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Linavonkibart and pembrolizumab in 
immune checkpoint blockade-resistant 
advanced solid tumors: a phase 1 trial
 

Although immune checkpoint inhibitor therapies have revolutionized 
oncology, many cancers are unresponsive or develop resistance that involves 
transforming growth factor-β1 (TGFβ1). This multicenter, open-label, phase 
1 study (DRAGON trial, SRK-181-001) evaluated safety, pharmacokinetics, 
pharmacodynamics, predictive biomarkers and efficacy of linavonkibart, 
a first-in-class fully human selective anti-latent TGFβ1 antibody with 
anti-programmed cell death protein 1 (PD-1) therapy. The DRAGON trial 
was divided into three treatment parts: part A1 (dose-escalation cohorts 
with single-agent linavonkibart), part A2 (dose-escalation cohorts with the 
combination treatment of linavonkibart and pembrolizumab) and part B 
(dose-expansion cohorts with the combination treatment). The primary 
objective of the study was to determine the safety and tolerability of 
linavonkibart alone and in combination with pembrolizumab. Secondary 
objectives included evaluation of linavonkibart pharmacokinetics for 
each treatment paradigm, assessment of anti-linavonkibart antibody 
development (parts A and B) and measurement of antitumor activity 
(part B) after treatment. All primary and secondary objectives were met 
in the study. Overall, linavonkibart had a manageable safety profile, and 
combined therapy with pembrolizumab was generally consistent with that 
of pembrolizumab monotherapy. Dermatological reactions were the only 
additional risk identified. Neither cytokine release syndrome nor infusion 
interruption was observed in any patient enrolled in DRAGON. In part A 
(n = 34), no dose-limiting toxicities or grade 4 or 5 treatment-related adverse 
events occurred (linavonkibart; ≤3,000 mg once every 3 weeks (Q3W) and 
2,000 mg once every 2 weeks (Q2W)). In part B (n = 78), patients progressing 
on prior anti-PD-1 therapy received linavonkibart (1,500 mg Q3W/1,000 mg 
Q2W) with pembrolizumab (200 mg Q3W). This combination demonstrated 
confirmed objective response rates of 20.0%, 18.2%, 9.1% and 9.1% in anti-PD-1- 
resistant patients with clear cell renal cell cancer (ccRCC), melanoma, 
head and neck squamous cell cancer and urothelial cancer, respectively. 
Biomarker data provide proof of mechanism and a potential ccRCC patient 
selection strategy. ClinicalTrials.gov identifier: NCT04291079.
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context-independent inhibition of TGFβ1 that targets all sources of 
TGFβ1 within the tumor (via association with presenting molecules 
such as GARP, LRRC33, LTBP1 and LTBP3) provides comprehensive 
suppression of TGFβ1, thus maximizing antitumor effects. In preclinical 
models, the administration of a murine counterpart to linavonkibart 
combined with anti-PD-1 treatment provided significant antitumor 
responses and survival benefit even in ICI-resistant syngeneic tumor 
models of melanoma, breast cancer and urothelial cancer16. Further-
more, preclinical studies demonstrated that selective TGFβ1 inhibition 
can circumvent the dose-limiting toxicities previously associated 
with pan-TGFβ and TGFβ receptor 1 (TGFβR1) inhibitors16,29,30. Here we 
present results from a first-in-human, multicenter, open-label, phase 
1 study (DRAGON trial, SRK-181-001; NCT04291079), which evaluated 
the safety, tolerability, pharmacokinetics, pharmacodynamics and 
efficacy of linavonkibart alone or in combination with pembrolizumab 
in patients with locally advanced or metastatic solid tumors resist-
ant to prior anti-PD-1 therapy. Detailed biomarker analyses were also 
undertaken on longitudinally collected patient samples.

Results
Study design
The DRAGON trial, conducted in hospital and/or health clinic settings 
at 22 sites across the USA and South Korea, was divided into three treat-
ment parts: parts A1, A2 and B. The first and last patients were enrolled 
on 23 April 2020 (part A) and 22 December 2023 (part B), respec-
tively. Data collection took place from 23 April 2020 to 14 April 2025.  
All patients received linavonkibart via intravenous infusion either  
as a single agent (part A1) or in combination with pembrolizumab  
(parts A2 and B) until disease progression, unacceptable toxicity or 
study discontinuation. Parts A1 and A2 followed a 3 + 3 dose-escalation 
study design, and part B was a dose expansion in ccRCC, head and neck 
squamous cell cancer (HNSCC), melanoma, urothelial cancer, non-small 
cell lung cancer (NSCLC) and other indications.

Part A dose escalation: single-agent linavonkibart (part A1) and  
linavonkibart in combination with anti-PD-1 therapy (part A2). The 
primary objectives of part A were to determine the safety and tolerability  
of single-agent linavonkibart (part A1) and linavonkibart in combina-
tion with anti-PD-(L)1 (anti-PD-1 and/or anti-PD-L1) therapy (part A2), 
to establish the maximum tolerated dose and maximum administered 
dose and to determine the dose for part B. The secondary objectives 
were to evaluate the pharmacokinetics of linavonkibart and monitor 
for potential development of anti-linavonkibart antibodies when alone 
(part A1) or combined with anti-PD-(L)1 therapy (part A2). The anti
tumor activity of linavonkibart and any associated biomarker analyses 
for predictors of clinical response were exploratory objectives.

Part B dose expansion: linavonkibart in combination with anti-PD-1 
therapy. The primary objective of part B was to determine the safety 
and tolerability of linavonkibart in combination with anti-PD-1 therapy 
for six expansion cohorts. In addition to the secondary objectives of 
part A, part B also included the assessment of antitumor activity as a sec-
ondary objective. Evaluating the impact of linavonkibart in combina-
tion with anti-PD-1 therapy on survival outcomes and biomarker-based 
analyses for clinical response predictors were exploratory objectives.

Key eligibility criteria
Eligible patients were at least 18 years old with histologically confirmed 
metastatic or locally advanced solid tumors. For part A1, patients had 
locally advanced or metastatic solid tumors for which a standard of 
care does not exist, has failed or was not tolerated by the patient. For 
part A2, patients had locally advanced or metastatic solid tumors and 
received prior anti-PD-(L)1 therapy with a documented best response of 
progressive disease or stable disease after a minimum of three cycles of 
treatment with the anti-PD-(L)1 therapy. For part B, patients with NSCLC, 

Immune checkpoint inhibitor (ICI)-based therapies have improved sur-
vival outcomes in multiple different cancers1–5, including those resistant 
to conventional chemotherapy, such as ccRCC6–10. However, antitumor 
responses are limited to approximately 20−30% of patients within such 
immune-responsive cancer types1,11. Furthermore, most patients who 
initially respond to ICI therapy will eventually develop resistance and 
progressive disease12. Therefore, primary and secondary resistance 
to ICI therapy remains a major challenge and a critical area of unmet 
clinical need1,12. Emerging evidence has indicated that TGFβ-mediated 
immune evasion plays a key role in ICI resistance13–16. TGFβ is able to 
establish an immunosuppressive tumor microenvironment17,18, and 
TGFβ signaling within the tumor compartment is associated with poor 
antitumor responses to anti-PD-1/programmed death ligand 1 (PD-L1) 
therapy in melanoma, urothelial cancer, gastrointestinal tumors, 
breast cancer and squamous cell carcinomas13,15,16,19–21. TGFβ is also 
a prognostic indicator of worse outcomes, including metastasis, in 
cancers such as ccRCC22. In mouse syngeneic tumor models of bladder, 
melanoma, colon, lung and breast cancer, synergistic antitumor effects 
were observed with the combination of TGFβ inhibition and anti-PD-1 
therapy16,19,20,23. Mechanistically, preclinical models have shown that 
TGFβ inhibition can reverse immune cell exclusion, improve immune 
cell infiltration, reduce immunosuppressive cell populations and 
enhance effector cell function13,16,23,24.

Mammals express three TGFβ growth factors: TGFβ1, TGFβ2 
and TGFβ3 (ref. 25). Each is encoded by a distinct gene, and all sig-
nal through the same receptors25. The active forms of all three TGFβ 
isoforms are highly homologous in both sequence and structure, 
and the global blockade of all three isoforms or their common recep-
tors results in cardiotoxicity and increased bleeding risk, primarily 
linked to the loss of TGFβ2 and TGFβ3 signaling16,26. Although TGFβ2 
and TGFβ3 signaling are required for homeostatic cardiovascular 
function, TGFβ1 signaling appears to be dispensable in this regard16. 
Importantly, accumulating evidence points to TGFβ1 as the key iso-
form implicated in ICI resistance. Transcriptional profiling data from 
The Cancer Genome Atlas report TGFB1 mRNA as the most prevalent 
TGFβ isoform expressed by most human cancers16. Across multiple 
tumor types, increased TGFB1 mRNA expression was associated with 
a transcriptional signature for anti-PD-1 resistance, but TGFB2 and 
TGFB3 mRNA expression had limited or no association16. Therefore, 
clinical and preclinical data support the inhibition of TGFβ as a strat-
egy to increase clinical responses to ICI, and the selective inhibition of 
TGFβ1 may provide a distinct opportunity to bypass the cardiotoxicity 
associated with pan-TGFβ inhibition.

All three TGFβ isoforms are expressed in humans as inactive  
latent protein complexes25. Depending on the cell type, these latent 
complexes can be sequestered at the cellular surface through binding 
by leucine-rich repeat-containing protein 33 (LRRC33; for example, 
M2-type macrophages and myeloid-derived suppressor cells (MDSCs)) 
or glycoprotein A repetitions predominant protein (GARP; for example, 
regulatory T (Treg) cells and endothelium)25,27. TGFβ can also be tethered 
to the extracellular matrix by latent TGFβ-binding protein 1 (LTBP1) 
or LTBP3 (ref. 28). All tumor types express all four TGFβ-presenting 
molecules, LTBP1, LTBP3, LRRC33 and GARP, suggesting that there are 
multiple sources of TGFβ1 in the tumor microenvironment16. Therefore, 
inhibiting all sources of TGFβ1 (context-independent inhibition) is 
predicted to provide maximum antitumor benefit.

Linavonkibart (formerly SRK-181) is a first-in-class, fully human 
monoclonal antibody (immunoglobulin G4 isotype) designed to  
specifically bind latent TGFβ1 to prevent TGFβ1 activation while  
leaving TGFβ2 and TGFβ3 signaling intact16. Inhibiting the latent form 
of TGFβ1 prevents the activation of TGFβ1, thus enabling robust and 
durable inhibition. Targeting the latent form, which has less homol-
ogy than the active form, also allows linavonkibart to selectively tar-
get TGFβ1 and, thereby, avoid off-target toxicities associated with 
the non-selective inhibition of the TGFβ pathway. Furthermore, 
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urothelial cancer or melanoma had a history of primary non-response 
to anti-PD-1 therapy, defined as either progressive or stable disease 
after at least three cycles of treatment; patients with ccRCC and 
HNSCC had disease progression on anti-PD-1 treatment. Key exclusion  
criteria included a history of intolerance or severe adverse reaction  
to anti-PD-(L)1 therapy, intolerance or hypersensitivity to mono
clonal antibodies and Fc-bearing proteins and the presence of primary  
tumor sites in the nasopharynx or unknown locations. Informed  
consent was obtained from all patients before entering the study.  
See Methods for additional eligibility criteria.

Baseline characteristics: part A
For part A1, all patients had locally advanced or metastatic solid tumors 
for which a standard-of-care treatment does not exist or has failed. 
Patients had a median (range) of four (1−9) prior lines of cancer therapy 
(Table 1). For part A2, all patients had locally advanced or metastatic 
solid tumors and documented resistance to prior anti-PD-(L)1 therapy. 
Patients had a median (range) of four (2−7) prior lines of cancer therapy 
(Table 1).

