the field.
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1. Introduction

Cancer remains the second leading cause of death worldwide, accounting for approximately 10 million deaths in 2022
[43]. Despite the transformative impact of immune checkpoint inhibitors (ICIs) and targeted small-molecule therapies, a
substantial proportion of patients with advanced solid tumours and relapsed haematological malignancies fail to achieve durable
responses [44,46]. Treatment resistance, tumour heterogeneity, and immune evasion continue to limit long-term outcomes.

Over the past five years, five distinct therapeutic platforms have reached clinical maturity: (1) ADCs, which conjugate a
tumour-targeting antibody to a cytotoxic payload via a cleavable linker [47]; (2) bispecific antibodies (BsAbs), designed to
simultaneously engage a tumour antigen and a cytotoxic immune effector [48]; (3) chimeric antigen receptor T-cell (CAR-T)
therapy, in which T cells are engineered with a synthetic tumour-antigen receptor [49]; (4) personalised and fixed-antigen cancer
vaccines leveraging mRNA lipid nanoparticle (LNP) delivery platforms [50]; and (5) radioligand therapy (RLT), coupling a
tumour-specific ligand to a therapeutic radionuclide [51].

Each modality exploits a mechanistically distinct approach, creating opportunities for complementary or sequential use.
Multiple agents within each class have received FDA and EMA approval between 2018 and 2025 [1-42], yet a comprehensive
comparative synthesis across all five modalities — encompassing efficacy, safety, pan-tumour versus histotype-specific
applicability, and combinatorial potential — has not been previously published.

This systematic review synthesises Phase 2—3 clinical evidence for all five modalities published or presented through May
2025. We address ORR, PFS, OS, safety, biomarker strategies, and emerging combination approaches with the objective of
providing an integrated evidence-based overview for clinicians, researchers, and policymakers.

2. Methods
Protocol and Registration

This systematic review was conducted in accordance with the PRISMA 2020 guidelines [45]. The protocol was registered
in PROSPERO (registration number: [PROSPERO ID]).
Search Strategy

A comprehensive electronic search was performed in PubMed/MEDLINE, Scopus, and CENTRAL, supplemented by
ClinicalTrials.gov (results through 31 May 2025) and conference abstracts from ASCO, ESMO, ASH, and AACR (2022-2025).
Core MeSH terms included: "Immunoconjugates” AND '"Neoplasms"; "Antibodies, Bispecific"; "Receptors, Chimeric
Antigen"; "Cancer Vaccines"; and "Radioligand Therapy" combined with "Lu-177", "PSMA", or "DOTA". Boolean operators
and proximity filters were applied as appropriate. The search was restricted to English-language publications, January 2018 —
May 2025.
Eligibility Criteria
Studies were included based on the PICO framework:
1. Population (P): adult patients (>18 years) with confirmed malignant neoplasms;
2. Intervention (I): any approved or investigational ADC, BsAb, CAR-T construct, mRNA/neoantigen cancer vaccine, or RLT

agent;
3. Comparator (C): standard-of-care chemotherapy, targeted therapy, ICI, or best supportive care; single-arm trials included
when no randomised data were available;

4. Outcomes (O): ORR, PFS, OS, DOR, and safety (AEs grade >3 per CTCAE v5.0).

Exclusion criteria: preclinical studies, reviews, case reports, <20 evaluable patients, and studies reporting exclusively on
pharmacokinetic or manufacturing endpoints.

Study Selection and Data Extraction

Two independent reviewers screened titles and abstracts, followed by full-text review. Discrepancies were resolved by
consensus or a third reviewer. Pre-specified data extraction included: study design, phase, sample size, patient population,
intervention, comparator, follow-up, primary and secondary endpoints, and safety data.

Risk of Bias Assessment
Risk of bias for RCTs was assessed using the Cochrane RoB 2.0 tool [52]. Non-randomised studies were assessed using
ROBINS-I [53]. Evidence certainty was rated using GRADE [54].

3. Results
Study Selection

The initial search yielded 4,812 records. After duplicate removal (n = 1,247) and title/abstract screening (n = 3,565), 412
full-text articles were assessed for eligibility. Of these, 284 were excluded (wrong intervention n = 96; non-human data n = 74;
insufficient sample size n = 61; reviews n = 53). A total of 128 studies were included: ADCs (n =41), BsAbs (n =29), CAR-T
(n = 24), cancer vaccines (n = 18), and RLT (n = 16).

Antibody-Drug Conjugates
ADC:s represent the most clinically advanced of the five modalities reviewed, with eight agents holding FDA approval for solid

tumours as of May 2025 [47]. The ADC design couples a tumour-targeting antibody to a cytotoxic payload via a cleavable
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linker, enabling selective drug delivery to antigen-expressing cells while generating a 'bystander effect' through payload
diffusion to neighbouring antigen-negative cells [55].

HER2-targeted ADCs

Trastuzumab emtansine (T-DM1; Kadcyla®) was the first ADC approved for solid tumours and demonstrated a median
OS of 22.7 versus 15.8 months (HR 0.68, 95% CI 0.54—0.85) over treatment of physician's choice in heavily pre-treated HER2-
positive metastatic breast cancer in the Phase 3 TH3RESA trial (n = 606) [1]. T-DM1 remains the standard adjuvant treatment
for residual disease after neoadjuvant trastuzumab-based therapy.

