
1218  |  Nature  |  Vol 637  |  30 January 2025

Article

Neutralizing GDF-15 can overcome anti-PD-1 
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Cancer immunotherapies with antibodies blocking immune checkpoint molecules 
are clinically active across multiple cancer entities and have markedly improved 
cancer treatment1. Yet, response rates are still limited, and tumour progression 
commonly occurs2. Soluble and cell-bound factors in the tumour microenvironment 
negatively affect cancer immunity. Recently, growth differentiation factor 15 (GDF-15), 
a cytokine that is abundantly produced by many cancer types, was shown to interfere 
with antitumour immune response. In preclinical cancer models, GDF-15 blockade 
synergistically enhanced the efficacy of anti-PD-1-mediated checkpoint inhibition3.  
In a first-in-human phase 1–2a study (GDFATHER-1/2a trial, NCT04725474), patients 
with advanced cancers refractory to anti-PD-1 or anti-PD-L1 therapy (termed generally 
as anti-PD-1/PD-L1 refractoriness) were treated with the neutralizing anti-GDF-15 
antibody visugromab (CTL-002) in combination with the anti-PD-1 antibody nivolumab. 
Here we show that durable and deep responses were achieved in some patients with 
non-squamous non-small cell lung cancer and urothelial cancer, two cancer entities 
identified as frequently immunosuppressed by GDF-15 in an in silico screening of 
approximately 10,000 tumour samples in The Cancer Genome Atlas database. 
Increased levels of tumour infiltration, proliferation, interferon-γ-related signalling 
and granzyme B expression by cytotoxic T cells were observed in response to treatment. 
Neutralizing GDF-15 holds promise in overcoming resistance to immune checkpoint 
inhibition in cancer.

Empowering the immune system to fight cancer has revolutionized 
tumour treatment in the past two decades1. Anti-PD-1 and anti-PD-L1 
antibodies are now established as a standard of care for first-line treat-
ment of cancer. However, response rates of just 15–50% in many solid 
tumour types and high progression and relapse rates suggest that resist-
ance mechanisms often prevent successful tumour control. Tolerogenic 
factors such as transforming growth factor-β (TGFβ) are often co-opted 
by cancer cells for immune escape4,5. Recently, we demonstrated that the 

divergent TGFβ superfamily member GDF-15 (ref. 6), which is expressed 
at high levels in placenta and solid tumours, stands out as a prominent 
molecule used by tumours to keep the immune system at bay3. This mir-
rors the physiological role of GDF-15 in feto-maternal tolerance towards 
placental alloantigens7,8. Here we report results from a clinical trial of 
the GDF-15-blocking antibody visugromab (CTL-002) co-administered 
with anti-PD-1 to patients in late- or last-line treatment with relapsed or 
refractory cancer under ongoing prior anti-PD-1 or anti-PD-L1 treatment.
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GDFATHER clinical trial phase 1
The first-in-human exploration of the GDF-15 neutralizing antibody 
visugromab was a combined phase 1 and 2a trial (CTL-002-001; 
NCT04725474). Preclinical toxicology testing of visugromab in cyn-
omolgus monkeys showed no toxicologic findings up to the maximum 
feasible dose of 100 mg kg−1 per week. Phase 1 (part A) was a classic ‘3 + 3’ 
dose escalation in advanced-stage, metastatic mixed solid tumours. To 
investigate safety and tolerability, patients in last-line therapy who had 
relapsed or were refractory to prior checkpoint-inhibitor (CPI) treat-
ment received visugromab in combination with the CPI nivolumab. In 
phase 2a (part B), antitumoural activity of the combination of visugro-
mab and nivolumab was explored in various defined advanced-stage, 
metastatic solid tumour types. Again, patients had relapsed or were 
refractory to prior CPI treatment.

In phase 1 (December 2020 to November 2021), 25 patients were 
enrolled to receive 5 predefined dose levels (DLs) of visugromab 
(0.3, 1, 3, 10 and 20 mg kg−1; once every other week) following a 3 + 3 
dose-escalation design. The first three patients for each DL received 
visugromab as a monotherapy for one cycle (14 days) as a safety run-in, 
followed by a combination of visugromab with nivolumab (second and 
all subsequent cycles; once every other week). Treatment was contin-
ued until disease progression, unacceptable toxicity or withdrawal of 
informed consent. After the respective dose-limiting toxicity period 
for each cohort had been cleared, the dose was escalated. For the 
highest three DLs, additional backfill cohorts of three patients each 
were enrolled, providing additional information on the combination 
of visugromab and nivolumab for the respective DL. Patients in the 
backfill cohorts received the combination treatment starting from 
the first cycle.

The patients with mixed solid tumours who were enrolled had been 
heavily pretreated, entering the trial with a median of 4.4 prior systemic 
lines of treatment, and no available established treatment options were 
left for their malignant disease. All patients had to have experienced 
relapse or progression to at least one prior anti-PD-1/PD-L1 treatment 
by strict criteria, either in monotherapy or in combination. Sequential 
tumour biopsies were performed at the baseline (n = 22/25), on day 
14 (before cycle 2, monotherapy phase; n = 13/16) and on day 28 (after 
having received one cycle of visugromab and nivolumab; n = 17/25). 
Patient baseline characteristics are provided in Supplementary Table 1.

Visugromab in combination with nivolumab was overall well tolerated 
at all DLs with no dose-limiting toxicity and just one treatment-emergent 
adverse event (TEAE) ≥ grade 4 occurring (acute respiratory failure), 
not considered by the investigator as treatment related. Grade 3 TEAEs 
occurred in 12 patients (48%) reporting at least 1 TEAE. The median dura-
tion of treatment across all DLs was 10 weeks, and that in the highest 
three DLs was 14 weeks. For five individuals in this population of heavily 
pretreated patients with tumours in last-line therapy, indications of 
clinical benefit were observed (Fig. 1a), all at DLs 3−5. Three patients 
experienced a confirmed partial response (PR) (1 × mesothelioma, 
1 × liver hepatocellular cancer (HCC), 1 × cancer of unknown primary 
origin; Supplementary Table 2). The patient with cancer of unknown 
primary origin underwent radiofrequency ablation of a remaining, sole 
small positron emission tomography-positive liver lesion (at 8 months 
on treatment, with subsequent staging as complete response (CR) 
by positron emission tomography with computed tomography) and 
had a prolonged CR until occurrence of a single new lung lesion that 
had to be irradiated. The mean duration of response (DOR, from start 
of treatment9) was 12.9 months (median 7.1 months; Supplementary 
Table 2). Two additional patients experienced prolonged disease stabi-
lization longer than 6 months (1 × non-small cell lung cancer (NSCLC) 
and 1 × ocular melanoma). A sixth patient with mucosal melanoma 
achieved 5.5 months of disease stabilization, and then had local pro-
gression in a single liver lesion compressing a vessel. Local palliative 
irradiation was conducted. Consecutive computed tomography staging 

revealed a PR (−34% by response evaluation criteria in solid tumours 
(RECIST) 1.1 criteria) with notable abscopal antitumoural effects in 
liver lesions not included in the irradiation field, all under continued 
treatment with visugromab and nivolumab.