Safety profile: part A
No dose-limiting toxicities or grade 4 or 5 treatment-related adverse 
events (TRAEs) were observed in either part A1 (≤3,000 mg Q3W 
and 2,000 mg Q2W) or part A2 (≤2,400 mg Q3W). No patients 
developed cytokine release syndrome. The rates of TRAEs and 
treatment-emergent adverse events (TEAEs) are further detailed in 
Table 2 and Extended Data Table 1. In brief, in part A1, 47.4% (9/19) of 
patients experienced at least one TRAE of any grade; 5.3% (1/19) of 
patients experienced one TRAE of grade 3 (alanine aminotransferase 
increase); and there were no serious adverse events (SAEs). For part 
A2, 53.3% (8/15) of patients experienced at least one TRAE of any grade; 
33.3% (5/15) of patients experienced at least one TRAE of grade 3 or 
higher; and 13.3% (2/15) of patients experienced an SAE. Linavonkibart 
with or without pembrolizumab treatment was considered safe and 
tolerable across all dose levels.

In part A1, 10.5% (2/19) of patients discontinued the study due to an 
adverse event. One patient discontinued due to a linavonkibart-related 
adverse event of eczema, and the other patient discontinued due to a 
non-treatment-related adverse event of a vehicle-related traffic acci-
dent. In part A2, 33.3% (5/15) of patients discontinued the study due to 
an adverse event. Two patients discontinued due to TRAEs, including 
one patient who discontinued due to an anti-PD-(L)1-related adverse 
event of maculopapular rash and one patient who discontinued due  
to a linavonkibart-related adverse event of pemphigoid (Fig. 1).

Pharmacokinetics and recommended expansion dose: part A
Linavonkibart pharmacokinetics were typical of monoclonal anti
bodies, with no substantial differences when administered as a  
single agent (part A1; 19 patients) or in combination with pem-
brolizumab (part A2; 15 patients). There was a dose-proportional 
increase in linavonkibart exposure above the 240 mg dose, and the 
population-based half-life was approximately 13 days.

No maximum tolerated dose was reached in either part A1  
(monotherapy) or part A2 (combination treatment). Accordingly, the 
recommended dose for part B was 1,500 mg Q3W based on the clinical 
pharmacokinetics, safety and the ability to achieve a therapeutically 

Table 1 | Patient demographics in parts A and B of the 
DRAGON study

Part A1 Part A2 Part B

Single-agent 
dose 
escalation

Combination 
dose escalation

Combination 
dose expansion

n = 19a n = 15b n = 78c

Age, years, median 
(range)

66 (41−79) 65 (32−75) 65 (32−81)

Sex, n (%)

Male 11 (57.9) 12 (80.0) 56 (71.8)

Female 8 (42.1) 3 (20.0) 22 (28.2)

Race, n (%)

Asian 0 0 5 (6.4)

Black or African 
American

0 0 6 (7.7)

White 19 (100) 15 (100) 63 (80.8)

Not reported 0 0 4 (5.1)

Prior lines of therapy, 
median (range)

4 (1−9) 4 (2−7) 3 (1−9)

Number of lines of prior anti-PD-(L)1, n (%)

1 5 (26.3) 6 (40.0) 48 (61.5)

2 1 (5.3) 7 (46.7) 23 (29.5)

3 0 2 (13.3) 6 (7.7)

4 0 0 1 (1.3)

Best response of last prior anti-PD-(L)1, n (%)

Stable disease 0 8 (53.3) 28 (35.9)

Progressive disease 3 (15.8) 7 (46.7) 50 (64.1)

Unknown 16 (84.2) 0 0

Disease progressed on 
the last prior anti-PD-L1, 
n (%)

6 (31.6) 15 (100) 76 (97.4)d

aIncludes patients with colorectal cancer (6), prostate cancer (4), ovarian cancer (3), 
pancreatic cancer (2), primary cancer unknown (2), HNSCC (1) and testicular cancer (1). 
bIncludes patients with HNSCC (3), ccRCC (2), MEL (2), NSCLC (1), liver cancer (1), poorly 
differentiated (presumed renal origin; 1), RCC (1), SCC (1), TNBC (1), uterine cancer (1) and 
uveal MEL (1). cIncludes patients with ccRCC (30), HNSCC (11), MEL (11), urothelial cancer 
(11) and NSCLC (11) and four patients in the Tumor Basket cohort. dTwo patients with MEL 
discontinued the last prior anti-PD-(L)1 due to reasons other than disease progression.  
MEL, melanoma; SCC, squamous cell cancer; TNBC, triple-negative breast cancer.

Table 2 | TRAEs in parts A and B of the DRAGON study

Adverse event All grades (>10%) Grade ≥3

Part A1 single-agent dose escalation (n = 19)

Any TRAEs 9 (47.4) 1 (5.3)

Fatigue 3 (15.8) 0

Decreased appetite 2 (10.5) 0

Nausea 2 (10.5) 0

Part A2 combination dose escalation (n = 15)

Any TRAEs 8 (53.3) 5 (33.3)

Rasha 7 (46.7)b 2 (13.3)b

Pruritus 4 (26.7)b 2 (13.3)b

Diarrhea 2 (13.3) 0

Pemphigoid 2 (13.3) 1 (6.7)

Part B combination dose expansion (n = 78)c

Any TRAEs 57 (73.1) 25 (32.1)

Rasha 26 (33.3)b 11 (14.1)b

Pruritus 22 (28.2)b 1 (1.3)b

Fatigue 17 (21.8) 1 (1.3)

Diarrhea 13 (16.7) 0

Data are presented as n (%). The table does not include an exhaustive list of all grade 3 or higher 
TRAEs. aRash includes rash, rash macular, rash maculopapular, rash erythematous and rash 
pruritic. bTreatment-related irAE. cIncludes patients with ccRCC (30), HNSCC (11), melanoma 
(11), urothelial cancer (11) and NSCLC (11) and four patients in the Tumor Basket cohort.
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relevant exposure (Cavg) in preclinical mouse models of approximately 
80 µg ml−1 (ref. 16).

Treatment responses: part A
The best overall response achieved with single-agent linavonkibart  
was stable disease in seven of the 19 patients, and three patients were 
stable for more than 4 months. Particularly, three patients with ovarian 
cancer maintained stable disease for approximately 6−10 months, with 
tumor reduction up to 15.2%. These patients with ovarian cancer were 
previously heavily treated, with 3−7 lines of prior cancer therapy. The 
best overall response achieved with the combination of linavonkibart 
and pembrolizumab was one patient with a partial response (ccRCC) 
and eight patients with stable disease (five patients, duration greater 
than 4 months) out of 15 total patients (Extended Data Fig. 1). The 
patient with a partial response received an 800 mg Q3W dose of lin-
avonkibart in combination with pembrolizumab and stayed on study 
for 7 months. The patients with stable disease included one patient 
with HNSCC who had a 29.5% tumor reduction.

Baseline characteristics: part B, linavonkibart expansion 
cohorts
For part B (dose-expansion cohorts), 78 patients with a history of 
non-response, defined as best response of either progressive or sta-
ble disease after at least three cycles of treatment with an anti-PD-1 
therapy, were enrolled (Table 1). Tumor types included ccRCC (n = 30), 
melanoma (n = 11), HNSCC (n = 11), urothelial cancer (n = 11) and NSCLC 

(n = 11), and a Tumor Basket cohort was included for other advanced 
tumors, including pancreatic cancer, bladder cancer, uterine cancer 
and ccRCC (n = 1 for each; one patient with ccRCC was included in 
the Tumor Basket because they enrolled prior to the initiation of the 
dedicated ccRCC cohort and received a different dosing schedule). 
Seventy-seven patients received 1,500 mg linavonkibart Q3W com-
bined with 200 mg pembrolizumab Q3W, and the patient with ccRCC in  
the Tumor Basket cohort received 1,000 mg linavonkibart Q2W com-
bined with 240 mg nivolumab. The median (range) age for patients in 
part B was 65 (32−81) years, and 71.8% were male. Patients were heavily  
treated prior to enrollment, with a median (range) of three (1−9)  
prior lines of cancer therapy. All patients received at least one line of 
prior anti-PD-1 therapy, and 38.5% (30/78) received at least two (maxi-
mum, four), with 50% (39/78) of patients receiving anti-PD-1 therapy 
as their immediate cancer treatment. The best response achieved with 
the most recent anti-PD-1 therapy was either stable disease (35.9%) or 
progressive disease (64.1%). However, most of those who achieved a 
best response of stable disease eventually progressed while on anti-PD-1 
therapy prior to enrollment (except two patients with melanoma who 
were stable prior to enrollment). All patients in part B had a 4.7-month 
median duration on prior anti-PD-1 treatment. Sites of metastases 
among the enrolled patients included lung (56/78), bone (30/78),  
liver (23/78) and brain (14/78). In addition, for patients enrolled in the 
ccRCC cohort, most had an intermediate (66.7%) or a poor (30.0%) 
prognostic score, with only one patient (3.3%) having a favorable score, 
according to the International Metastatic RCC Database Consortium 
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Reason:
Disease progression (n = 12)
Clinical progression (n = 3)
Adverse event (n = 2)
Investigator decision (n = 2)

Linavonkibart 1,500 mg 
Q3W + pembrolizumab
n = 77

NSCLC (n = 11)
UC (n = 11)
MEL (n = 11)
ccRCC (n = 30)
HNSCC (n = 11)
Cohort any other (n = 3)

Part A2
Combination dose escalation
n = 15

Linavonkibart in 
combination with 
anti-PD-(L)-1 therapy

240 mg Q3W (n = 3)
800 mg Q3W (n = 3)
1,600 mg Q3W (n = 6)
2,400 mg Q3W (n = 3)

Part B
Combined dose expansion
n = 78

Linavonkibart 1,000 mg 
Q2W + nivolumab
n = 1

Cohort any other (n = 1)

Reason:
Adverse event (n = 5)
Disease progression (n = 5)
Clinical progression (n = 4)
Withdrew consent (n = 1) 

Reason: 
Disease progression (n = 44)
Adverse event (n =  21)
Clinical progression (n = 6)
Withdrew consent (n = 5)
Investigator decision (n = 1)

Reason: 
Disease progression (n = 1)

Fig. 1 | CONSORT diagram for DRAGON. aThere was a single patient with ccRCC in the Tumor Basket cohort who received 1,000 mg linavonkibart Q2W combined with 
240 mg nivolumab. Disease progression was measured using RECIST v.1.1. MEL, melanoma; UC, urothelial cancer.
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(IMDC), and 96.7% (29/30) had received at least one prior line of 
anti-PD-1 therapy and a tyrosine kinase inhibitor (TKI).

Safety profile: part B
Treatment with linavonkibart and pembrolizumab was generally well 
characterized. Among the 78 safety-evaluable patients enrolled in part 
B, 73.1% (57/78) experienced at least one TRAE of any grade, and 32.1% 
(25/78) experienced at least one TRAE of grade 3 or higher (Table 2). 
There were only three grade 4 TRAEs (generalized exfoliative derma-
titis, myositis and pneumonitis). The most common TEAEs, occur-
ring in 10% or more of patients, were rash (33.3%), pruritus (28.2%), 
fatigue (21.8%) and diarrhea (16.7%). The TEAEs for part B are detailed 
in Extended Data Table 2. In total, 16.7% (13/78) of patients experienced 
an SAE, and no treatment-related deaths were observed. Finally, 26.9% 
(21/78) of patients discontinued the study due to any adverse event 
(Fig. 1), and 19.2% (15/78) of patients discontinued the study due to 
a linavonkibart-related or an anti-PD-1-related adverse event. The 
linavonkibart-related or anti-PD-1-related adverse events included 
rash maculopapular (three patients), pneumonitis (three patients), gen-
eralized exfoliative dermatitis, Henoch−Schönlein purpura, lichenoid 
keratosis, pemphigoid, rash erythematous, stomatitis, squamous cell 
carcinoma, colitis, myositis and troponin T increase (one patient each).