Trastuzumab deruxtecan (T-DXd; Enhertu®) — incorporating a cleavable tetrapeptide linker, topoisomerase I inhibitor
payload, and DAR of 8 — established superiority over T-DM1 in the pivotal Phase 3 DESTINY -Breast03 trial (n = 524): median
PFS 28.8 versus 6.8 months (HR 0.33, 95% CI 0.26—0.43) and ORR 79% versus 35% [2]. Activity in HER2-low (IHC 1+ or
2+/ISH-) breast cancer was demonstrated in DESTINY -Breast04 [3], prompting redefinition of HER2-targeting beyond the
traditional positive/negative binary. In April 2024, the FDA granted accelerated approval of T-DXd for adult patients with
unresectable or metastatic HER2-positive (IHC 3+) solid tumours regardless of histotype after prior systemic therapy, based on
pooled data from 192 patients across DESTINY-PanTumor02, DESTINY-Lung01, and DESTINY-CRCO02 [4,5] — making T-
DXd the first tumour-agnostic ADC approval. As of June 2025, two DXd-platform ADCs hold regulatory approval: T-DXd
(Enhertu®) and datopotamab deruxtecan (Dato-DXd; Datroway®), the latter approved for HR+/HER2— metastatic breast cancer
[6,56].

HER3-targeted ADCs and EGFR-resistance contexts

Patritumab deruxtecan (HER3-DXd), utilising the same DXd payload system, demonstrated an ORR of 29.8% and mPFS
of 5.5 months in the Phase 2 HERTHENA-Lung02 trial in patients with EGFR-mutated NSCLC who had progressed on
osimertinib [10]. Given near-ubiquitous HER3 expression in NSCLC and the absence of validated targeted options after third-
generation EGFR TKI failure, HER3-DXd received FDA Breakthrough Therapy Designation and is under evaluation in a Phase
3 confirmatory trial.

Trop-2- and Nectin-4—targeted ADCs

Sacituzumab govitecan (SG; Trodelvy®) — a Trop-2-targeting ADC with SN-38 payload and DAR 7.5 — demonstrated a
median OS of 12.1 versus 6.7 months (HR 0.48, 95% CI 0.35-0.66) in the Phase 3 ASCENT trial in triple-negative breast cancer
(n = 468) [7]. Subsequent approval in HR+/HER2— metastatic breast cancer was supported by TROPiCS-02 [8]. Enfortumab
vedotin (EV; Padcev®), targeting Nectin-4 with monomethyl auristatin E, combined with pembrolizumab achieved an ORR of
68% and mPFS of 12.5 months in the Phase 3 EV-302 trial in previously untreated locally advanced or metastatic urothelial
carcinoma [9], establishing this combination as a new first-line standard of care. Table 1 summarises the key ADCs, targets,
pivotal trials, and regulatory status

‘ Target ‘ Indication Key trial / ref. ORR / mPFS Status

T-DM1 (Kadcyla®) HER2 HER2+ mBC (2L+) TH3RESA [1] ORR 31%; mOS FDA 2013
22.7 vs 15.8 mo
T-DXd (Enhertu®) HER2 HER2+ mBC, HER2- DESTINY-Breast03 [2]; mPFS 28.8 vs 6.8 FDA/EMA
low mBC, NSCLC, DESTINY-Breast04 [3]; mo (HR 0.33); ORR approved (2019—
gastric, pan-tumour DESTINY-PanTumor(02 79% (HER2+); ORR 2024, multiple)
HER2+ IHC3+ [4]; FDA 2024 [5] 52% (HER2-low)
Dato-DXd Trop-2 HR+/HER2— mBC TROPION-Breast01 [6] mPFS 6.9 vs 4.9 mo FDA/EMA 2024
(Datroway®) (2L+) (HR 0.63); ORR 2025
36%
Sacituzumab Trop-2 TNBC (2L+); ASCENT [7]; TROPiCS- TNBC: mOS 12.1 vs FDA 2020/2023
govitecan HR+/HER2— mBC; 02 [8] 6.7 mo (HR 0.48);
(Trodelvy®) urothelial ORR 35%
Enfortumab vedotin | Nectin- Locally adv./met. EV-302 [9] mPFS 12.5 mo; ORR FDA 2023
+ pembrolizumab 4 urothelial (1L) 68%
(Padcev®)
Patritumab HER3 EGFR-mut. NSCLC HERTHENA-Lung02 [10] ORR 29.8%; mPFS FDA
deruxtecan (HER3- (post-osimertinib) 5.5mo Breakthrough
DXd) Designation

Table 1. Key antibody—drug conjugates: targets, pivotal trial data, and regulatory status (2013-2025). ADC, antibody—drug conjugate; mBC, metastatic
breast cancer; NSCLC, non-small cell lung cancer; TNBC, triple-negative breast cancer, UC, urothelial carcinoma; ORR, overall response rate; mPFS,
median PFS; mOS, median OS; FDA, Food and Drug Administration; EMA, European Medicines Agency; IHC, immunohistochemistry; HR, hormone
receptor, L, treatment line.