Pharmacodynamic observations in phase 1
As previously reported, tumour-derived GDF-15 inhibits the LFA-1–
ICAM-1 axis in T cells3, impairing T cell migration into tumour tissue. 
Neutralization of GDF-15 enhances T cell infiltration and efficacy of 
immune checkpoint blockade in mouse GDF-15-expressing tumour 
models3. Sequential biopsies were taken at the baseline and day 
14 and day 28 of treatment for immunohistochemical T cell quan-
tification and characterization. Neutralization of GDF-15 led to a 
tumour-selective increase (>2-fold) in the numbers of CD4+FOXP3− 
T cells (7/14 patients) and CD8+ T cells (8/15 patients) and induction of 
CD3+Ki67+ proliferating T cells (8/15 patients), as well as increases in 
CD3+GZMB+ cytotoxic T cell numbers (5/10) across all DLs (Fig. 1b,c). 
The median fold change at day 14 was 2.13 for CD4+FOXP3− T cells, 
1.78 for CD8+ T cells, 1.46 for CD3+Ki67+ T cells and 1.6 for CD3+GZMB+ 
T cells, with much higher increases observed in tumour tissue of 
individual patients. At day 28, the median fold change decreased for 
CD4+FOXP3− and CD8+ T cells to 1.92 and 1.22, respectively, whereas it 
further increased for proliferating T cells (2.32) and remained stable 
for CD3+GZMB+ T cells (1.52). Notably, the increase in T cell number, 
proliferation induction and increase in CD3+GZMB+ cell number were 
observed under initial visugromab monotherapy (Fig. 1b,c), possibly 
setting the stage for successful antitumour immune responses by 
T cells during anti-PD-1 treatment. The data are indicative of immu-
nosuppressive effects of GDF-15 on intratumoural T cell abundance 
and activation, which can be reversed by treatment with visugromab. 
As the number of on-treatment biopsies from responding patients 
is still limited, it is not possible to correlate these observations with 
clinical response.

Phase 2a indication selection
To identify the tumour types that are affected by GDF-15, integra-
tive high-throughput pan-cancer immune-transcriptomic analyses 
were performed. Clinical data from 33 cancer types (Fig. 2a and 
Extended Data Tables 1 and 2), comprising approximately 10,000 
patient-derived tumours, were retrieved from The Cancer Genome 
Atlas (TCGA). In detail, GDF15 expression patterns in tumour (pri-
mary, checkpoint naive) and normal tissues were analysed, segre-
gated by molecular subgroups and genotypes and correlated with 
clinical parameters (including outcome), and immune signatures 
in the tumour microenvironment (TME). As a result, in at least 10 of 
13 selected immune-related analyses, an inverse relation between 
GDF15 mRNA expression and T cell transcriptomic signatures could 
be revealed for colorectal cancer (microsatellite stable (MSS) and 
microsatellite instability-high), urothelial cancer (UC) or, breast 
cancer, pancreatic adenocarcinoma, lung adenocarcinoma (LUAD), 
kidney renal clear cell carcinoma, testicular germ cell tumours, and 
cervical squamous cell carcinoma and endocervical adenocarcinoma. 
This is consistent with the postulated GDF-15-related T cell exclusion 
mechanism and hence may predict promising indications for related 
therapy (Fig. 2a). Stratification for different molecular subtypes of 
NSCLC revealed a significantly higher level of GDF15 expression in 
lung adenocarcinoma when compared with lung squamous carci-
noma (Fig. 2b). Correlation analyses also showed a strong negative 
correlation between GDF15 expression and immune markers in lung 
adenocarcinoma, not found in lung squamous carcinoma (Fig. 2c 
and Extended Data Table 2). To estimate the average distribution 
of immune-cell populations from the TCGA bulk RNA-sequencing 
data, a quanTIseq-based deconvolution was performed (Fig. 2d).  

https://clinicaltrials.gov/ct2/show/NCT04725474
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Fig. 1 | Phase 1 dose escalation of visugromab in combination with nivolumab. 
a, Swimmer plot for 25 patients with mixed solid tumours treated with escalating 
doses (DLs) of visugromab (0.3, 1.0, 3.0, 10 and 20 mg kg−1, once every other week) 
and nivolumab in last-line treatment, with relapsed or refractory cancer under 
prior anti-PD-1 or anti-PD-L1 treatment. Data show time course and remission 
status, with tumour regression (blue; greater than −5%) and PR (light green) as 
per RECIST 1.1. Broken lines indicate not evaluable (NE). MES, mesothelioma; 
UCEC, uterine corpus endometrial carcinoma; OMEL, ocular melanoma;  
CCA, cholangiocarcinoma; MEL, melanoma; RCC, renal cell carcinoma; CUP, cancer 
of unknown primary origin; OVA, ovarian cancer; TNBR, triple-negative breast 
cancer; CER, cervical cancer; H&N, head and neck squamous cell carcinoma; 
CRC, colorectal cancer; BF, backfill; PD, progressive disease; SD, stable disease; 

RT, radiotherapy; RFA, radiofrequency ablation. b, Fold change of CD4+FOXP3−, 
CD8+, CD3+Ki67+ and CD3+GZMB+ T cells in evaluable, sequential biopsies of the 
above patients at day 14 (visugromab monotherapy) and day 28 (combination) 
compared to baseline (Bsl). Patients with >2-fold increase are depicted in black 
and patients with <2-fold increase are depicted in light grey. c, Representative 
immunohistochemical and immunofluorescence images of tumour area 
(green square 400 × 400 µm) demonstrating baseline (day 0; upper panel) 
versus monotherapy (day 14; middle panel) and combination therapy impact 
(day 28; lower panel), showing increase in CD8+ (purple label; n = 8), CD4+ 
(yellow label; n = 7), in the left panel, and CD3+Ki67+ (red label; n = 8) and increase 
in GZMB synthesis (pink label; n = 5), in the right panel.
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A statistically significant decrease in the number of infiltrating CD8+ 
T cells was observed in LUAD with higher compared to lower levels of 
GDF15 expression, and the same subset clearly decreased in number 

in basal squamous UC with increasing GDF15 expression level. On the 
basis of these transcriptomic analyses, non-squamous NSCLC and UC 
were selected for phase 2a investigation.
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Fig. 2 | Correlation of GDF15 with suppression of immune signatures in data 
from TCGA. a, Immune-related analyses and relation to GDF15 mRNA expression 
ranked by a consensus score. IFNγ, interferon-γ. Two-sided Spearman’s rank 
correlation (coefficient ρ) test was performed. P values were adjusted for 
multiple testing for each indication across tested signature scores on the basis 
of the false discovery rate (FDR) according to the Benjamini–Hochberg method. 
Significant positive (FDR < 0.1 and ρ > 0.1) and negative (FDR < 0.1 and ρ < 0.1) 
relationships between GDF15 expression and immune signature score are 
indicated in red and blue, respectively. For inflamed to T cell exclusion (excl.), 
an absolute value of the difference in z-scores (|∆z|) > 0.2 was used as the  
cutoff (z-scores were calculated using Fisher’s z-transformation on ρ).  
ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, 
breast invasive carcinoma; CESC, cervical squamous cell carcinoma and 
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; DLBC, diffuse 
large B-cell lymphoma; ESCA, oesophageal carcinoma; GBMLGG, glioblastoma 
and low-grade gliomas; HNSC, head and neck squamous cell carcinoma;  
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; LUSC,  
lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian  
serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma;  