Treatment responses: part B
For the dose-expansion cohorts, the confirmed objective response rate 
(ORR) was 20.0% for ccRCC (n = 6/30), 18.2% for melanoma (n = 2/11), 
9.1% for HNSCC (n = 1/11) and 9.1% for urothelial cancer (n = 1/11), with one 
patient achieving a complete response in the ccRCC cohort (Table 3). 
No responses were observed for patients in the NSCLC or Tumor Basket 
cohorts, and the patient with ccRCC in the Tumor Basket who received 
1,000 mg linavonkibart Q2W combined with 240 mg nivolumab 
achieved a best response of stable disease. Individual patient responses 
are reported in Fig. 2 and Extended Data Figs. 2–5. The confirmed median 
(range) durations of response (DORs) in the dose-expansion cohorts 
was 10.6 (3.4−28.3) months for ccRCC (n = 6), 5.6 (4.1−7.1) months for 
melanoma (n = 2), 16.0 (16.0−16.0) months for HNSCC (n = 1) and 12.9 
(12.9−12.9) months for urothelial cancer (n = 1). Among all responding 
patients in part B (n = 10), the median (range) duration of treatment  
for the most recent prior anti-PD-1 therapy was 4.5 (2−33) months.  
With linavonkibart and pembrolizumab combination therapy, the 
median (range) duration of treatment was 13.8 (6.2−31.1) months.

Changes within the immune landscape
Immunohistochemistry confirmed that the combination of lin-
avonkibart and pembrolizumab increased CD8+T cell infiltration 

into the tumor compartment compared to baseline tumor biop-
sies that were freshly obtained within 28 days before the first 
dose of study treatment across multiple cohorts (Fig. 3a and 
Extended Data Fig. 6). Furthermore, there was an increase in CD8+ 
T cell activation (CD8+granzyme B+ (GrmB+) cells) within the tumor 
compartment in responding patients (Fig. 3b). The ratio of immuno-
suppressive Treg cells to active CD8+ T cells was the lowest in responding 
patients, intermediate in patients with stable disease and the highest 
in patients with progressive disease (Fig. 3c). Finally, circulating granu-
locytic myeloid-derived suppressor cells (gMDSCs) were decreased 
compared to baseline levels in most responding patients (Fig. 3d). 
The same trend was not observed for monocytic myeloid-derived 
suppressor cells (mMDSCs).

Analysis of baseline biopsy samples reveals potential patient 
selection biomarkers
Most patients in the ccRCC cohort with available tumor biopsies had 
CD8+ T cell infiltration at baseline (12 of 16 biopsies; defined as ≥5% of 
total cells within the tumor compartment). In contrast to single-agent 
anti-PD-1 therapy31, treatment with linavonkibart and pembrolizumab 
correlated with better responses in patients with tumors that had ele-
vated CD8+ T cell infiltration at baseline. For example, the ORR based on 
CD8+ T cell infiltration status increased from 20.0% for all patients with 
ccRCC, regardless of infiltration status, to 33.3% for those with elevated 
baseline CD8+ T cell infiltration, and the median DOR increased from 
10.6 months to 12.5 months. Likewise, a substantial proportion of the 
patients with ccRCC had elevated baseline Treg cells (7 of 14 biopsies, 
defined as ≥0.3% of total cells within the tumor compartment), and they 
all expressed elevated TGFB1 at baseline. Notably, TGFB1 expression 
was elevated in nine of 15 biopsies from patients with ccRCC (defined as 
expression in ≥50% of total cells within the tumor compartment). The 
ORR based on elevated Treg cells increased from 20.0% for all patients 
with ccRCC, regardless of Treg level, to 57.1% for those with elevated 
baseline Treg cells, and the median DOR increased from 10.6 months to 
12.5 months. Furthermore, the ORR based on elevated TGFB1 increased 
from 20.0% for all patients with ccRCC, regardless of TGFB1 level, to 
33.3% for those with elevated baseline TGFB1, and the median DOR did 
not change (Extended Data Fig. 7). There were no objective responses 
in patients with low biomarker levels at baseline.

Based on the trends observed above between biomarker status 
and clinical responses, progression-free survival (PFS) was assessed 
according to baseline levels of CD8+ T cells, Treg cells and TGFB1  
in patients with ccRCC. The 1-year PFS rate (95% confidence  
interval) of 30.1% (12.8−49.7%) for the overall ccRCC population 
increased to 43.6% (14.7−69.9%) for patients with elevated CD8+ T cells, 

Table 3 | Overall response rate by diagnosis in the part B dose expansion

Efficacy ccRCC Melanoma HNSCC UC NSCLC Tumor Basket

Efficacy evaluable, n 30 11 11 11 11 4

ORR, confirmed 6 (20.0) 2 (18.2) 1 (9.1) 1 (9.1) 0 0

CR, confirmed 1 (3.3) 0 0 0 0 0

PR, confirmed 5 (16.7) 2 (18.2) 1 (9.1) 1 (9.1) 0 0

DOR, confirmed, months, median (min, max) 10.6 (3.4, 28.3) 5.6 (4.1, 7.1) 16.0 (16.0, 16.0) 12.9 (12.9, 12.9) NA NA

DCR, % (n/N) 56.7 (17/30) 63.6 (7/11) 36.4 (4/11) 36.4 (4/11) 27.3 (3/11) 50.0 (2/4)

ORR, unconfirmed 7 (23.3) 3 (27.3) 2 (18.2) 1 (9.1) 0 0

CR, unconfirmed 1 (3.3) 1 (9.1) 0 0 0 0

PR, unconfirmed 6 (20.0) 2 (18.2) 2 (18.2) 1 (9.1) 0 0

DOR, unconfirmed, months, median (min, 
max)

9.8 (2.5, 28.3) 4.1 (4.0, 7.1) 8.1 (0.1, 16.0) 12.9 (12.9, 12.9) NA NA

Data are presented as n (%) unless otherwise noted. CR, complete response; DCR, disease control rate; max, maximum; min, minimum; NA, not applicable; PR, partial response;  
UC, urothelial cancer.
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to 57.1% (17.2−83.7%) for patients with elevated Treg cells and to 41.7% 
(10.9−70.8%) for patients with elevated TGFB1 (Extended Data Fig. 8).

Discussion
Although ICIs have revolutionized the standard of care for many 
cancers, primary and secondary resistance remains a substantial 
challenge1,12. Multiple interconnected mechanisms—including 

oncogenic mutations in PI3K-AKT and MAPK pathways32–34, epigenetic 
silencing of immune-related genes35 and gut microbiome health36—play 
an important role in meditating resistance; however, accumulating 
evidence indicates that TGFβ signaling is a dominant contributor13–16. 
Therefore, inhibition of the TGFβ pathway is considered a promis-
ing strategy to overcome ICI resistance. Since the identification of 
TGFβ more than 40 years ago25, numerous attempts have been made 

Month
322824201612840–4–8–12–16–20–32–36

Patient discontinued due to AE but
continued active surveillance
without new therapy

a    ccRCC

b    ccRCC

c    ccRCC

Discontinuation reason
of last prior anti-PD-1:

Disease progression

Dose level: 1,500 mg Q3W

Response started: PD PR SD
Discontinued

CR

Duration of last prior anti-PD-1 Duration of linavonkibart and pembrolizumab treatment

C
ha

ng
e 

fr
om

 b
as

el
in

e 
(%

)

0 4 8 12 16 20 24 28 32

Dose level: 1,500 mg Q3W

Month

–100

–80

–60

–40

–20

0

20

40

60

80

100

On study <4 months
On study ≥4 months–100

–80

–60

–40

–20

0

20

40

60

80

100

C
ha

ng
e 

fr
om

 b
as

el
in

e 
(%

)

Fig. 2 | Clinical efficacy in the part B dose expansion. Swimmer plot denoting outcomes and observation time (a), spider plot (b) and waterfall plot (c) of overall 
response based on target lesions for ccRCC. AE, adverse event; PD, progressive disease; SD, stable disease.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04157-w

to develop a safe and effective inhibitor of the TGFβ pathway, but 
none has succeeded yet, largely due to dose-limiting toxicities. A long 
prevailing view has been that it would be necessary to block all three 
TGFβ isoforms to generate sufficient efficacy, given that they signal 

through the same receptors. However, given the high sequence and 
structural similarity among fully mature TGFβ1, TGFβ2 and TGFβ3 
isoforms, the ability to selectively inhibit tumor-derived TGFβ1, while 
also preserving the TGFβ2 and TGFβ3 signaling needed for homeostatic 
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function, has been limited16. With this in mind, linavonkibart is designed 
to selectively target the latent form of TGFβ1, preventing the forma-
tion of the signaling-active TGFβ1 isoform. With upstream binding and 
isoform-specific targeting, linavonkibart is, therefore, designed to 
minimize undesirable toxicity. Importantly, linavonkibart is designed 
to inhibit TGFβ1 in a context-independent manner, regardless of the 
source (for example, Treg cells, tumor cells, macrophages and extra
cellular matrix) and, thus, maximize the potential to counter immuno
suppression throughout the tumor compartment.

Results from this first-in-human, phase 1 trial suggest that anti-
tumor activity is possible with selective inhibition of latent TGFβ1 
in combination with anti-PD-1 inhibition and, notably, that it can  
be achieved without the dose-limiting toxicities previously associated 
with pan-TGFβ and TGFβR1 inhibitors16,29. In total, 112 patients received 
at least one dose of linavonkibart, which was generally well tolerated 
at all doses evaluated. No dose-limiting treatment-related toxicities 
were observed with linavonkibart as a single agent or in combina-
tion with anti-PD-(L)1 therapy. For the 78 patients in the larger expan-
sion cohort, the most common grade 3 or higher TRAE was rash in 11  
of 78 patients, and there were only three grade 4 TRAEs and no grade 
5 TRAEs. However, the incidence of TRAEs needs to be interpreted  
with the caveat that those patients with major immune-related  
adverse events during prior anti-PD-(L)1 inhibition were excluded. 
Cytokine release syndrome was also not observed in any of the patients 
enrolled in part B. Furthermore, the safety profile of linavonkibart 
combined with pembrolizumab was generally consistent with that  
of pembrolizumab monotherapy37. The generally well-tolerated  
safety profile of linavonkibart presents opportunities for the 
exploration of future combination-based approaches beyond 
anti-PD-(L)1 therapy.