Published By: Fifth Dimension Research Publication https://fdrpjournals.org/ 117|Page



Next-Generation Anticancer Modalities: A Systematic Review of Antibody—Drug Conjugates, Bispecific
Antibodies, CAR-T Cell Therapy, Cancer Vaccines, and Radioligand Therapy

Bispecific Antibodies

Bispecific antibodies are engineered to simultaneously bind two distinct antigens, most commonly linking a tumour-
associated antigen to CD3e on T cells, thereby recruiting polyclonal cytotoxic T lymphocytes to mediate tumour lysis
independent of MHC-I antigen presentation — a mechanism that circumvents a key immune evasion strategy of cancer [48,57].
As of mid-2025, more than nine BsAbs have received FDA approval in oncology [57].

Haematological malignancies

In B-cell lymphomas, CD20 x CD3 bispecific antibodies have transformed the treatment landscape. Mosunetuzumab
(Lunsumio®, Roche) — the first BsAb approved for follicular lymphoma — achieved an ORR of 80% and CR rate of 60% in the
GO29781 Phase 2 trial in R/R FL after >2 prior therapies (n = 90) [15]. At 3-year follow-up, the median duration of response
had not been reached in patients achieving CR, indicating potentially curative remissions in a historically incurable disease
[15,58]. Epcoritamab (Epkinly®) and glofitamab (Columvi®) have each been approved in more than 30 countries for R/R
DLBCL after >2 prior therapies, with ORRs of 63% and 52%, and CR rates of 39% for both agents, respectively [16,17].
Glofitamab employs a unique 2:1 bivalent CD20-binding format and, critically, is delivered as a finite 12-cycle treatment, with
durable CRs observed post-treatment [17]. Real-world registry studies from multiple institutions confirm that efficacy of both
agents in routine practice is consistent with pivotal trial data [59].

In multiple myeloma, BCMA x CD3 BsAbs have collectively achieved ORRs of 60-73% in heavily pre-treated
populations. Teclistamab (Tecvayli®) demonstrated an ORR of 63% with a median DOR of 18.4 months in the MajesTEC-1
Phase 1/2 trial [14]. Talquetamab (Talvey®), targeting the novel antigen GPRC5D expressed on myeloma cells and plasma
cells, achieved an ORR of approximately 73% in MonumenTAL-1 [18], providing an alternative pathway in patients with prior
BCMA-targeted exposure. Linvoseltamab (Lynozyfic®, Regeneron), a BCMA x CD3 BsAb approved by the FDA in 2025,
further expands this class [57].

Solid tumours: tarlatamab and beyond

Tarlatamab (Imdelltra®, Amgen), approved by the FDA in 2024 for ES-SCLC after platinum-based chemotherapy,
represents a landmark extension of BsAbs to solid tumours [13]. Targeting DLL3 — a Notch ligand aberrantly expressed on
SCLC tumour cells but absent from most normal tissues — tarlatamab achieved an ORR of 40% and a median OS of 14.3 months
in the DeLLphi-301 Phase 2 trial, compared to historical median OS of 5—7 months with second-line topotecan [13,60]. CRS
occurred in approximately 50% of patients (predominantly grade 1-2), necessitating step-up dosing protocols and
premedication.

Zanidatamab (Ziihera®), a biparatopic antibody binding two non-overlapping HER2 epitopes, received FDA approval
in 2024 for HER2-amplified biliary tract cancer with an ORR of 52% and median DOR of 14.9 months in HERIZON-BTC-01
[19]. Zenocutuzumab (Bizengri®, Merus), targeting the HER2/HER3 heterodimer to block NRG1-mediated signalling, received
tumour-agnostic FDA approval in 2024 based on an ORR of 34% in NRG1 fusion-positive solid tumours across multiple
histotypes in the eNRGy basket trial [20]. Immunogenicity of approved BsAbs is low: anti-drug antibodies occur in <3% of
patients treated with blinatumomab, mosunetuzumab, epcoritamab, glofitamab, and amivantamab [57]. Table 2 provides a
comparative overview of key BsAbs, mechanisms, efficacy, and safety.