PCPG, pheochromocytoma and paraganglioma; PRAD, prostate 
adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, 
stomach adenocarcinoma; TGCT, testicular germ cell tumours; THCA, thyroid 
carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; 
UCS, uterine carcinosarcoma; UVM, uveal melanoma. b, Normalized GDF15 
mRNA expression in LUAD (n = 515), lung squamous cell carcinoma (n = 501; left 
panel), luminal UC subtypes (luminal, luminal infiltrated, luminal papillary, 
n = 246) and basal squamous UC (n = 142, right panel). TPM, transcripts per 
million. Lower and upper hinges, first and third quartile (interquartile range 
(IQR)); thick line, median. The whiskers extend to the smallest and largest 
values no further than 1.5 × IQR. P values are from two-sided Wilcoxon rank sum 
test. c, Correlation analyses of normalized GDF15 expression in lung and 
bladder cancer subtypes with immune-related signatures; Spearman 
rank-based correlation coefficient rho (ρ) is indicated according to the 
legend. P values are from two-sided Spearman’s rank correlation test and not 
adjusted for multiple comparisons. IMPRES, immuno-predictive score. CTL, 
cytotoxic T lymphocytes. d, Distribution of averaged cell fractions according to 
GDF15 expression level (low, mid, high). NK, natural killer.
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Phase 2a dose selection
Pharmacokinetics (PK) demonstrated a dose-proportional increase 
in visugromab exposure across the dose range from 0.3 to 20 mg kg−1 
in phase 1, with little accumulation and no obvious loss of exposure 
after repeated treatment cycles, indicative of no anti-drug antibody 
response over the observation period. To ensure neutralization of 
elevated and variable GDF-15 levels in serum and tumour microvascula-
ture of patients with cancer, a population PK–pharmacodynamics (PD) 
modelling approach was developed on the basis of serum analyses from 
the phase 1 study (Extended Data Fig. 1a,b). By combining this model-
ling of visugromab and total GDF-15 levels with estimated population 
parameters, and with a previously developed model for the distribu-
tion of GDF-15 in tumours, free GDF-15 concentration in serum and the 
tumour microvasculature could be predicted for 3, 10 and 20 mg kg−1 
dosing once every second, third or fourth week. This PK–PD model was 
fully consistent with the observed total visugromab and total GDF-15 
levels in the phase 1 study. Higher GDF-15 baseline levels (>2 ng ml−1) 
require more visugromab for neutralization. These calculations sup-
port a dosing regimen of ≥10 mg kg−1 every 2 weeks, or ≥20 mg kg−1 
every 3 or 4 weeks, to constantly maintain free GDF-15 in the tumour 
below the nominal average physiologic level of 0.5 ng ml−1 (ref. 10) for 
the whole duration of 2- to 4-weekly cycles. For the subsequent phase 2a 
dose-expansion part of the study, 10 mg kg−1 visugromab every second 
week was thus selected as the recommended phase 2 dose in combi-
nation with nivolumab at the standard dose. In phase 2a, visugromab 
continued to show linear and cycle-independent PK behaviour.

Phase 2a clinical activity
Sample size calculation followed a single-arm, exploratory Simon 
two-stage design, with 14 participants in stage 1 and 13 participants 
in stage 2. All participants were in late or last line of treatment with a 
median of three prior systemic cancer therapies. To rule out substantial 
visugromab-independent antitumoural activity of nivolumab, patients 
were included only when their cancer was relapsed or refractory to prior, 
approved anti-PD-1- or anti-PD-L1-containing treatment as per defined, 
strict criteria. Patients were enrolled only if they had a minimum of 12 
weeks of continuous prior exposure to anti-PD-1 or anti-PD-L1, to rule 
out inclusion of pseudoprogressors, and if their relapse or progression 
had occurred on ongoing anti-PD-1- or anti-PD-L1-containing treatment. 
Based on data in the literature, the expected rate of patients responding 
to monotherapy retreatment with an approved anti-PD-1 or anti-PD-L1 
agent such as nivolumab in such strictly defined relapsed or refractory 
populations is ≤5% for both NSCLC11–15 and UC16. Response assessment 
was performed locally throughout phase 2a (Supplementary Clinical 
Trial Protocol).

NSCLC cohort
As of May 2024, 20 male and 7 female patients had been enrolled in 
the NSCLC cohort. Baseline characteristics are provided as Supple-
mentary Table 3. Histologic subtypes were non-squamous in 21 (77.8%) 
and squamous in 6 (22.2%) participants; 1 participant had a mixed, 
dominantly neuroendocrine tumour histology and was assigned to 
the non-squamous group. The mean duration of study treatment was 
3.9 months with two patients still ongoing on treatment. Regarding 
efficacy, the overall response rate (ORR) is 4/27 (14.8%) as per RECIST 1.1, 
with 2 PR and 2 CR (1 initially as a lasting PR on trial treatment, maturing 
to a confirmed CR post treatment discontinuation due to a TEAE and 
prior focal irradiation of a progression-suspected lymph node area). Of 
note, all responses were observed in non-squamous NSCLC, resulting in 
an ORR of 19.0% (4/21) in this subgroup (Fig. 3a, Extended Data Fig. 2a 
and Supplementary Table 4). Responding patients had experienced 
clinical benefit on prior anti-PD-1- or anti-PD-L1-containing treatment 

(two in combination with poly-chemotherapy; Supplementary Table 5). 
This may be due to a general bias for trials in patients in late-line treat-
ment based on the fact that approximately only 8% of all patients 
with NSCLC reach third-line treatment (retrospective study of 3,995 
patients with NSCLC17, for which most surviving patients had to have 
experienced some prior benefit from earlier lines of treatment). The 
4 responding patients had received prior anti-PD-1 or anti-PD-L1 treat-
ment for a median of 19.7 months (versus 23 non-responding patients 
with a median of 5.8 months). Responses occurred in both PD-L1+ and 
PD-L1− tumours. The current DOR is 15.3 and 16.6 months (mean and 
median), respectively, with 3 of 4 responses ongoing.
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Regarding safety, at least one TEAE with a grade of ≥3 was reported in 
16 (59.3%) participants. Among those were 15 (55.6%) participants with 
at least 1 grade 3 TEAE, 1 (3.7%) participant with at least 1 grade 4 TEAE, 
and 3 (11.1%) participants with at least 1 grade 5 TEAE (Supplementary 
Table 6). At least one treatment-related adverse event (TRAE) with a 
grade of ≥3 was reported in two (7.4%) participants. Among those, two 
(7.4%) participants had at least one TRAE of grade 3, one (3.7%) had at 
least one grade 4 TRAE, and one (3.7%) had at least one grade 5 TRAE. 
The grade 4 (hepatic failure and acute kidney injury) TRAEs, which 
led to the grade 5 (multiple organ dysfunction syndrome) TRAE, were 
observed in an individual with NSCLC, who had (low-grade) persisting 
prior kidney damage at study entry from an experimental antibody–
drug conjugate treatment that had ended 1 month before study entry. 
Kidney and liver tissue examination indicated acute interstitial nephri-
tis, compatible with drug-toxic renal injury and potential drug-induced 
liver injury, with no indication of chronic hepatopathy (Supplemen-
tary Note 1). The grade 3 TRAEs consisted of gastrointestinal disorder 
(diarrhoea (n = 1)) and laboratory abnormalities (elevated aspartate 
aminotransferase levels and hypokalaemia; one individual).

UC cohort
As of May 2024, 27 efficacy-evaluable participants had been enrolled in 
the UC cohort. Baseline characteristics are provided as Supplementary 
Table 7. The median for prior lines of therapy was 3 (mean 3.3). The 
mean duration of treatment was 5.4 months and 5 participants were 
still on study. The observed ORR was 18.5% (5/27) as per RECIST 1.1 
(Fig. 3b, Extended Data Fig. 2b and Supplementary Table 8). The cur-
rent mean DOR is 16.4 months (median 14.4 months; Supplementary 
Table 5). One patient continues experiencing a confirmed CR, ongoing 
for over 20 months. Three of five responding patients had experienced 
clinical benefit on prior anti-PD-1- or anti-PD-L1-containing therapy 
(Supplementary Table 5). All responding patients had received prior 
anti-PD-1- or anti-PD-L1-containing therapy for a median of 4.9 months 
(versus 22 non-responding patients with a median of 6.9 months).

Regarding safety, at least 1 TEAE with a grade of ≥3 was reported in 14 
(51.8%) patients. Among those, 14 (51.8%) patients had at least 1 grade 3 
TEAE, no patients had at least 1 grade 4 TEAE, and 1 patient (3.7%) had 
at least 1 grade 5 TEAE (urinary tract infection). In the UC expansion 
cohort, at least one TRAE with a grade of ≥3 was reported in two (7.4%) 
patients (Supplementary Table 9). Within those, two (7.4%) patients had 
at least one TRAE of grade 3, and no patients had at least one TRAE of 
grade 4 or 5. The grade 3 TRAEs consisted of immune-mediated pneu-
monitis in one patient and hypertension and platelet count decrease 
in one patient.