The phase 1, first-in-human DRAGON trial was also intended 
to assess the efficacy of linavonkibart alone or combined with 
pembrolizumab in a heavily pretreated patient population with 
anti-PD-1-resistant cancer across multiple cancer types. It is difficult 
to definitively discern the efficacy of linavonkibart monotherapy given 
the heterogeneity of tumor types treated and the limited number of 
patients (n = 4) enrolled in part A1 at the recommended part B dose 
(1,500 mg Q3W, efficacious dose). As such, additional investigations 
in larger patient populations are necessary. It is important to note 
that individuals with ccRCC tumors were not included in part A1 of 
the DRAGON study. Given the ccRCC tumor type expresses CD8+ 
T cells, which are suppressed via TGFβ-mediated mechanisms (for 
example, Treg cells), it is possible that linavonkibart monotherapy 
may be effective in this patient population16,38. However, based on 
the role of TGFβ1 as a key regulator of both primary and acquired 
resistance to ICIs, it is likely that the optimal clinical application of 
linavonkibart will be in combination with a PD-1/PD-L1 inhibitor, 
where we indeed observed efficacy signals with the combination 
in a difficult-to-treat patient population. For example, among the 
enrolled patients in part B, there was a median of three prior lines of 
cancer therapy; almost 40% of patients received two or more lines 
of prior anti-PD-(L)1 therapy; and 97.4% of patients had disease that 
progressed on their prior anti-PD-(L)1 therapy. This was especially 
true for the ccRCC cohort, which included one patient with a complete 
radiological response. Because DRAGON was a single-arm trial, the 
results should be considered in the context of expectations around 
continued ICI monotherapy for the enrolled population. First, all 
patients enrolled in the ccRCC cohort discontinued their last prior 
anti-PD-1 therapy because of radiological disease progression, and 
29 of 30 patients with ccRCC had disease with an intermediate or 
poor prognosis per IMDC score. Patients in the ccRCC cohort were 
also heavily pretreated prior to enrollment. The median number of 
lines of prior therapies in the ccRCC cohort was two, with a range of 
1−9, and nearly all patients (29/30, 96.7%) received both TKI treatment 
and anti-PD-1 therapy with documented progression on the anti-PD-1 

therapy. Recent clinical trials demonstrated that anti-PD-(L)1 retreat-
ment in patients who developed resistance is associated with minimal 
antitumor activity, as indicated by single-digit response rates39,40. 
Furthermore, clinical outcomes from advanced renal cell carcinoma 
after progression on an ICI also demonstrated that combining an ICI 
with a TKI after progression did not provide clinical benefit and also 
increased toxicity39,41. Therefore, the ability to achieve the confirmed 
ORRs of 20.0% in the ccRCC cohort and improve the median duration 
of treatment to 13.8 months by adding linavonkibart to the anti-PD-1 
retreatment provides promising clinical proof of concept that inhi-
bition of TGFβ1 can improve response rates to ICI therapy, even in 
patients with prior ICI resistance and poor prognoses.

In addition to these encouraging response rates, biomarker-based 
analyses suggest that baseline CD8+ T cells, Treg cells and TGFβ1 levels, 
or some combination thereof, could be potentially used as a patient 
selection strategy to identify individuals with ccRCC who are likely to 
respond to linavonkibart treatment. The improved ORR, median DOR 
and PFS for patients with ccRCC who had high levels of CD8+ T cells, Treg 
cells or TGFB1 expression at baseline relative to the general enrolled 
ccRCC population support such an approach. For example, there was 
an approximately 57% ORR achieved in patients with anti-PD-1-resistant 
ccRCC who had elevated Treg cells at baseline.

In contrast to the immune exclusion observed for many solid 
tumors, ccRCC tumors are frequently infiltrated with CD8+ T cells31,42. 
Consistent with these reports, we found that 12 of 16 tumor biopsies 
from the ccRCC cohort were infiltrated by CD8+ T cells at baseline. 
Although baseline CD8+ T cell infiltration status is not associated with 
response to anti-PD-1 therapy10,31, we found that it was associated  
with response to linavonkibart and anti-PD-1 therapy. This suggests 
that targeting TGFβ1 is more likely to overcome TGFβ-mediated sup-
pression of the present CD8+ T cells. In addition to CD8+ T cells, most 
baseline ccRCC biopsies were also associated with elevated Treg cells 
and TGFB1 levels. TGFβ1 can limit effector cell function by directly sup-
pressing cytolytic gene products and expanding immunosuppressive 
cell populations, such as Treg cells, which, in turn, produce more TGFβ1 
(refs. 17,18). Hence, the lack of effector cell function with prior anti-PD-1 
treatment alone may be explained by the presence of Treg cells and 
TGFβ1, which could restrict the cytolytic potential of CD8+ T cells. The 
addition of linavonkibart to remove TGFβ1 from the tumor compart-
ment may have improved the efficacy of anti-PD-1 therapy by breaking 
the immunosuppressive cycle, enhancing effector cell function and 
increasing antitumor immunity. However, the cutoff values used to 
define CD8+ T cell infiltration, elevated Treg cell levels and elevated 
TGFβ1 were determined empirically, and the sample sizes are small. 
Further studies are needed to better characterize the biomarker-based 
analyses and refine the cutoff values.

Immunohistochemistry-based analyses also provide evidence 
that linavonkibart and pembrolizumab treatment converts the tumor 
microenvironment to be more proinflammatory and increase levels of 
tumoral-activated CD8+ T cells for all cohorts, coupled with reduction 
of the ratio of active CD8+ T cells to Treg cells, especially in responding 
patients. These observations are consistent with preclinical models16 
and confirm a mechanism of action whereby the combination of lin-
avonkibart with anti-PD-1 therapy not only overcomes T cell exclusion 
but also increases the inflammatory potential of the tumor microen-
vironment. For example, linavonkibart was able to suppress MDSC 
populations. This is noteworthy, as both preclinical and clinical studies 
have described the ability of MDSC inhibition to improve the antitumor 
response by increasing CD8+ T cell activity even in the context of prior 
ICI resistance43,44. Collectively, the biomarker data suggest that the 
combination of linavonkibart with anti-PD-1 therapy demonstrated 
broad antitumor activity, although the precise mechanism may vary 
based on the tumor microenvironment. For immune-excluded pheno
types, the addition of linavonkibart may help reverse the immune 
cell exclusion and increase the number of CD8+ T cells in the tumor 
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compartment. For phenotypes similar to ccRCC, in which exhausted 
CD8+ T cells are already present but are restrained by an immuno-
suppressive microenvironment10, linavonkibart may be able to break 
the immunosuppressive cycle established by Treg cells and MDSCs  
to improve effector cell function.

There are limitations that should be considered when interpret-
ing these phase 1 study results. For example, the number of patients 
enrolled in both parts A and B of the study were limited; therefore, the 
results require further clinical validation in larger cohorts. Additionally, 
many patients were heavily pretreated prior to enrollment and/or had 
life expectancies just over 3 months. These characteristics may have 
confounded the true efficacy of linavonkibart treatment. Future studies 
assessing linavonkibart in patients at earlier lines of treatment have the 
potential to show improved clinical responses and patient outcomes 
than those observed in the DRAGON trial.

Multiple studies have established TGFβ1 as a key regulator of 
both primary and acquired resistance to ICIs, due to its role in shap-
ing an immunosuppressive tumor microenvironment. DRAGON, the 
first-in-human, phase 1 trial evaluating selective inhibition of TGFβ1 
with linavonkibart as monotherapy and in combination with pem-
brolizumab for heavily pretreated patients who previously developed 
disease progression on prior anti-PD-(L)1 therapy, provided promis-
ing evidence of antitumor activity and a favorable safety profile. The 
encouraging therapeutic index and benefit−risk profile validates the 
selective latent TGFβ1-targeting strategy with linavonkibart. Moreo-
ver, efficacy outcomes suggest that the optimal clinical application 
of linavonkibart will be in combination with a PD-1/PD-L1 inhibitor. 
The biomarker findings provide proof of concept for the mechanism 
of action and a potential patient selection strategy for linavonkibart. 
These encouraging results warrant further clinical investigation of 
linavonkibart with additional antitumor agents, alongside ICIs, to 
further enhance clinical outcomes in a phase 2 trial, which is currently 
under development.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41591-025-04157-w.

References
1.	 Coschi, C. H. & Juergens, R. A. Overcoming resistance 

mechanisms to immune checkpoint inhibitors: leveraging the 
anti-tumor immune response. Curr. Oncol. 31, 1–23 (2023).

2.	 Hassler, M. R. et al. Treatment patterns and real-world outcomes 
for locally advanced or metastatic urothelial cancer in the era of 
immunotherapy. Eur. Urol. Focus 10, 779–787 (2024).

3.	 Tzeng, A., Tzeng, T. H. & Ornstein, M. C. Treatment-free survival 
after discontinuation of immune checkpoint inhibitors in 
metastatic renal cell carcinoma: a systematic review and 
meta-analysis. J. Immunother. Cancer 9, e003473 (2021).

4.	 Robert, C. et al. Pembrolizumab versus ipilimumab in advanced 
melanoma. N. Engl. J. Med. 372, 2521–2532 (2015).

5.	 Wang, B. et al. Overcoming acquired resistance to cancer 
immune checkpoint therapy: potential strategies based on 
molecular mechanisms. Cell Biosci. 13, 120 (2023).

6.	 Moreira, M. et al. Resistance to cancer immunotherapy in 
metastatic renal cell carcinoma. Cancer Drug Resist. 3, 454–471 
(2020).

7.	 Cohen, H. T. & McGovern, F. J. Renal-cell carcinoma. N. Engl. J. 
Med. 353, 2477–2490 (2005).

8.	 Yagoda, A., Petrylak, D. & Thompson, S. Cytotoxic chemotherapy 
for advanced renal cell carcinoma. Urol. Clin. North Am. 20, 
303–321 (1993).

9.	 Choueiri, T. K. et al. Overall survival with adjuvant pembrolizumab 
in renal-cell carcinoma. N. Engl. J. Med. 390, 1359–1371 (2024).

10.	 Lin, E. et al. Roles of the dynamic tumor immune 
microenvironment in the individualized treatment of advanced 
clear cell renal cell carcinoma. Front. Immunol. 12, 653358 (2021).

11.	 Ribas, A. & Wolchok, J. D. Cancer immunotherapy using 
checkpoint blockade. Science 359, 1350–1355 (2018).

12.	 Schoenfeld, A. J. & Hellmann, M. D. Acquired resistance to 
immune checkpoint inhibitors. Cancer Cell 37, 443–455 (2020).

13.	 Yi, M. et al. TGF-β: a novel predictor and target for anti-PD-1/PD-L1 
therapy. Front. Immunol. 13, 1061394 (2022).

14.	 Shou, M., Zhou, H. & Ma, L. New advances in cancer therapy 
targeting TGF-β signaling pathways. Mol. Ther. Oncolytics 31, 
100755 (2023).

15.	 Hugo, W. et al. Genomic and transcriptomic features of response 
to anti-PD-1 therapy in metastatic melanoma. Cell 165, 35–44 
(2016).

16.	 Martin, C. J. et al. Selective inhibition of TGFβ1 activation 
overcomes primary resistance to checkpoint blockade therapy by 
altering tumor immune landscape. Sci. Transl. Med. 12, eaay8456 
(2020).

17.	 Thomas, D. A. & Massagué, J. TGF-β directly targets cytotoxic 
T cell functions during tumor evasion of immune surveillance. 
Cancer Cell 8, 369–380 (2005).

18.	 Zong, Y., Deng, K. & Chong, W. P. Regulation of Treg cells by 
cytokine signaling and co-stimulatory molecules. Front. Immunol. 
15, 1387975 (2024).

19.	 Mariathasan, S. et al. TGFβ attenuates tumour response to PD-L1 
blockade by contributing to exclusion of T cells. Nature 554, 
544–548 (2018).

20.	 Tauriello, D. V. F. et al. TGFβ drives immune evasion in genetically 
reconstituted colon cancer metastasis. Nature 554, 538–543 
(2018).

21.	 Dodagatta-Marri, E. et al. α-PD-1 therapy elevates Treg/Th balance 
and increases tumor cell pSmad3 that are both targeted by 
α-TGFβ antibody to promote durable rejection and immunity in 
squamous cell carcinomas. J. Immunother. Cancer 7, 62 (2019).

22.	 Takahara, T. et al. TGFB1 mRNA expression is associated with 
poor prognosis and specific features of inflammation in ccRCC. 
Virchows Arch. 480, 635–643 (2022).