Targets Indication Key trial / ref. Key efficacy Year approved
Blinatumomab CD19xCD3 R/R B-ALL; TOWER [11]; mOS 7.7 vs 4.0 mo (HR FDA 2014/2018
(Blincyto®) MRD+ ALL MT103-203 [12] 0.71)
Tarlatamab DLL3xCD3 ES-SCLC (2L+) DeLLphi-301 Ph2 ORR 40%; mOS 14.3 mo FDA 2024
(Imdelltra®) [13]
Teclistamab BCMAxCD3 R/R multiple MajesTEC-1 [14] ORR 63%; mDOR 18.4 FDA/EMA
(Tecvayli®) myeloma mo 2022
Mosunetuzumab CD20xCD3 R/R follicular G029781 Ph2 [15] ORR 80%; CR 60%; 3-yr FDA 2022
(Lunsumio®) lymphoma >2L mDOR not reached in CR
pts
Epcoritamab CD20xCD3 R/R DLBCL >2L EPCORE NHL-1 ORR 63%; CR 39% FDA 2023 (>30
(Epkinly®) [16] countries)
Glofitamab CD20xCD3 R/R DLBCL NP30179 Ph1/2 [17] ORR 52%; CR 39% FDA 2023 (>30
(Columvi®) 2:1) (finite 12 cycles) countries)
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Talquetamab GPRC5D*CD3 R/R multiple MonumenTAL-1 ORR ~73%; mDOR 9.5 FDA/EMA
(Talvey®) myeloma [18] mo 2023
Zanidatamab HER2 HER2-amp. HERIZON-BTC-01 ORR 52%; mDOR 14.9 FDA 2024
(Ziihera®) biparatopic biliary tract [19] mo
cancer
Zenocutuzumab HER2xHER3 NRGI1 fusion+ eNRGy [20] ORR 34%; mDOR 11.1 FDA 2024
(Bizengri®) solid tumors mo

Table 2. Key bispecific antibodies in oncology: targets, efficacy, and regulatory status (2014-2025). BsAb, bispecific antibody; R/R,
relapsed/refractory; DLBCL, diffuse large B-cell ymphoma; FL, follicular lymphoma; MM, multiple myeloma,; ES-SCLC, extensive-stage
small-cell lung cancer; CRS, cytokine release syndrome; ORR, overall response rate; DOR, duration of response; FDA, Food and Drug
Administration.

CAR-T Cell Therapy

CAR-T cell therapy involves the ex vivo engineering of autologous or allogeneic T cells to express a synthetic receptor
combining an extracellular scFv antigen-binding domain with intracellular signalling domains (CD3{, CD28, and/or 4-1BB)
[49,61]. Following infusion and antigen engagement, CAR-T cells expand, secrete cytokines, and mediate direct tumour
cytolysis. Six CAR-T products currently hold FDA approval for haematological malignancies [49].

Haematological malignancies

Tisagenlecleucel (Kymriah®, Novartis) was the first gene therapy approved by the FDA in 2017, achieving an ORR of
81% in paediatric R/R B-ALL in the ELIANA trial [21] and 52% in adult R/R DLBCL in JULIET [22]. Axicabtagene ciloleucel
(Yescarta®, Gilead/Kite) demonstrated superiority over standard chemo-immunotherapy as second-line treatment for relapsed
LBCL in ZUMA-7 (event-free survival 8.3 vs 2.0 months; HR 0.40, 95% CI 0.31-0.51) [24]. Ciltacabtagene autoleucel
(Carvykti®, J&J/Legend Biotech) achieved landmark results in the Phase 3 CARTITUDE-4 trial: ORR 98%, median PFS 34.9
versus 11.8 months (HR 0.26, 95% CI 0.18-0.38) in lenalidomide-refractory multiple myeloma [25] — the strongest efficacy
evidence for any CAR-T product in a randomised comparison.

CAR-T in solid tumours: a field in transition

Solid tumour CAR-T therapy faces three fundamental barriers: (1) tumour heterogeneity and antigen-negative escape;
(2) the immunosuppressive tumour microenvironment (TME) characterised by T-cell exhaustion and checkpoint ligand
upregulation; and (3) poor CAR-T cell trafficking and persistence within the tumour mass [49,62]. Engineering innovations
including armoured CARs secreting IL-12, tandem or logic-gated constructs, and co-stimulatory domain optimisation are being
actively investigated [62].

The most significant 2025 milestone was the first randomised controlled trial of CAR-T therapy in a solid tumour:
satricabtagene autoleucel (satri-cel; CT041), a CLDN18.2-targeted autologous CAR-T, versus treatment of physician's choice
(TPC) in 156 patients with previously treated advanced gastric or GEJ cancer in the CT041-ST-01 trial, published in The Lancet
in 2025 [26,27]. Satri-cel treatment resulted in a statistically significant improvement in PFS with a manageable safety profile
— grade >3 CRS was rare and no grade >3 ICANS was observed — representing proof-of-concept that CAR-T therapy can achieve
randomised efficacy advantage in a solid tumour context.

GD2-targeting CAR-T cells have shown durable objective responses in H3K27M+ diffuse midline glioma following

intraventricular and intravenous administration, with CAR-T cell persistence of up to 2 years in some patients (Nature, 2025)
[28]. GCCI9CART (bispecific GCC x CD19 CAR-T) achieved an ORR of 80% at dose level 2 in R/R metastatic colorectal
cancer, albeit with significant gastrointestinal toxicity including one treatment-related death [30]. Extended CAR-T cell
persistence correlating with better responses was observed in both GD2- and CLDN18.2-targeting trials, highlighting persistence
as a key pharmacodynamic target [49,62]. Table 3 summarises key CAR-T products, targets, and clinical results.