Notably, more than half of all responding patients in the NSCLC and 
UC cohorts experienced a response depth level on study treatment 
as per RECIST 1.1 criteria that had not been reached on initial, prior 
anti-PD-1 or anti-PD-L1 treatment that was mostly administered as 
first-line treatment and in combination with (poly-)chemotherapy 
(Supplementary Table 5). In addition, 3 of the 4 patients with a CR had 
not achieved a CR on any prior line of systemic treatment, including 
their initial anti-PD-1 or anti-PD-L1 treatment. Seven of nine responses 
in these two cohorts are ongoing at the time of this report. Representa-
tive scans of tumour regressions in phase 1 and phase 2a are provided 
as Extended Data Fig. 7.

Further cohorts
Additional tumour types that were also investigated in phase 2a 
included melanoma, HCC (after seeing a short-lived but confirmed 
PR in the sole patient with HCC in phase 1) and MSS colorectal cancer 
(Supplementary Tables 10–12). Antitumoural activity comparable to 
that seen in the non-squamous NSCLC and UC cohorts is being detected 
in individuals with HCC (3 PRs, 1 CR and 1 patient with durable tumour 

shrinkage in 20 currently evaluable HCC participants of the trial, with 
the HCC expansion cohort ongoing), reflective of an overall interim 
ORR of 20.0% as per RECIST 1.1 for this tumour type (Supplementary 
Table 13). The dedicated phase 2a HCC cohort has been accordingly 
expanded to n = 27 patients and data will further mature. No relevant 
activity was seen in melanoma and colorectal cancer (Supplemen-
tary Tables 14 and 15). TEAEs of grade 3 or greater are summarized for 
melanoma, HCC and colorectal cancer in Supplementary Tables 16–18.

Chemokines and interferon signalling
As T cell density increase and proliferation were observed under 
visugromab monotherapy in phase 1, in-depth RNA analysis using 
the nCounter PanCancer IO 360 panel for immuno-oncology was 
performed. The analysis of differentially expressed genes revealed 
the induction of inflammatory genes such as CXCL9, CXCL10, CCL8, 
CCR5 and IRF7 and pathways related to interferon and cytokine sig-
nalling in tumour tissue from participants with an increased level 
of T cell influx (>2-fold) on day 14 of therapy (Fig. 4a,b and Extended 
Data Table 3). The induction of an interferon-γ signature is indica-
tive of the inflammatory properties and functionality of infiltrating 
immune cells. It was not observed in biopsies from participants with 
<2-fold T cell density increase (Extended Data Fig. 3b). In addition, 
the exhaustion markers PDCD1, LAG3 and HAVCR2 were not induced 
(Extended Data Fig. 3a). The serum levels of the interferon-γ-inducible 
chemokines CXC motif chemokine ligand 9 (CXCL9) and 10 (CXCL10) 
were significantly increased following treatment and remained  
elevated over the monitored period of 6 weeks (Fig. 4c for CXCL9 and 
Extended Data Fig. 4a for CXCL10). In addition, a comparison between 
different response groups (progressive disease and stable disease 
versus PR and CR) showed higher exposure (area under the curve)  
of CXCL9 (progressive disease and stable disease: 631.7, s.e. ±267.3; 
PR and CR: 864.0, s.e. ±345.8) and of CXCL10 (progressive disease and 
stable disease: 322.4, s.e. ±99.26; PR and CR: 414.4, s.e. ±94.19) during 
therapy in participants who developed PR or CR (Fig. 4d for CXCL9 
and Extended Data Fig. 4b for CXCL10). Of note, baseline levels of 
CXCL9 and CXCL10 did not differ between response groups (Fig. 4e 
for CXCL9 and Extended Data Fig. 4c for CXCL10).

GDF-15 correlates with immune infiltrates
Patients with a baseline serum GDF-15 level of >1.5 ng ml−1 showed a 
statistically significant reduction in CD4+FOXP3+ regulatory T cell den-
sity, cytotoxic CD3+GZMB+ T cell density and proliferating CD3+Ki67+ 
T cell density in the tumour, indicative of a GDF-15 suppressive effect 
on the abundance of T cell subsets, T cell proliferation and functional-
ity (Fig. 5a). Effects on other analysed immune subsets did not reach 
statistical significance. The negative correlation of GDF-15 in serum 
with distinct immune-cell subsets in the TME was supported by a trans-
lational research study of a cohort of patients in early-line treatment, 
most newly diagnosed with UC. Patients with elevated GDF-15 levels 
showed a reduced percentage of PD-L1+ tumour cells, CD8+ T cells and 
proliferating CD45+Ki67+ immune cells (Extended Data Fig. 5a). Owing 
to the small cohort size, the results were not statistically significant. 
Serum GDF-15 levels of phase 2a participants at baseline were signifi-
cantly higher in patients with UC as compared to patients with NSCLC 
but elevated in both indications when compared to physiological levels 
in healthy individuals10 (Extended Data Fig. 5b). Of note, correlation 
analyses of GDF15 expression with immune markers and signatures 
in UC (Extended Data Table 2) revealed a stronger negative correla-
tion in the basal squamous subtype compared to the luminal subtype 
(Fig. 2c), even though the latter showed a significantly higher level of 
GDF15 expression (Fig. 2b). Notably, in both molecular subtypes of 
BLCA, distinct immune-cell fractions change depending on the level 
of GDF15 expression, with the basal squamous subtype showing a more 
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pronounced negative correlation suggestive of the immunosuppressive 
impact of GDF-15 on the TME (Fig. 2d).

Notably, baseline tumour tissue from patients with a very high level 
of CD8+ T cell infiltrates showed a consistently low level of pro-GDF-15 
staining (H score; Fig. 5b) across all evaluable participants in phase 1 
and 2a, supporting the suppressive role of GDF-15 on T cell extrava-
sation into the TME3. This could be confirmed for NSCLC and UC in 
indication-specific analyses, separately (Extended Data Fig. 5c).

Immunohistochemical characterization of biopsies before treatment 
revealed that five out of nine PR/CR showed a positive PD-L1 tumour 
proportion score (>5) and elevated CD8+ T cell density (>300 cells mm−2; 
Fig. 5c), suggesting that most of the responding tumours may still 
be intrinsically immunogenic, but capable of limiting antitumoural 
immune responses. Further exploration is needed to assess whether 
PD-L1 expression in combination with elevated CD8+ T cell counts and/or  
other similar markers may serve as biomarker(s) for enrichment of 
responding patients.

Discussion
Although immune checkpoint inhibition has become a mainstay of 
cancer treatment, deep and lasting responses are achieved only in a 
minority of individuals with metastatic cancer, and cures are mostly 
limited to very small subpopulations, if any, perhaps with the exception 
of individuals with cutaneous melanoma18.

Most metastatic solid tumours in patients are refractory to current 
immunotherapy from the start of anti-PD-1 or anti-PD-L1 treatment. 
For most tumour types treated with CPI, 50–85% of patients fail to 
respond to initial anti-PD-1 or anti-PD-L1 monotherapy as per RECIST 
1.1 criteria and in most tumour progression or relapse and death  
occurs19.

So far, blocking inhibitory signals or adding activating stimuli on 
top of PD-1-based immune checkpoint blockade has still mostly failed 
to improve response rates or survival20–22. Thus, there is a clear need 
to better understand the reasons for primary immune checkpoint 
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resistance in non-responding patients and for secondary refractoriness 
in initially responding patients.

GDF-15 was originally discovered as a macrophage inhibitory cytokine 
(MIC-1)23 and found to be potentially important for feto-maternal tol-
erance, with high miscarriage rates in pregnancy if the GDF-15 level 
in serum does not reach the levels observed in healthy pregnancy7,8. 
Metabolically, GDF-15 was shown to induce anorexia and cachexia 
through the GFRAL receptor expressed by neurons in the brainstem24. In 
tumours, GDF-15 is often expressed by cancer cells already at diagnosis, 
and its expression is further induced following tumour treatment and 
progression25, making it the most prominently overexpressed cytokine 
in cancer26, but its role as a tumour-derived potent local immunosup-
pressant has only recently been recognized3.