23.	 Yi, M. et al. The construction, expression, and enhanced 
anti-tumor activity of YM101: a bispecific antibody simultaneously 
targeting TGF-β and PD-L1. J. Hematol. Oncol. 14, 27 (2021).

24.	 Gulley, J. L. et al. Dual inhibition of TGF-β and PD-L1: a novel 
approach to cancer treatment. Mol. Oncol. 16, 2117–2134 (2022).

25.	 Deng, Z. et al. TGF-β signaling in health, disease, and therapeutics. 
Signal Transduct. Target. Ther. 9, 61 (2024).

26.	 Vugmeyster, Y. et al. Model-informed approach for risk 
management of bleeding toxicities for bintrafusp alfa, a 
bifunctional fusion protein targeting TGF-β and PD-L1. Cancer 
Chemother. Pharmacol. 90, 369–379 (2022).

27.	 Qin, Y. et al. A milieu molecule for TGF-β required for microglia 
function in the nervous system. Cell 174, 156–171 (2018).

28.	 Rifkin, D. B., Rifkin, W. J. & Zilberberg, L. LTBPs in biology and 
medicine: LTBP diseases. Matrix Biol. 71-72, 90–99 (2018).

29.	 Tolcher, A. W. et al. A phase 1 study of anti-TGFβ receptor type-II 
monoclonal antibody LY3022859 in patients with advanced solid 
tumors. Cancer Chemother. Pharmacol. 79, 673–680 (2017).

30.	 Cho, B. C. et al. Bintrafusp alfa versus pembrolizumab in patients 
with treatment-naive, programmed death-ligand 1-high advanced 
NSCLC: a randomized, open-label, phase 3 trial. J. Thorac. Oncol. 
18, 1731–1742 (2023).

31.	 Braun, D. A. et al. Interplay of somatic alterations and immune 
infiltration modulates response to PD-1 blockade in advanced 
clear cell renal cell carcinoma. Nat. Med. 26, 909–918 (2020).

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-025-04157-w


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04157-w

32.	 Cheng, L. et al. mTOR pathway gene mutations predict response 
to immune checkpoint inhibitors in multiple cancers. J. Transl. Med. 
20, 247 (2022).

33.	 Wang, T. et al. PD-1 blockade treatment in melanoma: mechanism 
of response and tumor-intrinsic resistance. Cancer Sci. 116, 
329–337 (2025).

34.	 Wang, Z. et al. Mutations of PI3K-AKT-mTOR pathway as predictors 
for immune cell infiltration and immunotherapy efficacy in  
dMMR/MSI-H gastric adenocarcinoma. BMC Med. 20, 133 (2022).

35.	 Panda, R., Mohan, S. & Vellapandian, C. Harnessing epigenetic 
mechanisms to overcome immune evasion in cancer: the current 
strategies and future directions. Cureus 16, e70631 (2024).

36.	 Lu, Y. et al. Gut microbiota influence immunotherapy responses: 
mechanisms and therapeutic strategies. J. Hematol. Oncol. 15,  
47 (2022).

37.	 Martins, F. et al. Adverse effects of immune-checkpoint inhibitors: 
epidemiology, management and surveillance. Nat. Rev. Clin. 
Oncol. 16, 563–580 (2019).

38.	 Castiglioni, A. et al. Combined PD-L1/TGFβ blockade allows 
expansion and differentiation of stem cell-like CD8 T cells in 
immune excluded tumors. Nat. Commun. 14, 4703 (2023).

39.	 Pal, S. K. et al. Atezolizumab plus cabozantinib versus 
cabozantinib monotherapy for patients with renal cell carcinoma 
after progression with previous immune checkpoint inhibitor 
treatment (CONTACT-03): a multicentre, randomised, open-label, 
phase 3 trial. Lancet 402, 185–195 (2023).

40.	 Ribas, A., Kirkwood, J. M. & Flaherty, K. T. Anti-PD-1 antibody 
treatment for melanoma. Lancet Oncol. 19, e219 (2018).

41.	 Choueiri, T. K. et al. Tivozanib plus nivolumab versus tivozanib 
monotherapy in patients with renal cell carcinoma following 
an immune checkpoint inhibitor: results of the phase 3 TiNivo-2 
study. Lancet 404, 1309–1320 (2024).

42.	 Qi, Y. et al. Tumor-infiltrating CD39+CD8+ T cells determine poor 
prognosis and immune evasion in clear cell renal cell carcinoma 
patients. Cancer Immunol. Immunother. 69, 1565–1576 (2020).

43.	 Ozbay Kurt, F. G., Lasser, S., Arkhypov, I., Utikal, J. & Umansky, V.  
Enhancing immunotherapy response in melanoma: myeloid- 
derived suppressor cells as a therapeutic target. J. Clin. Invest. 
133, e170762 (2023).

44.	 Gebhardt, C. et al. Potential therapeutic effect of low-dose 
paclitaxel in melanoma patients resistant to immune checkpoint 
blockade: a pilot study. Cell Immunol. 360, 104274 (2021).

Publisher’s note Springer Nature remains neutral with regard  
to jurisdictional claims in published maps and institutional  
affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images 
or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit 
line to the material. If material is not included in the article’s Creative 
Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

1The University of Texas MD Anderson Cancer Center, Houston, TX, USA. 2University of Chicago, Chicago, IL, USA. 3University of Michigan, Ann Arbor,  
MI, USA. 4Medical College of Wisconsin, Milwaukee, WI, USA. 5Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA.  
6Sarah Cannon Research Institute, Nashville, TN, USA. 7Sarah Cannon Research Institute at Mary Crowley, Dallas, TX, USA. 8H. Lee Moffitt Cancer Center 
and Research Institute, Tampa, FL, USA. 9Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA. 10AdventHealth Medical 
Group, Orlando, FL, USA. 11St. Jude Crosson Cancer Institute/Providence Medical Foundation, Fullerton, CA, USA. 12Fort Wayne Medical Oncology and 
Hematology, Fort Wayne, IN, USA. 13Scholar Rock, Inc., Cambridge, MA, USA. 14These authors contributed equally: Timothy A. Yap, Randy F. Sweis. 

 e-mail: TYap@mdanderson.org

Timothy A. Yap    1,14  , Randy F. Sweis2,14, Ulka Vaishampayan3, Deepak Kilari4, Justin F. Gainor5, Meredith McKean6, 
Minal Barve7, Ahmad A. Tarhini    8, Bruno Bockorny    9, Guru Sonpavde    10, David Park11, Sunil Babu12, Yawen Ju13, 
Lan Liu13, Susan Henry13, Giridhar S. Tirucherai13, Stephen DeWall    13, Mohammed Qatanani13, Jing L. Marantz13 & Lu Gan13

http://www.nature.com/naturemedicine
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:TYap@mdanderson.org
http://orcid.org/0000-0002-2154-3309
http://orcid.org/0000-0002-3193-9702
http://orcid.org/0000-0002-9162-1560
http://orcid.org/0000-0002-1010-9611
http://orcid.org/0000-0002-8119-5748


Nature Medicine

Article https://doi.org/10.1038/s41591-025-04157-w

Methods
Study oversight
The study protocol was approved by the institutional review boards 
(IRBs) and ethics committees at all participating sites: WCG IRB, LLC 
(Hartford, CT, USA), Mary Crowley Medical Research Center IRB  
(Dallas, TX, USA), The University of Texas MD Anderson Cancer 
Center Office of Human Research Protection (Houston, TX, USA), 
Dana Farber Cancer Institute Office of Human Research Protection 
(Boston, MA, USA), Advarra IRB (Columbia, MD, USA), University of 
Michigan Medical School IRB (Ann Arbor, MI, USA), Biological Sciences  
Division/University of Chicago Medical Center IRB (Chicago, IL, USA), 
University of California, San Diego IRB Administration (La Jolla, CA, 
USA), Medical College of Wisconsin IRB MACC Fund Research Center 
(Milwaukee, WI, USA), Stony Brook University IRB Office of Research 
Compliance, Division of Human Subject Protections (Stony Brook, 
NY, USA), Seoul National University Hospital IRB (Seoul, Republic of 
Korea) and Seoul National University Bundang Hospital IRB (Seoul, 
Republic of Korea). All patients provided written informed consent 
prior to study enrollment. Patients were not compensated for their 
participation in the study. The study protocol was designed in accord-
ance with the principles established by the International Council for 
Harmonisation for guidelines on Good Clinical Practice (GCP) and the 
Declaration of Helsinki. A study monitor was designated by the study 
sponsor to carefully monitor all aspects of the study for compliance 
with GCP, standard operating procedures and applicable government 
regulations. The study monitor met with the investigator and staff 
shortly before the start of the study to review the procedures for study 
conduct and documentation. During the study, the study monitor 
visited each site to verify recordkeeping and adherence to the proto-
col. Additionally, a data review committee was established to provide 
additional study oversight. The committee included physicians from 
participating sites in this study, as well as physician representatives 
from the study sponsor, to evaluate accumulating safety data during 
the study, which include part A dose-escalation decisions and part B 
dose selections as well as safety data review in the initial 12 patients 
when they had completed the cycle 1 treatment.

Patient eligibility
Eligible patients were at least 18 years of age with histologically con-
firmed metastatic or locally advanced solid tumors. Additional inclu-
sion criteria included a predicted life expectancy of at least 3 months; 
achievement of prespecified thresholds for the following laboratory 
assessments: creatine clearance, total bilirubin, aspartate aminotrans-
ferase/alanine aminotransferase, hemoglobin, platelets, absolute 
neutrophil count and corrected QT interval; negative pregnancy tests 
for women of childbearing potential; agreement to use adequate birth 
control throughout trial participation; and adherence to the study 
visit schedule and the prespecified prohibitions and restrictions 
(see protocol).

For part A1, patients had locally advanced or metastatic solid 
tumors for which a standard of care does not exist, has failed or was not 
tolerated by the patient. For part A2, patients had locally advanced or 
metastatic solid tumors and received prior anti-PD-(L)1 therapy with 
a documented best response of progressive disease or stable disease 
after a minimum of three cycles of treatment with the anti-PD-(L)1 
therapy; if the reason for discontinuation of anti-PD-(L)1 therapy prior 
to three cycles was progressive disease, then the progression was 
associated with clinical deterioration. There was no requirement for 
anti-PD-(L)1 therapy to be the immediate therapy prior to enrollment, 
and other intervening therapies were allowed (for example, TKIs).

For part B, patients with NSCLC, urothelial cancer or melanoma 
had a history of primary non-response to anti-PD-1 therapy, defined 
as either progressive or stable disease after at least three cycles of 
treatment; if the reason for discontinuation of anti-PD-(L)1 therapy 
prior to three cycles was progressive disease, then the progression 

was associated with clinical deterioration. For patients with NSCLC, 
patients who had genomic tumor aberrations for which a targeted 
therapy is available (for example, anaplastic lymphoma kinase and epi-
dermal growth factor receptor) must have progressed on an approved 
therapy for these aberrations or did not tolerate an approved therapy 
for these aberrations or were not considered suitable candidates/
were otherwise ineligible for an approved therapy for these aberra-
tions. Patients with ccRCC had a confirmed diagnosis of RCC with a 
predominant clear cell component and received at least one prior line 
of anti-PD-1 treatment with disease progression documented clinically 
or radiographically on the most recent anti-PD-1 treatment. Patients 
with HNSCC had a histologically confirmed diagnosis of recurrent 
or metastatic HNSCC not amenable to curative therapy and received 
one prior line of anti-PD-1 treatment with disease progression doc-
umented clinically or radiographically on the anti-PD-1 treatment. 
Patients with primary tumor sites in the nasopharynx or unknown 
location were not eligible. Part B also included a Tumor Basket cohort 
that enrolled patients with advanced or metastatic solid tumors not 
described above but that still included a history of primary anti-PD-(L)1 
therapy non-response (one each: bladder cancer, pancreatic cancer, 
ccRCC and uterine cancer). For all part B cohorts, there was no require-
ment for anti-PD-(L)1 therapy to be the immediate therapy prior to 
enrollment. Other intervening therapies were also allowed, including 
TKIs. All patients were required to have measurable disease accord-
ing to Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1  
per assessment at screening and an Eastern Cooperative Oncology 
Group performance status of 0 to 1.