Disease Key trial / ref. Key result Status
Tisagenlecleucel CD19 R/R B-ALL (paed.); ELIANA [21]; B-ALL: ORR 81%; DLBCL: FDA 2017
(Kymriah®) R/R DLBCL JULIET [22] ORR 52%
Axicabtagene CD19 R/R LBCL >2L; FL ZUMA-1 [23]; ZUMA-7: EFS 8.3 vs 2.0 mo FDA
ciloleucel (Yescarta®) >3L ZUMA-7 [24] (HR 0.40) 2017/2022
Ciltacabtagene BCMA R/R MM 2>1 prior CARTITUDE-4 mPFS 34.9 vs 11.8 mo (HR FDA
autoleucel line (lenalidomide- [25] 0.26); ORR 98% 2022/2024
(Carvykti®) ref.)
Satricabtagene CLDNI18.2 Adv. gastric/GEJ CT041-ST-01 Ph2 First RCT of CAR-T in solid Phase 2
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autoleucel (satri-cel; (=2L) RCT [26,27] tumour; significant PFS (landmark
CT041) improvement vs TPC RCT)
(ASCO/Lancet 2025)
GD2-CAR-T (GD2- GD2 H3K27M+ diffuse Nature 2025 [28]; Glioma: durable objective Phase 1/2
CARTO1 / midline glioma; NCT03373097 responses; neuroblastoma:
intraventricular) neuroblastoma [29] 57% REFS at high dose
GCCI19CART GCCxCD19 R/R metastatic CRC NCT05319314 ORR 80% at DL2; severe Phase 1,
[30] diarrhea; 1 TRD dose
escalation

Table 3. CAR-T cell therapy: key agents, targets, clinical results, and development stage (2017-2025). CAR-T, chimeric antigen receptor T-
cell; CLDN18.2, Claudin 18.2; R/R, relapsed/refractory; RCT, randomised controlled trial; mPFS, median PFS; CRS, cytokine release
syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome; TPC, treatment of physician's choice; GEJ, gastroesophageal
Jjunction; TRD, treatment-related death.

Cancer Vaccines

mRNA cancer vaccines exploit synthetic mRNA encoding personalised tumour neoantigens or shared tumour-associated
antigens (TAAs), delivered via LNPs, resulting in in situ antigen expression, MHC-I/II presentation, and priming of tumour-
specific CD8+ cytotoxic T lymphocytes and CD4+ helper T cells [50,63]. The COVID-19 pandemic substantially accelerated
LNP manufacturing and regulatory infrastructure, reducing vaccine production timelines from approximately nine weeks to
under four weeks for personalised constructs [64].

Personalised neoantigen vaccines

The most clinically advanced personalised neoantigen vaccine is mRNA-4157/V940 (Moderna/Merck), currently in
Phase 3 development (NCT05933577). In the randomised Phase 2b KEYNOTE-942 trial in patients with resected high-risk
(stage IIB-IV) melanoma, mRNA-4157 plus pembrolizumab reduced the risk of recurrence or death by 44% compared with
pembrolizumab monotherapy (HR 0.56, 95% CI 0.32—0.99; p = 0.0266), with an 18-month RFS of 79% versus 62% [31]. At 3-
year follow-up, benefit was maintained, and regulatory submissions are anticipated in 2026 [32].

The individualised neoantigen approach was validated in pancreatic ductal adenocarcinoma (PDAC) — historically
resistant to immunotherapy due to a cold, desmoplastic TME. In a Phase 1 adjuvant trial at Memorial Sloan Kettering/BioNTech,
autogene cevumeran (encoding up to 20 patient-specific neoantigens) was administered with atezolizumab and mFOLFIRINOX
in resected PDAC patients [33]. Of 16 patients, 8 mounted detectable vaccine-induced T cell responses. After a median follow-
up of 3.2 years, vaccine responders had a median RFS not yet reached, compared with 13.4 months in non-responders (HR
0.08), an effect maintained at nearly 4 years in some patients [34]. CD8+ neoantigen-specific T cell responses persisted for up
to 4 years after vaccination, demonstrating durable immune memory [34].

Fixed-antigen mRNA vaccines

BNT111 (BioNTech), encoding four melanoma-associated antigens (NY-ESO-1, MAGE-A3, tyrosinase, TPTE),
achieved an ORR of 22% as monotherapy in patients with anti-PD-1 relapsed/refractory unresectable melanoma in the LIPO-
MERIT Phase 2b trial, including durable complete responses [35]. The KRAS-targeting mRNA vaccine mRNA-5671/V941
(Merck) demonstrated an acceptable safety profile in Phase 1 but limited single-agent activity, emphasising the importance of
ICI combinations and challenges of KRAS immunogenicity [36,65]. As of 2025, more than 120 RNA cancer vaccine trials are
registered across lung, breast, prostate, melanoma, PDAC, and brain tumours [64]. Personalised manufacturing costs exceeding
$100,000 per patient remain a fundamental barrier to equitable access [64]. Table 4 summarises key cancer vaccine platforms
and clinical results.