No cognate receptor has been discovered on leukocytes yet. How-
ever, GDF-15 has been shown to suppress tumour surveillance by mac-
rophages27 and to inhibit inflammatory signalling in macrophages in 
the liver28. Tumoural GDF-15 expression prevents effector T cell adhe-
sion and transmigration into the TME3. This mechanism was found 

to correlate with a disruption of LFA-1 β2-integrin-dependent actin 
engagement, which may affect not only diapedesis but also the immune 
synapse, which it is likely to destabilize29,30. In our investigations, high 
intratumoural and serum GDF-15 levels correlated with reduced levels 
of immune infiltration in the TME, reduced levels of T cell proliferation 
and reduced levels of granzyme B (GZMB) expression in both patients 
with cancer in last-line treatment and those newly diagnosed with 
cancer. This further supports the immunosuppressive role of GDF-15 
in cancer.

Preclinical research has shown that intratumoural expression of 
GDF-15 renders tumours unresponsive to PD-1 blockade3. In addition, 
GDF-15 expression in CPI-treatment-naive patients was correlated 
with lack of response to immunotherapy. In the present study, T cell 
infiltration, proliferation and activation, accompanied by induction 
of interferon-related genes and pathways in the TME, were observed 
after 14 days of anti-GDF-15 monotherapy (Figs. 1b,c and 4a,b), whereas 
expression of T cell exhaustion markers was not affected (Extended 
Data Fig. 3a). As blocking GDF-15 is not expected to substantially alter 
immunogenicity of the tumour or to overcome exhaustion of antitu-
moural T cells, combination therapy with CPIs is considered the best 
therapeutic option to achieve and sustain maximum antitumoural 
efficacy. Data from immune monitoring of interferon-γ-inducible 
chemokines during co-therapy in this study (Fig. 4c–e and Extended 
Data Fig. 4a–c) support this combination treatment concept. In addi-
tion, the median fold change in intratumoural T cell numbers under 
visugromab monotherapy further increased for proliferating T cells and 
remained stable for CD3+GZMB+ T cells following PD-1 blockade. This 
supports the hypothesis that neutralization of intratumoural GDF-15 
enables T cells to infiltrate irrespective of their antigen specificity, but 
combination therapy with a CPI enhances survival and proliferation of 
stimulated T cells within the TME.

The first-in-human trial of visugromab (CTL-002-001; NCT04725474) 
was conducted in individuals with anti-PD-1 or anti-PD-L1 relapsed or 
refractory tumours, most having exhausted all treatment options and 
received visugromab–nivolumab combination therapy as the fourth 
line (median) of treatment (range second–seventh line).

Overall, the combination treatment was very well tolerated. How-
ever, an aspect to consider is that trial participants included could 
not have experienced serious side effects during previous exposure 
to CPI treatment as a minimum of 12 weeks continuous treatment had 
to have been tolerated (to exclude pseudoprogressors). Therefore, 
those patients prone to such side effects could have been filtered 
out, and this could, at least in part, explain the very benign adverse 
event profile. Of note, and in line with the known metabolic and nutri-
tional effect of GDF-15 (ref. 31), the subpopulation of patients with 
high serum GDF-15 levels showed an increase in body weight following 
GDF-15 blockade.

Remarkably, the treatment induced a substantial number of deep 
and long-lasting objective tumour regressions up to confirmed CRs in 
non-squamous NSCLC and UC. This provides evidence for long-term 
antitumoural activity and effective tumour mass removal by the 
immune system in a distinct subset of patients. At this early stage of 
visugromab exploration, the response rate and durability of responses 
in these mostly third- to fourth-line-treated patients compare already 
favourably with the standard of care in these indications (for example, 
docetaxel in second-line NSCLC has an ORR of 9–12% and a DOR of just 
5–8 months).

Notably, more than half of all responding patients in the NSCLC and 
UC cohorts of the trial experienced a response depth on study treat-
ment as per RECIST 1.1 criteria that had not been reached on initial, prior 
anti-PD-1 or anti-PD-L1 treatment. In addition, 3 of the 4 patients with 
a CR for NSCLC, UC and HCC had not achieved a CR on any prior line 
of treatment, including their initial anti-PD-1 or anti-PD-L1 treatment.

These results warrant further investigation of visugromab in combi-
nation with CPIs and other treatment modalities in randomized clinical 
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trials, including trials recruiting patients at earlier lines of treatment 
and stages of their disease for which most immunotherapies do unfold 
their full potential.

Two other anti-GDF-15 neutralizing monoclonal antibodies have 
entered clinical exploration in patients with cancer. Ponsegromab was 
well tolerated in a phase 1b study and demonstrated preliminary evi-
dence for efficacy against cachexia by inducing weight gain in patients 
with cancer with elevated serum GDF-15 (ref. 32) and cachexia. AZD8853 
has completed a first-in-human trial (NCT05397171) but achieved only 
transient GDF-15 neutralization and did not result in any objective 
clinical response when treating mainly patients with MSS colorectal 
cancer33.

Rechallenge of patients with anti-PD-1 or anti-PD-L1 relapsed 
or refractory disease with nivolumab or pembrolizumab in mono-
therapy is rarely successful. In patients meeting the strict inclusion 
criteria for anti-PD-1 or anti-PD-L1 relapsed or refractory disease of 
our study, reported ORRs for monotherapy retreatment attempts are 
0–5% (refs. 11–16). Likewise, a large retrospective analysis on treatment 
beyond progression (another form of retreatment in monotherapy for 
patients that progressed on anti-PD-1 treatment with pembrolizumab) 
revealed a response rate as per RECIST 1.1 of just 2.8% in a patient popu-
lation not too different from that of our trial34. Addition of visugro-
mab, however, restored anti-PD-1 activity to levels nearly reaching 
response rates reported in populations with checkpoint-naive NSCLC 
and UC (reported to be at 18–21% for anti-PD-1-naive NSCLC and UC in 
second-line treatment35,36). Therefore, it can be inferred that GDF-15 is 
a druggable roadblock for successful immune checkpoint inhibition 
in a distinct target population.

Responses occurred in both PD-L1+ and PD-L1− tumours, with a ten-
dency for enrichment of responses in patients positive for PD-L1 with 
pre-existing T cell infiltration. GDF-15 serum levels were not predictive 
for response, suggesting that even low GDF-15 levels can already be 
suppressive of antitumour immune responses (Extended Data Fig. 6a), 
and that serum levels of GDF-15 may not be a direct reflection of intra-
tumoural levels, but influenced by tumour size and production rate 
per volume. At present, the datasets available are too small and do 
not allow one to assess whether serum GDF-15 can ultimately be used 
to enrich for responding patients. Weight gain, however, seemed to 
be higher in patients with elevated serum GDF-15 levels during visu-
gromab treatment (pooled data from patients with NSCLC, UC and 
HCC; Extended Data Fig. 6b). Overall, it seems reasonable to assume 
that local GDF-15 levels in the TME suppress antitumour immune 
responses, whereas systemic GDF-15 serum levels determine weight 
loss due to anorexia.

Taken together, the provided and published data3,27,28,37 suggest that 
GDF-15 may be a new resistance factor for cancer immunotherapy 
in a distinct subpopulation of patients and tumour types. GDF-15 
seems to have a potentially significant role as a T cell repellent and 
T cell suppressant in the TME. This implies that GDF-15 inhibition can 
improve success rates of anti-PD-1-based cancer immunotherapy not 
only in late- to last-line treatment of non-squamous NSCLC and UC 
and possibly HCC, as shown here, but also in earlier stages of these 
diseases. Future clinical trials with anti-GDF-15 in early and advanced 
cancer are thus warranted, to further elucidate the role of GDF-15, 
discover potentially response-predictive biomarkers and fully elu-
cidate the mechanisms of action and ultimate clinical potential of 
GDF-15 inhibition.
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Methods

Patients and treatment
The trial was termed GDFATHER, for GDF-15 antibody-mediated human 
effector cell relocation (ClinicalTrials.gov NCT04725474). This study 
was conducted in compliance with the International Council for Harmo-
nisation E6 guideline for Good Clinical Practice and the Declaration of 
Helsinki. Complete and signed written informed consent was obtained 
from patients for inclusion in the study. The protocol was approved by 
the regulatory authorities in Germany (Paul-Ehrlich-Institut), Spain 
(Agencia Española de Medicamentos y Productos Sanitarios) and 
Switzerland (Swissmedic) and the local ethics committees in charge 
of the clinical trial site: Comité de Ética de la Investigación con Medi-
camentos, Pamplona, Spain; Swissethics, Cantonal Ethics Committee, 
Zurich, Switzerland; and the Ethics Committee of the University of 
Würzburg, Würzburg, Germany. The redacted protocol is available in 
the Supplementary Information and publicly available at the Clinical 
Trials Information System, a database set up and maintained by the 
European Commission.