Key exclusion criteria included a history of intolerance or severe 
adverse reaction to anti-PD-(L)1 therapy and intolerance or hypersen-
sitivity to monoclonal antibodies and Fc-bearing proteins. Additional 
exclusion criteria included undergoing a major surgery (excluding 
minor procedures—for example, placement of vascular access) less 
than 6 months prior to the first dose of linavonkibart; exposure to 
a tumor-directed hormonal therapy less than 2 weeks prior to the 
first dose of linavonkibart; exposure to radiation therapy less than 
28 days prior to the first dose of linavonkibart (exception: limited (for 
example, pain palliation) radiation therapy was allowed prior to and 
during study treatment as long as there are no acute toxicities and 
the patient has measurable disease outside the radiation field); has 
undergone or anticipates an organ transplantation including allogeneic 
or autologous stem cell transplantation; a documented presence of 
neutralizing antidrug antibodies to anti-PD-(L)1 antibody therapy; a 
diagnosis of immunodeficiency (either primary or acquired); expo-
sure to systemic steroids or any other form of immunosuppressive 
therapy within 14 days prior to the first dose of linavonkibart (excep-
tion: inhaled or topical steroids and adrenal replacement doses are 
permitted in the absence of active autoimmune disease); active or 
history of autoimmune disease (exception: patients with type 1 dia-
betes (if stable, well controlled and not brittle), vitiligo, hypothyroid 
or hyperthyroid disease or autoimmune alopecia are permitted if the 
condition does not require immunosuppressive treatment); known 
severe intolerance to or hypersensitivity reactions to monoclonal 
antibodies, Fc-bearing proteins (for example, soluble receptors or 
other Fc fusion proteins) or intravenous immunoglobulin prepara-
tions; prior history of human anti-human antibody response; known 
allergy to any of the study medications, their analogs or excipients in 
the various formulations of any agent; symptomatic or uncontrolled 
brain metastases; leptomeningeal disease or spinal cord compression 
not definitively treated with surgery or radiation; existing second 
malignancies at other sites (exceptions: adequately treated in situ 
carcinoma (for example, cervical), non-melanoma skin cancer, bilateral 
synchronous discordant breast cancer or indolent prostate cancer 
under observation; a history of other malignancies was allowed as 
long as the patient had been free of recurrence for ≥2 years or had 
been treated with curative intent within the past 2 years and, in the 
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opinion of the investigator, was unlikely to have a recurrence); active 
and clinically significant bacterial, fungal or viral infection, including 
known hepatitis A, B or C or HIV (testing not required); exposure to  
live vaccines within the past 30 days (inactivated vaccines were 
allowed; seasonal vaccines, including COVID-19 vaccines, needed to be  
received at least 14 days prior to administration of linavonkibart); no 
seasonal vaccines were allowed in part A1; positive pregnancy test or 
currently breastfeeding; a history of any of the following ≤6 months 
before first dose: congestive heart failure New York Heart Associa-
tion grade III or IV, unstable angina, myocardial infarction, unstable 
symptomatic ischemic heart disease, uncontrolled hypertension 
despite appropriate medical therapy, ongoing symptomatic cardiac 
arrhythmias of higher than grade 2, pulmonary embolism or sympto-
matic cerebrovascular events or any other serious cardiac condition  
(for example, pericardial effusion or restrictive cardiomyopathy); 
chronic atrial fibrillation on stable anticoagulant therapy was allowed; 
contraindications to the imaging assessments or other study proce-
dures pertinent to the trial or any medical or social condition that, in 
the opinion of the investigator, might place the patient at increased 
risk, affect compliance or confound safety or other clinical study 
data interpretation.

Specific exclusion criteria for part A1 included exposure to 
an anti-PD-(L)1 antibody therapy ≤28 days prior to the first dose of 
linavonkibart and/or concurrent anticancer treatment, including 
anti-PD-(L)1 antibody therapy, either approved or investigational, 
within 28 days prior to the first dose of linavonkibart. For part A2 and 
part B, specific exclusion criteria included concurrent anticancer treat-
ment, with the exception of an anti-PD-(L)1 antibody therapy for part A2 
or part B, either approved or investigational, within 28 days prior to the 
first dose of linavonkibart, except small-molecule therapies; exposure 
to a biologic therapy (except for anti-PD-(L)1 antibody therapy for part 
A2 or part B) less than 28 days prior to the first dose of linavonkibart; 
exposure to a systemic cytotoxic chemotherapy (except for in combi-
nation with anti-PD-(L)1 antibody therapy) less than 28 days prior to 
the first dose of linavonkibart; exposure to targeted small-molecule 
therapy within five half-lives of the compound prior to the first dose 
of linavonkibart; and a history of intolerance or treatment discontinu-
ation due to a severe immune-related adverse event (irAE) or other 
adverse reaction from prior anti-PD-(L)1 antibody therapy. Patients 
who restarted anti-PD-(L)1 antibody therapy may be enrolled, if their 
irAE (or other adverse event) was well controlled with appropriate 
treatment, was grade 1 or lower in severity and was considered by the 
investigator to not place the patient at undue safety risk and approved 
by the study sponsor.

Study design
All eligible patients consented to entering the DRAGON study 
(NCT04291079). Prior to administering any prespecified pharma-
cologic interventions, baseline characteristics and demographic 
information were collected. Baseline characteristics were collected 
via standard assessments and a complete physical examination (see 
protocol for additional details). Demographic information, such as 
age, sex, race and ethnicity, were self-reported by patients. Patient 
sex was not considered in the study design due to small study sample 
size. The DRAGON trial was divided into three treatment parts: part 
A1 (n = 19), part A2 (n = 15) and part B (n = 78). All patients received 
linavonkibart via intravenous infusion either as a single agent (part 
A1) or in combination with pembrolizumab (part A2 and part B) until 
disease progression, unacceptable toxicity or study discontinuation.

Part A dose escalation: single-agent linavonkibart (part A1) and lin-
avonkibart in combination with anti-PD-1 therapy (part A2). Cohorts 
of patients in part A1 were treated at escalating doses of linavonkibart 
(80, 240, 800, 1,600, 2,400 and 3,000 mg Q3W and 2,000 mg Q2W). 
The 80 mg and 240 mg dose levels were single-patient cohorts, and the 

remaining doses included 3−4 patients per cohort. Median age (mini-
mum, maximum) for patients enrolled in part A1 was 66 (41, 79) years; 
57.9% of patients were male and 42.1% were female. Cohorts (n = 3–6) 
of patients enrolled in part A2 were treated with escalating doses of 
linavonkibart (240, 800, 1,600 and 2,400 mg Q3W) in combination 
with the patient’s prior anti-PD-(L)1 therapy to determine the maximum 
administered dose and maximum tolerated dose of the combination 
therapy and to recommend a linavonkibart dose to be evaluated in 
part B. For patients enrolled in part A2, the median age (minimum, 
maximum) was 65 (32, 75) years. Eighty percent of enrolled patients 
were male and 20% were female.

Part B dose expansion: linavonkibart in combination with anti-PD-1 
therapy. The five parallel expansion cohorts were patients with NSCLC 
(n = 11), urothelial cancer (n = 11), melanoma (n = 11), ccRCC (n = 30) 
and HNSCC (n = 11). The Tumor Basket cohort for patients (n = 4) with 
advanced or metastatic solid tumors was replaced with the ccRCC and 
HNSCC cohorts. Linavonkibart was administered at 1,500 mg Q3W 
in combination with pembrolizumab 200 mg QW3 as the anti-PD-1 
therapy. For part B, the median age (minimum, maximum) of enrolled 
patients was 65 (32, 81) years, with 71.8% of the population being male 
and 28.2% being female.

Assessments
The antitumor efficacy (all patients, n = 112) was assessed by best 
overall response, ORR and disease control rate according to RECIST 
v.1.1 and immune-related adaptions to RECIST as well as by DOR and 
PFS. Imaging assessments (all patients, n = 112) were performed at 
screening, 6 weeks after the first treatment, every 9 weeks during the 
first 6 months and then every 12 weeks thereafter. For blood-based 
biomarker analyses (all patients, n = 112), samples were analyzed using 
flow cytometry. For tumor-based biomarker analyses (part B, ccRCC 
cohort with available tumor biopsies, n = 16), a biopsy was collected 
from tumors amenable to tissue resection within 28 days of the first 
dose and between post-treatment days 28 and 48. Biopsy processing, 
staining and image analysis were performed in adherence to guidelines 
established by the College of American Pathologists accreditation and 
the Clinical Laboratory Improvement Amendments. Biopsies were 
formalin fixed, paraffin-embedded and stained using hematoxylin 
and eosin. If samples contained at least 100 viable tumor cells, then 
samples were processed and stained for immune cells of interest using 
one of the following methods: a chromogenic assay for CD8 (Dako; cat. 
M7103, clone C8/144B, dilution 1:100) and a multiplex T cell panel, a 
multiplex MDSC panel or in situ hybridization for TGFβ1. The CD8+ 
monochromogenic multiplex T cell panel and multiplex MDSC panel 
data were quantified using a proprietary digital image analysis plat-
form. The multiplex T cell panel included the following antibodies: 
GrmB (Invitrogen; cat. MAI-35461, clone gRb-7, dilution 1:15), CD4 
(Abcam; cat. ab133616, clone EPR6855, dilution 1:50), FOXP3 (Abcam; 
cat. ab20034, clone 236A/E7, dilution 1:100), PD-1 (Abcam; cat. ab52587, 
clone NAT105, dilution 1:100), T cell factor 1 (Cell Signaling Technology; 
cat. 2203, clone C63D9, dilution 1:150) and CD8 (Dako; cat. M7103, 
clone C8/144B, dilution 1:25). Treg cells were defined as CD4+ and FOXP3+ 
double-positive cells, and active CD8+ T cells were defined as CD8+ 
and GrmB+ double-positive cells. TGFβ1 in situ hybridization was per-
formed using an Advanced Cell Diagnostics probe corresponding to 
nucleotides 170–1,649 and the Advanced Cell Diagnostics RNAscope 
Kit (322750). Dose-limiting toxicities were graded according to National 
Cancer Institute Common Terminology Criteria for Adverse Events 
v.5.0. All data were collected using Medidata.

Major protocol amendments for the DRAGON study
All protocol amendments were approved by the IRB at each participat-
ing site. Amendment 1 detailed revisions and clarifications based on 
US Food and Drug Administration feedback. Amendment 2 detailed an 
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option for a dosing regimen other than Q3W, based on emerging data; 
an expansion of eligibility criteria to acknowledge prescribing patterns 
for patients with melanoma; and additional electrocardiogram collec-
tion points to provide sufficient safety assessments. Amendment 3  
detailed the addition of a fifth cohort to part B of the study as well as 
subsequent updates to the eligibility criteria, objectives and endpoints. 
Amendment 4 detailed the addition of a cohort for patients with HNSCC 
and the removal of the administration and evaluation of atezolizumab, 
as it was no longer included as a combination therapy. Amendment 
4.1, specific for South Korea, detailed the increased time required for 
contraception use and reporting of pregnancies to 120 days and made 
additional clarifications based on feedback from the Ministry of Food 
and Drug Safety of the Republic of Korea. Amendment 5 detailed the 
removal of disease progression and survival follow-up periods to ease 
patient burden and incorporated the relevant changes pertinent to 
Amendment 4.1.