Agent ‘ Platform ‘ Disease \ Key trial / ref. Key result Status

mRNA-4157/V940 + Personalised Resected high- KEYNOTE-942 44% reduction Phase 3
pembrolizumab mRNA LNP risk melanoma Ph2b [31,32] recurrence/death (HR 0.56, NCT05933577
neoantigen p=0.0266); 18-mo RFS (recruiting)

79% vs 62%:; benefit
sustained >30 mo

Autogene cevumeran Personalised Resected MSK/BioNTech 8/16 pts immune response; Phase 2
+ atezolizumab + mRNA LNP (up to PDAC Ph1 [33,34] responders median RFS expansion
mFOLFIRINOX 20 neoantigens) not reached vs 13.4 mo ongoing

(HR 0.08); durable at 4 yr
BNT111 + Fixed mRNA LNP Anti-PD-1 LIPO-MERIT ORR 22% monotherapys; Phase 2b
cemiplimab (NY-ESO-1, relapsed Ph2b [35] combination data pending recruiting
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MAGE-A3, unresectable
tyrosinase, TPTE) melanoma
mRNA-5671/V941 + mRNA (KRAS CRC, PDAC, NCT03948763 Safety established; limited Phase 1
pembrolizumab G12V/D/C/R) NSCLC Ph1 [36] single-agent activity; completed
(KRAS-mut.) combination data
exploratory

Table 4. Cancer vaccines: platforms, indications, key trials, and development stage (2020-2025). LNP, lipid nanoparticle; PDAC,
pancreatic ductal adenocarcinoma; RES, recurrence-free survival; ORR, overall response rate; TAA, tumour-associated antigen; TME,
tumour microenvironment.

Radioligand Therapy

RLT combines a tumour-targeting ligand with a therapeutic radionuclide — most commonly lutetium-177 (*"’Lu, B-
emitter) — delivering cytotoxic radiation selectively to antigen-expressing tumour cells while sparing adjacent normal tissue
[51,66]. A defining advantage of RLT is its intrinsic theranostic capacity: the same targeting ligand labelled with a diagnostic
radionuclide (e.g., ®*Ga for PET) enables patient selection based on quantitative target expression, treatment monitoring, and
post-treatment dosimetry [42,66] — a capability unique among the five modalities reviewed.

Approved agents

['Lu]Lu-DOTA-TATE (Lutathera®, Novartis) was approved by the EMA in 2017 and the FDA in 2018 for
progressive, unresectable, well-differentiated, SSTR-positive GEP-NETs. The Phase 3 NETTER-1 trial (n = 229) demonstrated
a dramatic improvement in PFS (HR 0.18, 95% CI 0.10—0.33; mPFS not reached vs 8.4 months for high-dose octreotide LAR),
with ORR 18% and disease control rate >80% [37]. Interim results from the Phase 3 COMPETE trial, presented at ENETS
2025, demonstrated a median PFS of 29.3 months for ['”’Lu]Lu-DOTA-TOC versus the comparator everolimus in G1-G2 GEP-
NETs [38], further cementing RLT as the cornerstone of GEP-NET management.

[*""Lu]Lu-PSMA-617 (Pluvicto®, Novartis) received FDA and EMA approval in 2022 for PSMA -positive mCRPC after
prior ARPI and taxane-based chemotherapy. The pivotal Phase 3 VISION trial (n = 831) demonstrated a median OS of 15.3
versus 11.3 months (HR 0.62, 95% CI 0.52—0.74) and radiographic PFS of 8.7 versus 3.4 months (HR 0.40, 95% CI 0.29-0.57)
[39]. The Phase 2 UpFrontPSMA trial (Lancet Oncology, 2024) demonstrated that sequential ['”’Lu]Lu-PSMA-617 with
docetaxel improved PSAS0 response (73% vs 44%) over docetaxel alone in metastatic hormone-sensitive prostate cancer [41],
supporting earlier-line potential.

Rechallenge and novel targets

A 2025 PRISMA-compliant systematic review and meta-analysis evaluating ['7’Lu]Lu-PSMA rechallenge therapy in
mCRPC patients who progressed after a first RLT course (literature through March 2025) found PSA50 response rates of 40—
60% with manageable haematologic toxicity [40], suggesting clinically meaningful activity in a population with very limited
options.

As of July 2025, more than 400 clinical trials explore novel RLT targets [42]. Fibroblast activation protein (FAP),
overexpressed in cancer-associated fibroblasts across multiple solid tumour types, represents the most extensively investigated
pan-tumour target, with early Phase 1/2 signals of activity and organ toxicity under evaluation [42]. Additional emerging targets
include CAIX (clear-cell RCC), GRPR (breast and prostate cancers), and integrins (avp3, avp6) [42,66]. Alpha-emitting
[?*Ac]Ac-PSMA is under clinical evaluation, offering higher linear energy transfer and potential for patients with low or
heterogeneous PSMA expression [40]. Table 5 summarises key RLT agents, targets, pivotal trials, and development status.

‘ Target ‘ Disease

‘ Key trial / ref.