Patients were eligible for enrolment if they had advanced-stage, 
relapsed or refractory solid tumours; had exhausted available approved 
standard treatments, including being relapsed or refractory to prior 
anti-PD-1 or anti-PD-L1 treatment; (for phase 1; part A and selected 
phase 2a cohorts) presented with biopsy-accessible tumour for serial 
biopsy taking; were 18 years or older; and had signed the informed 
consent form.

The study consisted of two parts, part A (phase 1 (dose escalation)) 
being a classic ‘3 + 3’ dose-escalation study and part B (phase 2a (expan-
sion)) to explore the antitumoural activity of the combination. In 
part A of the study, a total of 25 patients were enrolled to receive five 
predefined DLs and received escalating doses of visugromab intra-
venous infusion (0.3, 1, 3, 10 and 20 mg kg−1) every 2 weeks. The first 
three patients for each DL received visugromab as monotherapy for 
one cycle (14 days) followed by the combination of visugromab and 
nivolumab. Nivolumab was also administered as an intravenous infu-
sion at 240 mg every 2 weeks. Triple tumour biopsies were taken at 
baseline, day 14 and day 28.

In part B of the study, up to 5 cohorts with up to 27 participants per 
cohort with defined tumour entities expected to be GDF-15 dependent 
were treated with a recommended phase 2 dose, and safety and pre-
liminary efficacy of CTL-002 monotherapy and the combination were 
evaluated further. To rule out significant visugromab-independent 
antitumoural activity of nivolumab, patients were included only if 
they were relapsed or refractory to prior, approved anti-PD-1- or 
anti-PD-L1-containing treatment as per defined, strict criteria. Patients 
were enrolled only if they had a minimum of 12 weeks of continuous 
prior exposure to anti-PD-1 or anti-PD-L1, and their relapse or progres-
sion on prior approved anti-PD-1- or anti-PD-L1-containing treatment 
had occurred while this anti-PD-1 or anti-PD-L1 treatment was ongoing. 
Based on data in the literature, the expected rate of patients responding 
to retreatment with an approved PD-1 or PD-L1 agent such as nivolumab 
in monotherapy in these populations is ≤5% for NSCLC10–15.

The study was initiated in December 2020 and the first patient was 
enrolled on 9 December 2020. As of October 2023, phase 1 of the study 
has been completed and phase 2a is ongoing with a total of 174 patients 
enrolled overall in the study.

Endpoints
The main endpoints were safety of visugromab (CTL-002) in combi-
nation with nivolumab and antitumoural activity. Safety parameters 
evaluated for this purpose were the number of participants with adverse 
events, including serious adverse events; clinical laboratory data; vital 
signs; electrocardiograms; physical examination (including neuro-
logical assessment); and Eastern Cooperative Oncology Group perfor-
mance status. For phase 1 (part A) dose-limiting toxicities and maximum 

tolerated dose were also evaluated using National Cancer Institute 
Common Terminology Criteria for Adverse Events (NCI-CTCAE) Ver-
sion 5.0. Investigator-assessed evaluation of the antitumour activity 
was performed according to RECIST V1.1 including the assessment 
of the proportion of participants with tumour shrinkage (declared if 
RECIST V1.1-defined reduction in target lesions was ≥5% or more and 
<30%), a confirmed PR (≥30% reduction in target lesions) and/or CR, 
and ORR and various related parameters such as time to response, time 
to progression and DOR (measured from the time point of signing the 
informed consent). Secondary and exploratory endpoints included 
PK, pharmacodynamics (for example, degree of GDF-15 neutralization 
achieved and change in immune-cell number and composition in the 
tumour tissue) and cachexia-related parameters such as change in 
weight.

TCGA data and correlation analysis
The analysis consisted of 30 different cancer types with a varying num-
ber of solid tumours analysed. Material included in the TCGA data-
base is derived from primary tumours of untreated (meaning immune 
checkpoint blockade naive) patients. The full list of abbreviations used, 
study names and number of samples for solid tumours is available in 
Extended Data Table 1.

For these indications, gene expression data (RNAseq-v2 raw counts 
and TPM) were downloaded from http://firebrowse.org on 1 August 
2019 (Broad Institute of MIT and Harvard). Duplicated and ambigu-
ous genes were removed, and normalized data were log2-transformed 
(log2[TPM + 1]). Correlation analyses of normalized GDF15 expression 
with immune-related genes and signatures (Extended Data Table 2) 
were performed using Spearman’s rank correlation (test) with the nor-
malized enrichment score from single-sample gene set enrichment 
analyses or averaged expression levels and visualized as heat maps. 
GDF15 expression was analysed in different molecular subtypes and 
in association with clinical parameters in primary tumours of selected 
indications. Differences in expression between levels of molecular 
cancer subtypes were tested using a two-sided Wilcoxon rank sum 
test. Subsequently, P values were adjusted for multiple testing with 
the Benjamini–Hochberg method.

Change of estimated immune infiltrates between GDF15 expression 
groups. Fractions of immune infiltrates and other cell types (includ-
ing tumour and stromal cells) were estimated through quanTIseq38,39 
using the immunodeconv R package40 on RNA-sequencing data (TPM) 
corrected for purity as determined by ESTIMATE41. Average distribu-
tion within a subgroup of patients was computed according to GDF15 
expression log2[TPM + 1] (low, medium and high terciles) within the 
respective tumour types. The distribution of immune-cell fractions 
was averaged over patients in these groups and visualized as a stacked 
bar plot (including a fraction with other cell types such as tumour and 
stromal cells).

Software and resources. All calculations, correlations and visualiza-
tion analyses were performed using the statistical software environ-
ment R as well as the resources outlined in Extended Data Table 4.

Measurement of chemokine levels in GDFATHER patient 
samples
Serum samples for assessment of chemokine levels were taken at screen-
ing and each scheduled visit day from cycle 1 until cycle 3, and at the 
end-of-treatment visit. At dosing days (day 1), the samples were taken 
within 30 min before infusion. The serum was isolated using standard 
procedures and cryopreserved at −80 °C until use. Concentrations of 
the CXCL9 (MIG) and CXCL10 (IP10) chemokines were determined 
using validated solid-phase sandwich enzyme-linked immunosorb-
ent assay (ELISA) kits according to the manufacturer’s instructions 
(R&D Systems; human CXCL9/MIG Quantikine ELISA kit, catalogue 
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no. DCX900; human CXCL10/IP10 Quantikine ELISA kit, catalogue no. 
DIP100). Both assays were conducted in compliance with the Principles 
of Good Laboratory Practices regulations.

Measurement of serum visugromab levels in GDFATHER patient 
samples
Serum samples for PK assessment of total visugromab were taken at 
screening and every treatment cycle within 30 min before dosing and 
just at the end of each infusion. The serum was isolated using standard 
procedures and cryopreserved at −80 °C until use. Concentrations of 
visugromab were determined using a validated electrochemilumines-
cence assay method. The PK assay was conducted in compliance with 
the Principles of Good Laboratory Practices regulations.