Sample size determination
Two separate methods were used to determine the sample size of each 
DRAGON cohort. For part A, the dose-escalation stage, sample size was 
based on the commonly adapted 3 + 3 dose-escalation rule. For part B, 
the disease-specific expansion stage, sample size considerations were 
not based on explicit power and type I error considerations but, instead, 
were based on the Bayesian monitoring method to obtain preliminary 
safety, pharmacokinetics, antitumor activity and pharmacodynamic 
information in the prespecified patient populations. If no complete 
responses or partial responses were observed when the first 11 patients 
are followed for at least 6 months or they discontinued the study, 
that cohort would stop enrolling patients and be considered to lack 
evidence of efficacy. With the assumption of a true response rate of 
25% or higher, there would be, at most, a 4.2% chance of not observing 
any response in 11 patients. With an observed response rate of 25%, a 
sample size of 40 patients within a given indication will result in a 90% 
confidence interval of 14.2−38.7%. The corresponding 90% confidence 
interval with 20 patients would be 10.4−45.6%, with the Exact method.

Statistical analysis
Descriptive statistics were used to summarize the safety-related 
outcomes and best overall response (SAS System, v.9.4). The 95% 
confidence intervals for the ORRs were calculated using the exact 
Clopper−Pearson method. Kaplan−Meier survival curves were used 
to present the DOR and PFS alongside estimates of the medians. No 
a priori or post hoc sex-based analyses were conducted in this study.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Scholar Rock is committed to sharing deidentified clinical trial data with 
external investigators upon reasonable request. Individual researchers  
requesting clinical trial data for academic or non-commercial use 
must contact Scholar Rock (medicalinformation@scholarrock.com) 
and include a research proposal clarifying how the data will be used, 
including proposed analysis methodology. Inquiring researchers 
should anticipate a response acknowledging their request within 2−3 
business days. Scholar Rock will consider and evaluate unsolicited 
requests for clinical trial data on a case-by-case basis.
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Extended Data Fig. 1 | Clinical efficacy in parts A1 and A2 dose escalation. Depicted data include confirmed and unconfirmed responses. PD, progressive disease;  
PR, partial response; Q2W, once every 2 weeks; Q3W, once every 3 weeks; SD, stable disease.
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Extended Data Fig. 2 | Swimmer plot denoting outcomes and observation time for melanoma. Depicted data include confirmed and unconfirmed responses.  
CR, complete response; NE, not evaluable; PD, progressive disease; PD-1, programmed cell death protein 1; PR, partial response; Q3W, once every 3 weeks;  
SD, stable disease.
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Extended Data Fig. 3 | Swimmer plot denoting outcomes and observation time for HNSCC. Depicted data include confirmed and unconfirmed responses. HNSCC, 
head and neck squamous cell cancer; PD, progressive disease; PD-1, programmed cell death protein 1; PR, partial response; Q3W, once every 3 weeks; SD, stable disease.
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Extended Data Fig. 4 | Swimmer plot denoting outcomes and observation time for UC. Depicted data include confirmed and unconfirmed responses.  
PD, progressive disease; PD-1, programmed cell death protein 1; PR, partial response; Q3W, once every 3 weeks; SD, stable disease; UC, urothelial cancer.
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Extended Data Fig. 5 | Clinical efficacy in the part B dose expansion.  
A) Spider plot and B) waterfall plot of overall response based on target lesions 
for melanoma. C) Spider plot and D) waterfall plot of overall response based on 
target lesions for HNSCC. E) Spider plot and F) waterfall plot of overall response 

based on target lesions for UC. There were no responses observed in the NSCLC 
cohort. HNSCC, head and neck squamous cell cancer; NSCLC, non-small cell lung 
cancer; Q3W, once every 3 weeks; UC, urothelial cancer.
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Extended Data Fig. 6 | IHC for the detection of CD8 + T-cell recruitment post-treatment. A) ccRCC, B) melanoma, C) HNSCC, D) UC, and E) NSCLC. Each section was 
analyzed one time. ccRCC, clear cell renal cell cancer; HNSCC, head and neck squamous cell cancer; IHC, immunohistochemistry; NSCLC, non-small cell lung cancer; 
UC, urothelial cancer.
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Extended Data Fig. 7 | Biomarker data may provide a strategy for the selection of ccRCC patients with a higher chance of response. Clinical responses according to 
baseline A) CD8 + T-cell infiltration status, B) Treg levels, and C) TGFβ1. ccRCC, clear cell renal cell cancer; FoxP3, Forkhead box protein P3; TGFβ1, transforming growth 
factor-beta 1; Treg, regulatory T cell.
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Extended Data Table 1 | TEAEs in the part A dose escalation

 Part A1 Part A2 
 Single-agent dose escalation Combination dose escalation 

Adverse event 
All grades (>10%) 

n = 19 
Grade ≥3 

n = 19 
All grades (>10%) 

n = 15 
Grade ≥3 

n = 15 
Any TEAE 16 (84.2) 8 (42.1) 15 (100) 10 (66.7) 
Decreased appetite 5 (26.3) 0 2 (13.3) 0 
Fatigue 5 (26.3) 0 1 (6.7) 1 (6.7) 
Nausea 4 (21.1) 0 1 (6.7) 0 
Vomiting 4 (21.1) 0 0 0 
ALT increased 3 (15.8) 1 (5.3) 1 (6.7) 0 
Anemia 3 (15.8) 1 (5.3) 2 (13.3) 1 (6.7) 
Arthralgia 3 (15.8) 1 (5.3) 3 (20.0) 1 (6.7) 
AST increased 3 (15.8) 0 0 0 
Back pain 3 (15.8) 2 (10.5) 3 (20.0) 2 (13.3) 
Constipation 3 (15.8) 0 2 (13.3) 0 
Dehydration 3 (15.8) 0 0 0 
Rasha 3 (15.8) 0 8 (53.3) 2 (13.3) 
Abdominal pain 2 (10.5) 0 1 (6.7) 0 
Abdominal pain 
upper 

2 (10.5) 0 0 0 

Blood bilirubin 
increased 

2 (10.5) 1 (5.3) 1 (6.7) 0 

Cough 2 (10.5) 0 2 (13.3) 0 
Depression 2 (10.5) 0 0 0 
Diarrhea 2 (10.5) 0 3 (20.0) 0 
Dizziness 2 (10.5) 0 0 0 
Headache 2 (10.5) 0 1 (6.7) 0 
Hypothyroidism 2 (10.5) 0 1 (6.7) 0 
Pain in extremity 2 (10.5) 0 0 0 
Pleural effusion 2 (10.5) 1 (5.3) 0 0 
Pneumonia 2 (10.5) 1 (5.3) 0 0 
Pruritus 2 (10.5) 0 5 (33.3) 2 (13.3) 
Troponin I increased 2 (10.5) 0 0 0 
Urinary tract infection 2 (10.5) 0 1 (6.7) 0 
Dyspnea 1 (5.3) 0 4 (26.7) 0 
Hyponatremia 0 0 3 (20.0) 1 (6.7) 
Pyrexia 1 (5.3) 0 3 (20.0) 0 
Anal incontinence 0 0 2 (13.3) 1 (6.7) 
Blood creatinine 
increased 

1 (5.3) 0 2 (13.3) 1 (6.7) 

Hyperkalemia 0 0 2 (13.3) 1 (6.7) 
Hypoalbuminemia 0 0 2 (13.3) 0 
Hypokalemia 0 0 2 (13.3) 0 
Hypomagnesemia 0 0 2 (13.3) 0 
Insomnia 1 (5.3) 0 2 (13.3) 0 
Muscular weakness 1 (5.3) 0 2 (13.3) 1 (6.7) 
Non-cardiac chest 
pain 

0 0 2 (13.3) 0 

Pemphigoid 0 0 2 (13.3) 1 (6.7) 
Stomatitis 0 0 2 (13.3) 0 
Urinary incontinence 0 0 2 (13.3) 1 (6.7) 

Data are presented as n (%). aRash includes rash, rash macular, rash maculopapular, rash erythematous and rash pruritic. ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Extended Data Table 2 | TEAEs in the part B dose expansion

Part B

Adverse event
All grades (>5%)

n = 78
Grade ≥3

n = 78
Any TEAE 76 (97.4) 58 (74.4)
Fatigue 34 (43.6) 2 (2.6)
Rasha 32 (41.0) 11 (14.1)
Pruritus 29 (37.2) 1 (1.3)
Diarrhea 20 (25.6) 1 (1.3)
Decreased appetite 15 (19.2) 0
Nausea 15 (19.2) 2 (2.6)
Anemia 14 (17.9) 6 (7.7)
Dyspnea 14 (17.9) 2 (2.6)
Blood creatinine 

increased
12 (15.4) 1 (1.3)

Headache 12 (15.4) 0
Pain in extremity 11 (14.1) 1 (1.3)
Vomiting 11 (14.1) 0
ALT increased 10 (12.8) 5 (6.4)
Arthralgia 10 (12.8) 0
AST increased 10 (12.8) 4 (5.1)
Cough 10 (12.8) 0
Edema peripheral 10 (12.8) 2 (2.6)
Constipation 9 (11.5) 1 (1.3)
Dizziness 9 (11.5) 0
Back pain 8 (10.3) 1 (1.3)
Hypophosphatemia 8 (10.3) 0
Pyrexia 8 (10.3) 0
Urinary tract infection 8 (10.3) 3 (3.8)
Abdominal pain 7 (9.0) 0
Dry mouth 7 (9.0) 0
Myalgia 7 (9.0) 0
Pneumonia 7 (9.0) 0
Blood ALP increased 6 (7.7) 3 (3.8)
Hyperglycemia 6 (7.7) 2 (2.6)
Hyponatremia 6 (7.7) 2 (2.6)
Nasal congestion 6 (7.7) 0
Weight decreased 6 (7.7) 0
COVID-19 5 (6.4) 2 (2.6)
Chills 5 (6.4) 0
Dry skin 5 (6.4) 0
GGT increased 5 (6.4) 3 (3.8)
Hypotension 5 (6.4) 2 (2.6)
Insomnia 5 (6.4) 0
Lipase increased 5 (6.4) 1 (1.3)
Muscle spasms 5 (6.4) 0
Neck pain 5 (6.4) 0
Acute kidney injury 4 (5.1) 1 (1.3)
Amylase increased 4 (5.1) 1 (1.3)
Fall 4 (5.1) 1 (1.3)
Hypercalcemia 4 (5.1) 0
Hyperkalemia 4 (5.1) 0
Lymphocyte count 
decreased

4 (5.1) 4 (5.1)

Muscular weakness 4 (5.1) 1 (1.3)
Stomatitis 4 (5.1) 1 (1.3)
Upper respiratory tract
infection

4 (5.1) 0

Vision blurred 4 (5.1) 0

Data are presented as n (%). aRash includes rash, rash macular, rash maculopapular, rash erythematous and rash pruritic. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; GGT, gamma-glutamyltransferase.
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Reporting on sex and gender Male and female patients who met the inclusion criteria and were at least 18 years old, were eligible to enroll in the study. 
While sex or gender were not specifically considered in the study design or analyses, due to a small study sample size, 
participant sex was collected via self-report by each eligible patient. The readout for patient sex for parts A and B are 
reported in the demographic table within the manuscript (Table 1). Patient consent to report these data was obtained. 
Individual-level data was not reported for this study.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

The race of enrolled patients was reported in the demographics table as Asian, Black or African American, White, or 'not 
reported' (Table 1). Patient consent to report these data was obtained. Individual-level data was not reported for this study.