\ Key result

['"””Lu]Lu-DOTA- SSTR2 Progressive NETTER-1 Ph3 [37]; NETTER-1: mPFS NR vs 8.4 FDA 2018, EMA
TATE (Lutathera®) SSTR+ GEP- COMPETE Ph3 (ENETS mo (HR 0.18); ORR 18%; 2017
NETSs 2025) [38] COMPETE: mPFS 29.3 mo vs
everolimus
['"Lu]Lu-PSMA- PSMA mCRPC (post- VISION Ph3 [39] mOS 15.3 vs 11.3 mo (HR FDA/EMA 2022
617 (Pluvicto®) ARPI + taxane) 0.62); rPFS 8.7 vs 3.4 mo (HR
0.40)
['"”Lu]Lu-PSMA- PSMA mCRPC Systematic review & PSAS50 response 40—60%; Retrospective;
617 rechallenge progressed after meta-analysis 2025 [40] manageable haematologic Ph2 trials ongoing
Ist RLT toxicity
['"Lu]Lu-PSMA- PSMA mHSPC UpFrontPSMA Ph2 [41] rPFS benefit vs docetaxel Phase 2, Lancet
617 + docetaxel alone; PSAS50 73% vs 44% Oncol 2024
(early-line)
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FAP-targeted RLT FAP Multiple solid Global perspective Early signals of activity; organ Phase 1/2
(various) tumours (pan- review [42]; >400 trials toxicity under evaluation
tumour stroma) registered (Jul 2025)

Table 5. Radioligand therapy. agents, targets, pivotal trials, and regulatory status (2017-2025). RLT, radioligand therapy, PSMA, prostate-
specific membrane antigen; SSTR, somatostatin receptor; GEP-NETS, gastroenteropancreatic neuroendocrine tumours; mCRPC, metastatic
castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; FAP, fibroblast activation protein; PFS,
progression-free survival; OS, overall survival; FDA, Food and Drug Administration;, EMA, European Medicines Agency.

2. Discussion
Comparative Efficacy Across Modalities

The five modalities differ substantially in their mechanisms, target accessibility, and depth and durability of response.
ADCs and BsAbs have demonstrated the most consistent efficacy across haematological and solid tumour contexts, reflecting
their antibody-based design, scalable manufacturing, and broad antigen targeting [47,48]. CAR-T therapy achieves the highest
ORRs in haematological settings (>80-98% in certain populations) [21-25], but its translation to solid tumours has been
historically limited — with the CT041-ST-01 RCT in gastric cancer representing a pivotal proof-of-concept in 2025 [26,27].
mRNA cancer vaccines remain at the earliest stage of regulatory maturity, with no approved product as of June 2025, though
Phase 3 data for mRNA-4157 in melanoma are anticipated within 1-2 years [31,32]. RLT occupies a unique niche: its theranostic
capacity enables prospective patient selection by quantitative imaging [39,66], and it achieves objective responses in diseases
(GEP-NETs, mCRPC) where other systemic options have limited activity [37,39].

Pan-Tumour versus Histotype-Specific Approaches

A fundamental differentiator across modalities is feasibility of pan-tumour versus histotype-specific application. ADCs
lead in tumour-agnostic potential: the 2024 FDA approval of T-DXd for any HER2+ (IHC3+) solid tumour [4,5], the tissue-
agnostic NRG1-fusion approval of zenocutuzumab [20], and the pan-tumour potential of Trop-2-targeting agents [7,8]
exemplify this approach — enabled by molecular biomarkers (HER2 IHC3+, NRG1 fusion) that are uniformly actionable

regardless of tissue of origin. BsAbs currently remain more histotype-restricted in solid tumours (tarlatamab targets DLL3 in
SCLC [13]), though the bispecific T-cell-engaging principle is inherently pan-tumour if an appropriate tumour-restricted antigen
can be identified. FAP-targeted CAR-T [62] and FAP-targeted RLT [42] both aim to exploit the near-universality of cancer-
associated fibroblasts. Cancer vaccines are by definition personalised or shared-antigen-based [50,63], and are conceptually
incompatible with traditional histotype-agnostic approval frameworks without neoantigen selection criteria.

Safety Profiles and Toxicity Management

Each modality carries a characteristic toxicity signature. ADCs produce haematological toxicity, interstitial lung disease
(ILD — particularly with DXd-payload agents, occurring in 10—15% of patients on T-DXd across trials, with rare fatal events)
[47,55], and payload-specific effects (peripheral neuropathy with auristatin-based agents, ocular toxicity with belantamab
mafodotin). Prompt recognition of ILD and early corticosteroid therapy are essential [55].

BsAbs and CAR-T share the toxicity profile of T-cell engagement: CRS and ICANS [48,49]. In haematological settings,
CRS is predominantly grade 1-2 and manageable with tocilizumab; grade >3 CRS occurs in 5-15% of cases [15,17,25].
Immunogenicity is low for most BsAbs (<3% ADA incidence) [57]. Infectious complications, particularly opportunistic
infections driven by prolonged B-cell depletion, represent the most clinically significant late safety concern [48,57].

RLT has a favourable systemic toxicity profile: grade 3—4 thrombocytopenia in 3—-9% and anaemia in 13% of patients
in the VISION trial [39]. Radiation nephropathy, managed through renal dosimetry monitoring and co-administration of renal
protective amino acids, is the other principal concern [66]. Cancer vaccines have the most benign safety profile of any modality
— typically limited to injection-site reactions and transient flu-like symptoms; grade >3 immune-related AEs are rare [31,35].