Measurement of serum GDF-15 levels in GDFATHER patient 
samples
Serum samples for GDF-15 assessment were taken at screening and 
every treatment cycle within 30 min before dosing, isolated using 
standard procedures and cryopreserved at −80 °C until use. Sam-
ples from patients at screening were analysed for baseline GDF-15 
levels using a validated quantitative solid-phase sandwich ELISA kit 
according to the manufacturer’s instructions (R&D Systems; human 
GDF-15 DuoSet ELISA Kit, catalogue no. DY957). Total GDF-15 levels 
(free GDF-15 plus visugromab-GDF-15 complex) during treatment were 
determined by a validated ECL method, using a custom visugromab 
non-competitive anti-GDF-15 nanobody as a capture reagent and, 
following saturation with visugromab, a custom non-competitive 
anti-visugromab antibody as a detection reagent. Both GDF-15 assays 
were conducted in compliance with the Principles of Good Laboratory 
Practices regulations.

Measurement of serum GDF-15 levels in translational patient 
samples
Tumour, serum samples and patient data used in the translational part 
of the study were provided by the University Cancer Center Frankfurt 
(UCT). The study was approved by the institutional review boards of the 
UCT and the responsible ethical committees at the Goethe University 
Frankfurt (project number SUG-2-2022).

For analysis of serum GDF-15, archived samples, which were taken 
within 1–89 days before surgery for patients with invasive bladder 
cancer (n = 34) or invasive upper urinary tract carcinoma (n = 3), as 
well as before treatment start with systemic therapy and within 1 year 
before–after biopsy for patients with metastatic urothelial cancer 
(n = 13), were provided. The serum was analysed for GDF-15 levels using 
a quantitative solid-phase sandwich ELISA kit according to the manu-
facturer’s instructions (R&D Systems; human GDF-15 DuoSet ELISA 
Kit, catalogue no. DY957).

Multiplex histological analyses of GDFATHER patient biopsies
Immunohistochemical (IHC) staining and immunofluorescence stain-
ing were performed on 4-µm formalin-fixed and paraffin-embedded 
(FFPE) sections of tumour tissue from consenting patients. Sec-
tions were deparaffinized and pretreated by protease digestion or 
heat-mediated treatment before antibody incubation. Before conduct-
ing any IHC or immunofluorescence analysis, a histology assessment 
was performed by a board-certified medical pathologist on slides 
stained with haematoxylin–eosin. The slides were stained using the 
Ventana HE 600 automated staining system (Roche Diagnostics) and 
scanned using bright-field imaging on the Leica Aperio AT2 platform 
(Leica Biosystems) using Scanscope software (console, v102.0.7.5; 
controller, v102.0.8.60) and a UPlanSapo 20×/0.75 objective (plus 
Doppler lens for ×40 images). The assessment consisted of confirma-
tion of tumour type, assessment of histological features, presence of 
invasive margin, and determination of percentage of necrotic area on 
the whole slide and in the malignant lesion area.

Evaluation of intratumoural pro-GDF-15 expression levels in human 
FFPE samples. Determination of the intratumoural pro-GDF-15 expres-
sion levels was carried out applying a rabbit polyclonal anti-GDF-15 
antibody (Sigma Aldrich; product no. HPA011191) as the primary  
antibody for automated staining using the Ventana BenchMark Ultra 
platform (Roche; software version no. 12.3.1 and 12.5.4). The binding of 
the anti-GDF-15 antibody was visualized using a secondary horseradish 
peroxidase (HRP) enzyme-conjugated antibody (Roche Diagnostics; 
Ventana optiView Universal DAB Detection Kit, catalogue no. 760-
700). This specific antibody–enzyme complex was then visualized 
with a precipitating enzyme reaction product. Evaluation was carried 
out by a board-certified pathologist. Evaluation considered cytoplas-
mic staining (and in cases in which it was applicable, also membra-
nous staining) of tumour cells. Cytoplasmic staining was assessed in 
four staining intensity categories, ranging from 0 (no staining) to 3+  
(intensive staining). The percentage of stained cells per staining  
intensity category (0 to 3+) was recorded. This classification provided 
the basis for the calculation of the H score, which describes the GDF-15 
protein levels in the tumour. The H score was determined by adding the 
results of multiplication of the percentage of cells with their respective 
intensity values as follows:

H score = [1 × (percentage of intensity 1)]

+ [2 × (percentage of intensity 2)]

+ [3 × (percentage of intensity 3)]

IHC evaluation of PD-L1 protein expression in human FFPE samples. 
Determination of the PD-L1 protein expression level was performed 
equivalent to the pro-GDF-15 assessment using a rabbit monoclonal 
anti-PD-L1 (SP263) antibody (Roche Diagnostics; catalogue no. 790-
4905) as a primary antibody for automated staining following the 
manufacturer’s protocol. A rabbit IgG monoclonal antibody (Roche 
Diagnostics; catalogue no. 790-4795) was used as an isotype control. 
PD-L1 IHC was evaluated by a board-certified pathologist applying TPS 
and combined positive score as previously described42.

Multiplex IHC evaluation of CD4, CD8 and FOXP3 expression. CD8, 
CD4 and FOXP3 IHC staining was performed as a triplex IHC assay on 
one FFPE tissue slide. CD8 staining was carried out using a monoclonal 
mouse anti-human CD8 antibody (clone C8/144B; Agilent Technolo-
gies; product no. M710301-2) as a primary antibody. CD4 staining was 
carried out using a monoclonal rabbit anti-human CD4 antibody (clone 
SP35; CellMarque; product no. 104R), and FOXP3 was stained using a 
monoclonal rabbit anti-human FOXP3 antibody (clone SP97; Abcam; 
product no. Ab99963).

Depending on the primary antibody, rabbit- or mouse-specific 
hydroxyquinoxaline (HQ)-conjugated secondary antibodies (Roche 
Diagnostics; anti-mouse HQ, product no. 760-4814, anti-rabbit HQ, 
product no. 760-4815) or rabbit-specific nitropyrazole (NP)-conjugated 
secondary antibodies (Roche Diagnostics; anti-rabbit NP, product 
no. 760-4817) were used to allow signal amplification. The binding 
of the specific primary antibody was visualized using a secondary 
HRP-conjugated antibody or alkaline phosphatase-conjugated anti-
body (Roche Diagnostics; anti-HQ HRP, product no. 760-4820; anti-NP 
alkaline phosphatase, product no. 760-4827).

The enzyme coupled to the secondary antibody catalysed a chro-
mogenic reaction at the binding site of the actual primary antibody 
resulting in teal-, yellow- and purple-coloured precipitation (Roche 
Diagnostics; DISCOVERY Teal HRP Kit, product no. 760-247; DISCOVERY 
Yellow Kit, product no. 760-239; DISCOVERY Purple Kit, product no.  
760-229). Triplex IHC staining was carried out on a Ventana Discovery 
Ultra stainer (Roche; software version 12.5.4). For the identification 
of tumour epithelium, additional staining for pan-cytokeratin IHC 
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analysis was performed on a separate FFPE tissue slide using a mouse 
anti-human pan-keratin antibody (clone AE1/AE3/PCK26; Roche Diag-
nostics; product no. 05267145001). For melanoma samples, an addi-
tional SOX10 IHC staining was performed on a separate FFPE tissue 
slide using a monoclonal rabbit anti-human SOX10 antibody (clone 
SP267; Roche Diagnostics; product no. 760-4968) to support the 
tumour-stroma separation process in the digital image analysis. Stained 
slides were scanned on a Leica Aperio AT2 scanner using Scanscope 
software (console, v102.0.7.5; controller, v102.0.8.60) and a UPlanSapo 
20×/0.75 objective (Olympus; plus Doppler lens for ×40 images).

Evaluation of the triplex IHC staining was carried out by pathologist- 
assisted digital image analysis of representative areas using Visiopharm 
software (Visiopharm; version no. 2020.01.1 or higher). Visiopharm 
software uses undisclosed, linear display lookup tables. Visiopharm 
analysis output gave a readout on the density (positively stained cells 
per square millimetre) of cells positive for CD4, CD8, FOXP3 and FOXP3 
plus CD4 in four different annotated regions of interest (‘tumour’, 
‘tumour stroma’, ‘peritumoural stroma’ and adjacent non-neoplastic 
‘normal tissue’).