Population characteristics The number of prior lines of anti-PD-(L)1 therapy, the best response to prior anti-PD-(L)1 therapy, and patients with 
progression on anti-PD-(L)1 therapy are reported in the demographics tables (Table 1). Patient consent to report these data 
was obtained. Individual-level data was not reported for this study.

Recruitment Patient enrollment/recruitment began on April 23, 2020 and ended on December 22, 2023. Patient selection was conducted 
by the Principal Investigators in accordance with each institution's established procedures and the requirements outlined in 
the approved study protocol. Following this review, patient information was submitted to the Medical Monitor for 
confirmation of eligibility. This standardized recruitment process minimizes the potential for self-selection and other 
confounding biases 
 
Patients had histologically confirmed metastatic or locally advanced solid tumors. For part A1, patients had locally advanced 
or metastatic solid tumors for which a standard of care does not exist, has failed, or was not tolerated by the patient. For part 
A2, patients had locally advanced or metastatic solid tumors and received prior anti-PD-(L)1 therapy with a documented best 
response of progressive disease or stable disease after a minimum of three cycles of treatment with the anti-PD-(L)1 therapy. 
For part B, patients with NSCLC, UC, or melanoma had a history of primary nonresponse to anti-PD-1 therapy, defined as 
either progressive or stable disease after at least three cycles of treatment; if the reason for discontinuation of anti-PD-(L)1 
therapy prior to three cycles was progressive disease, then the progression was associated with clinical deterioration. 
Patients with ccRCC had confirmed diagnosis of renal cell carcinoma with a predominant clear cell component and received 
at least one prior line of anti-PD-1 treatment with disease progression documented clinically or radiographically on the most 
recent anti-PD-1 treatment. Patients with HNSCC had a histologically confirmed diagnosis of recurrent or metastatic HNSCC 
not amenable to curative therapy and received one prior line of anti-PD-1 treatment with disease progression documented 
clinically or radiographically on the anti-PD-1 treatment.  Patients with primary tumor sites in the nasopharynx or unknown 
location were not eligible. Part B also included a Tumor Basket cohort that enrolled patients with advanced or metastatic 
solid tumors not described above but that still included a history of primary anti-PD-(L)1 therapy nonresponse (one each: 
bladder, pancreatic, ccRCC, and uterine cancer). For all part B cohorts, there was no requirement for anti-PD-(L)1 therapy to 
be the immediate therapy prior to enrollment. Other intervening therapies were also allowed, including TKIs. All patients 
were required to have measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1 per 
assessment at screening and an Eastern Cooperative Oncology Group performance status of 0 to 1.  
 
Patient data was collected in hospital and/or health clinic settings at 22 sites across the United States and South Korea. Data 
collection took place from April 23, 2020 to April 14, 2025.

Ethics oversight The study protocol was approved by the institutional review boards (IRB) and ethics committees at all participating sites: 
WCG IRB, LLC (Hartford, CT, USA), Mary Crowley Medical Research Center Institutional Review Board (Dallas, TX, USA), The 
University of Texas MD Anderson Cancer Center Office of Human Research Protection (Houston, TX, USA), Dana Farber Cancer 
Institute Office of Human Research Protection (Boston, MA, USA), Advarra IRB (Columbia, MD, USA), University of Michigan 
Medical School IRB (Ann Arbor, MI, USA), Biological Sciences Division/University of Chicago Medical Center IRB (Chicago, IL, 
USA), University of California, San Diego IRB Administration (La Jolla, CA, USA), Medical College of Wisconsin IRB MACC Fund 
Research Center (Milwaukee, WI, USA), Stony Brook University IRB Office of Research Compliance Division of Human Subject 
Protections (Stony Brook, NY, USA), Seoul National University Hospital IRB (Seoul, Republic of Korea), and Seoul National 
University Bundang Hospital IRB (Seoul, Republic of Korea). 
 
The study protocol was designed in accordance with the principles established by the International Council for Harmonisation 
for guidelines on Good Clinical Practice (GCP) and the Declaration of Helsinki. A study monitor was designated by the study 
sponsor to carefully monitor all aspects of the study for compliance with GCP, standard operating procedures, and applicable 
government regulations. The study monitor met with the Investigator and staff shortly before the start of the study to review 
the procedures for study conduct and documentation. During the study, the study monitor visited each site to verify record 
keeping and adherence to the protocol. Additionally, a data review committee was established to provide additional study 
oversight. The committee included physicians from participating sites in this study, as well as physician representatives from 
the study sponsor, to evaluate accumulating safety data during the study, which include part A dose escalation decisions, 
part B dose selections, as well as safety data review in the initial 12 patients when they had completed the cycle 1 treatment.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Two separate methods were used to determine the sample size of each DRAGON cohort. For part A, the dose-escalation stage, sample size 
was based on the commonly adapted 3+3 dose-escalation rule. For part B, the disease specific expansion stage, sample size considerations 
were not based on explicit power and type I error considerations, but instead were based on the Bayesian monitoring method to obtain 
preliminary safety, PK, antitumor activity, and pharmacodynamic information in the prespecified patient populations. If no complete response 
or partial response were observed when the first 11 patients are followed for at least 6 months or they discontinued the study, that cohort 
would stop enrolling patients and be considered to lack evidence of efficacy. With the assumption of a true response rate of 25% or higher, 
there would be, at most, a 4.2% chance of not observing any response in 11 patients. With an observed response rate of 25%, a sample size of 
40 patients within a given indication will result in a 90% confidence interval of 14.2% to 38.7%. The corresponding 90% confidence interval 
with 20 patients would be 10.4% to 45.6%, with the Exact method.  
 
In total, the DRAGON trial enrolled 112 patients was divided into three treatment parts: part A1 (n=19), part A2 (n=15), and part B (n=78). The 
median age (min, max) for patients enrolled in part A1 was 66 (41, 79) years; 57.9% of patients were male and 42.1% were female. For 
patients enrolled in part A2, the median age (min, max) was 65 (32, 75) years. Eighty percent of enrolled patients were male and 20% were 
female. For part B, there were a total of five parallel expansion cohorts. These cohorts contained patients with NSCLC (n=11), UC (n=11), 
melanoma (n=11), ccRCC (n=30), and HNSCC (n=11). There was also a Tumor Basket cohort for patients (n=4) with advanced or metastatic 
solid tumors. The median age (min, max) of enrolled patients within part B was 65 (32, 81) years, with 71.8% of the population being male and 
28.2% being female. 
 
Antitumor efficacy and imaging assessments were assessed in all DRAGON participants (n=112). Blood-based biomarker analyses were 
conducted in all patients (n=112) and tumor-based biomarker analyses (part B, ccRCC cohort, n=16) were assessed in a subset of patients with 
available samples.

Data exclusions There were no data exclusions.

Replication The authors are confident in the reproducibility of the findings given a standardized protocol that provided predefined eligibility criteria, 
dosing regimens, and centralized data collection, was used and strictly followed.  
 
Safety data was collected via a centralized data collection mechanism. PK samples were analyzed using an enzyme-linked immunosorbent 
assay that was validated according the regulatory (EMA, FDA) guidelines. Tissue biopsies were analyzed using a validated (non-CLIA) CD8 
immunohistochemistry method and an optimized T-Cell Function multiplex immunofluorescence (mIF) panel. A Lead Pathologist reviewed the 
stained slides for distribution and intensity of target-cells and absence of non-specific staining. The tumor response assessments were from 
central imaging repository by central readers and from investigators with the use of RECIST 1.1. Whole blood samples were analyzed for 
MSDC populations using a validated multicolor flow cytometry method.

Randomization Not applicable, this is a non-randomized phase 1 study

Blinding Not applicable, this is an open-label phase 1 study
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Antibodies
Antibodies used For the chromogenic assay for CD8: CD8 (Dako; catalog, M7103; clone, C8/144B; dilution, 1:100) 

 
For the multiplex T-cell panel: GranzymeB (Invitrogen; catalog, MAI-35461; clone, gRb-7; dilution, 1:15), CD4 (Abcam; catalog, 
ab133616; clone, EPR6855; dilution, 1:50), Forkhead box protein P3 (FoxP3; Abcam; catalog, ab20034; clone, 236A/E7; dilution, 
1:100), PD1 (Abcam; catalog,  ab52587; clone, NAT105; dilution, 1:100), T Cell Factor 1 (Cell Signaling; catalog, 2203; clone, C63D9; 
dilution, 1:150), and CD8 (Dako; catalog, M7103; clone, C8/144B; dilution, 1:25). 

Validation Biopsy processing, staining, and image analysis were performed by qualified vendors and were adherent to guidelines established by 
the College of American Pathologists accreditation and the Clinical Laboratory Improvement Amendments. Antibodies were procured 
from qualified vendors per SOP and evaluated for performance in the assays using predefined criteria. 

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ClinicalTrials.gov identifier: NCT04291079

Study protocol Provided as a supplemental file.

Data collection The first and last patients were enrolled on April 23, 2020 (part A) and December 22, 2023 (part B), respectively. Patient data was 
collected in hospital and/or health clinic settings at 22 sites across the United States and South Korea. Data collection took place from 
April 23, 2020 to April 14, 2025.

Outcomes All primary, secondary, and exploratory outcomes were pre-defined in the approved protocol. 
 
The primary objectives of part A of DRAGON were to determine the safety and tolerability of single-agent linavonkibart (part A1) and 
linavonkibart in combination with anti-PD-(L)1 therapy (part A2), to establish the maximum tolerated dose and maximum 
administered dose, and to determine the dose for part B. The secondary objectives were to evaluate the pharmacokinetics of 
linavonkibart and monitor for potential development of anti-linavonkibart antibodies when alone (part A1) or combined with anti-PD-
(L)1 therapy (part A2). The antitumor activity of linavonkibart and any associated biomarker analyses for predictors of clinical 
response were exploratory objectives. 
 
The primary objective of part B of the DRAGON study was to determine the safety and tolerability of linavonkibart in combination 
with anti-PD-1 therapy for six expansion cohorts. In addition to the secondary objectives of part A, part B also included the 
assessment of antitumor activity as a secondary objective. Evaluating the impact of linavonkibart in combination with anti-PD-1 
therapy on survival outcomes and biomarker-based analyses for clinical response predictors were exploratory objectives.  
 
The primary objectives were assessed based on adverse events, clinical laboratory data, ECG parameters, Eastern Cooperative 
Oncology Group (ECOG) performance status, echocardiogram, physical examinations, vital signs, and other applicable 
safety assessments (ie, pregnancy test, cardiac troponin, thyroid function, and cytokines). 
 
Secondary PK and immunogenicity objectives were assessed and quantified by enzyme-linked immunosorbent assay (ELIZA) and a 
validated electrochemiluminescence method, respectively. 
 
The secondary/exploratory efficacy objectives were derived from 2 sources separately: tumor response assessments from central 
imaging repository by central readers, and tumor response assessments from electronic data capture by Investigators, with the use 
of Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 and immune-related adaptations to RECIST (iRECIST) criteria. The 95% 
confidence intervals for the objective response rates were calculated using the exact Clopper-Pearson method. Kaplan-Meier survival 
curves were used to present the duration of response and progression-free survival alongside estimates of the medians.  
 
Exploratory pharmacodynamic biomarker objectives were assessed and quantified by ELIZA. 
 
Descriptive statistics were used to summarize the safety- and immunogenicity-related outcomes, pharmacokinetics outcomes, the 
best overall response (efficacy) outcomes, and pharmacodynamic biomarker outcomes. All data were analyzed using SAS (SAS 
System, Version 9.4).
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