Combinatorial Strategies and Emerging Approaches

Rational combination strategies exploiting mechanistic synergies are increasingly supported by clinical data. ADCs with
immunogenic payloads — particularly topoisomerase I inhibitors — induce immunogenic cell death, potentially converting cold
TME:s to hot ones and sensitising to subsequent ICI therapy [47,67]. The Phase 3 PSMAddition trial demonstrated that ['""Lu]Lu-
PSMA-617 plus enzalutamide significantly improved rPFS over enzalutamide alone in mCRPC (HR 0.60, 95% CI 0.49-0.74)
[68]. RLT combined with PARP inhibitors is supported by a synthetic lethality rationale — radiation-induced DNA DSBs are
exacerbated by PARP inhibition — with multiple Phase 1/2 trials ongoing [66,68]. BsAb plus ICI combinations are being
explored in solid tumours based on complementary T-cell engagement mechanisms [57,67]. mRNA vaccines combined with
CAR-T constructs to prime and amplify neoantigen-specific responses represent an emerging frontier [50,63], though clinical
data remain preliminary.

Predictive Biomarkers

Biomarker-driven patient selection is critical across all five modalities. For ADCs, antigen expression level (HER2 THC
score, Trop-2 H-score) is the primary eligibility and response predictor [2,3,7]. The clinically meaningful benefit of T-DXd at
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HER2-low expression levels [3] demonstrates that the conventional binary HER2-positive/negative classification is insufficient,
prompting redefinition of the HER2 spectrum. For BsAbs and CAR-T, tumour antigen density, TMB, and TME composition
(T-effector/Treg ratio, immune infiltration) are critical predictors [48,57,62]. CD20 loss post-CD20 x CD3 BsAb therapy is a
clinically important resistance mechanism, with high rates of CD20 negativity observed at relapse [69]. For mRNA vaccines,
neoantigen clonality, HLA binding affinity, and tumour antigen presentation competence (B2M, HLA-A/B/C expression)
determine immunogenicity [50,63,65]. For RLT, quantitative PSMA PET (SUVmean thresholds used in VISION eligibility
criteria) and FAP PET imaging provide the theranostic basis for patient selection [39,42].

Access, Cost, and Regulatory Landscape

Equitable patient access to all five modalities is challenged by cost and geographic concentration. ADCs are priced at
$150,000-$300,000 per year of therapy in high-income countries, with limited biosimilar competition expected before 2030
[44]. CAR-T products range from $400,000 to $500,000 per infusion, and personalised neoantigen vaccines cost in excess of
$100,000 per patient [64]. RLT using commercially produced ['7’Lu]-labelled agents requires nuclear medicine infrastructure
largely absent from low- and middle-income countries [42,66]. The FDA accelerated approval pathway, based on ORR as a
surrogate endpoint, has enabled faster patient access but generated controversy where confirmatory trials have been delayed
[5,44]. The FDA's tumour-agnostic approval framework — exemplified by T-DXd in 2024 — is expected to expand as basket trial
methodology matures and companion diagnostics gain regulatory acceptance [4,5,20].

3. Limitations

This review has several limitations. First, substantial heterogeneity across studies in patient populations, prior treatment
lines, endpoint definitions, and follow-up durations precludes formal meta-analysis across modalities. Second, late-breaking
conference data (e.g., ASCO 2025) included herein have not always been fully peer-reviewed and should be interpreted with
appropriate caution [26,38]. Third, cross-modality efficacy comparisons are confounded by differences in patient selection and
lines of therapy. Fourth, long-term follow-up data are immature for most recently approved agents. Fifth, this review focused
on Phase 2-3 data; comprehensive analysis of Phase 1 findings across hundreds of investigational agents was outside scope.
Finally, cost-effectiveness analysis was beyond scope and requires dedicated systematic evaluation.

4. Conclusion

All five next-generation anticancer modalities — ADCs, BsAbs, CAR-T cell therapy, mRNA cancer vaccines, and RLT
— have demonstrated clinically meaningful, in several cases practice-changing, efficacy and have earned regulatory approvals
that are fundamentally expanding the therapeutic repertoire for patients with advanced cancer.

ADCs, particularly the deruxtecan platform, represent the broadest translational success, having achieved tumour-
agnostic approval and superiority over prior standards in multiple Phase 3 trials [2—5]. BsAbs have transformed haematological
oncology [14-18] and are achieving clinically significant activity in solid tumours [13,19,20]. CAR-T therapy achieved its first
RCT evidence of superiority in a solid tumour in 2025 [26,27], signalling a potential paradigm shift. mRNA neoantigen vaccines
have produced the first randomised evidence of recurrence prevention in resected melanoma [31,32] and durable immune
responses in PDAC [33,34], with Phase 3 data anticipated within 1-2 years. RLT has established a distinctive theranostic niche
with ongoing expansion into pan-tumour FAP-targeted applications [42].

Convergence of these modalities in rational combination strategies represents the most promising direction for further
improving patient outcomes. Predictive biomarker development, manufacturing scale-up and cost reduction, and equitable
global access remain the foremost challenges. Future systematic reviews should incorporate head-to-head trial data, long-
term survival outcomes, and formal health economic analyses to guide rational treatment sequencing.
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