Multiplex immunofluorescence evaluation of CD3, GZMB, Ki67, 
panCK and SOX10. For the evaluation of CD3, GZMB, Ki67, panCK and 
SOX10 expression and a nuclear counterstain in human FFPE patient 
samples, the semi-quantitative UltiMapper I/O T-act kit (Ultivue; prod-
uct no. ULT20104 or ULT20110) was used. The slides were stained on a 
Leica Bond RX (Leica Biosystems; software version Bond 6.0.0.431 or 
higher), and scanned on the Zeiss Axio Scan Z1 fluorescence scanner 
(Hamamatsu Orca Flash, v4.0, camera (Hamamatsu Photonics); Colibri7 
LED light source (Carl Zeiss Microscopy)) using Zen Blue (v3.1) software 
and a Plan-Apochromat 20×/0.8 M27 (Carl Zeiss Microscopy) objective. 
The slides were subsequently analysed by pathologist-assisted digital 
image analysis using Visiopharm software (Visiopharm; version no. 
2020.01.1 or higher). Visiopharm software uses undisclosed, linear dis-
play lookup tables. The output of the digital analysis gave information 
on cell densities (positively stained cells per square millimetre) in four 
different annotated regions of interest (‘tumour cells’, ‘tumour stroma’, 
‘tumour area’ (combining ‘tumour cells’ + ‘tumour stroma’), and in adja-
cent non-neoplastic ‘normal tissue’, in cases in which it was applicable).

Multiplex histological analyses of biopsies from patients with 
UC under early-line therapy
Slides were stained with haematoxylin and eosin (Sakura Finetek). 
IHC staining of GDF-15 (HPA011191, polyclonal, 1:100) was performed 
manually on 4-µm fresh FFPE slides. Semi-quantitative evaluation of 
IHC results was performed by a pathologist blinded to clinical data 
using a semi-quantitative approach using the H score.

The multiplex immunofluorescence analysis on whole-slide images 
was described previously43. Slides were stained with Opal 7‐Color Auto-
mation Kits (Akoya Biosciences). We stained a tumour microenviron-
ment panel: panCK (C-11, Abcam), CD45 (polyclonal, Abcam), PD-L1 
(SP142, Abcam), αSMA (1A4, Sigma), Ki67 (SP6, Abcam) and vimentin 
(EPR3776, Abcam); and an immune-cell panel: CD3 (D7A6E, Cell Sign-
aling), CD8 (C8/144B, Dako/Agilent), CD4 (EPR6855, Abcam), FOXP3 
(236A/E7, Abcam). The dye 4′,6‐diamidino‐2‐phenylindole (DAPI; 
SouthernBiotech) was used for staining of nuclei. Corresponding Opal 
fluorophore antibodies were used for visualization, and images were 
taken with the PhenoImager HT imaging system (Akoya Biosciences). 
Representative areas with urothelial cancer were selected and analysed 
with the inForm software (Akoya Biosciences). Cells were segmented 
and a machine learning algorithm in the inForm software was trained 
to identify cell populations.

Gene expression analysis of GDFATHER patient biopsies
Gene expression was measured using the NanoString nCounter Pan-
Cancer IO 360 Panel (NanoString Technologies). The PanCancer IO 

360 Panel consists of 770 genes, including 20 housekeeping genes. 
Tissue samples were placed on glass slides as 4-μm-thick FFPE sec-
tions and five slides were subjected to RNA extraction using the RNe-
asy FFPE kit (QIAGEN; catalogue no. 73504) and quality control by 
NanoDrop (Thermo Scientific). The analysis of gene expression was 
conducted on the nCounter PanCancer IO 360 Panel and NanoString 
(NanoString Technologies) platform. A quality check had been 
performed using NanoStringQCpro v1.14.0 (NanoString Technolo-
gies). Raw data normalization using the R package NanoStringNorm 
resulted in very similar relative log expression distributions compared 
to normalization using nSolver v4.0 (NanoString Technologies) with 
standard settings. No batch effect between different runs or cartridges 
was observed by principal component analyses. Normalized expres-
sion data were log2-transformed, and housekeeping genes were fil-
tered. Differential gene expression analyses were performed using 
the R/Bioconductor package limma (linear models for microarray 
and RNA-sequencing data) between visugromab treatment (day 14) 
and pretreatment (baseline) by applying a paired moderated t-test. 
These analyses were performed for two groups of participants, one 
group of participants with immune-cell influx (IMM) indicated by a 
more than twofold increase in the numbers of CD8+ and CD4+ T cells, 
and another group of participants with less than twofold increases 
in the same T cell subsets (NOIMM). Differential expression of indi-
vidual genes between IMM and NOIMM was tested using two-sided 
Wilcoxon rank sum test and visualized as box plots. Volcano plots were 
generated using the R package EnhancedVolcano. Over-represented 
Reactome pathways for significantly upregulated genes on visugro-
mab treatment (day 14) versus pretreatment (baseline) in the IMM 
group were determined using pathway information from Consen-
susPathDB (http://cpdb.molgen.mpg.de/CPDB) and a Fisher’s exact 
test adjusted for the PanCancer IO 360 gene panel in the statistical 
software environment R v4.3.1 (R Development Core Team). P values 
were adjusted for the number of Reactome pathways with at least two 
matching genes using the Benjamini–Hochberg method.

PK–PD modelling of the distribution, elimination and 
interaction of visugromab and GDF-15
The PK–PD model was derived from non-human primates and describes 
the distribution, elimination and interaction of visugromab and GDF-15  
in the serum compartment and the peripheral compartment. The 
distribution between the two compartments was modelled with an 
inter-compartmental clearance. Visugromab clearance was modelled 
as a first-order elimination from the serum compartment. Mass action 
kinetics was used to describe the binding of visugromab to GDF-15, 
forming a complex that was assumed to be eliminated at the same rate 
as free visugromab from the serum compartment.

Model parameters for non-human primates were scaled to humans 
using allometric scaling with a 3 kg body weight for non-human pri-
mates and 70 kg body weight for human. The allometric scaling coef-
ficients were 1 for volumes of distribution, 0.75 for clearance, 0.667 for 
the inter-compartmental clearance, and −0.25 for rates.

The scaled human PK–PD model was coupled to a tumour model to 
predict free tumour GDF-15 levels for the first-in-human dose selection, 
reflecting visugromab’s mechanism of action and GDF-15 biology. The 
tumour model included a tumour microvasculature compartment with 
a blood flow rate of 0.2 ml−1 min−1 g−1, assuming a tumour size of 36 g. 
Visugromab was entering from the serum side, whereas free GDF-15 
was released from the tumour, resulting in reported serum GDF-15 
levels in patients with cancer of 0.5, 2 and 10 ng ml−1 (low, medium and 
severe scenarios). The calculation of free GDF-15 used the duration it 
takes the blood to flow through the tumour.

The parameters of this PK–PD model were estimated using total 
visugromab and total GDF-15 concentration measurements from the 
dose-range-finding and Good Laboratory Practice toxicology studies. 
Once the clinical phase 1 study data were available, the parameters 

http://cpdb.molgen.mpg.de/CPDB


were re-estimated. Both estimations were performed using the SEAM 
algorithm with Monolix software version 2019R1.

Statistical analysis
This phase 1 and 2a trial was largely evaluated on a descriptive basis as 
antitumoural activity was unknown for this first-in-human trial.

For the phase 2a cohorts, n = 14 response-evaluable participants were 
to be initially recruited for each tumour indication. Assuming a true 
response rate of 20%, the probability of observing at least 2 responding 
patients out of 14 participants was 80%. For an assumed true response 
of 10%, the probability of observing at least 1/14 responses in the cohort 
was 77%.

If at least one response was observed, cohort expansion was war-
ranted per the design (5% one-sided α-level, 80% power, 5% maximum 
response probability of a ‘poor drug’, 20% response probability of a 
‘good drug’). An additional n = 13 participants were then to be added 
to a cohort. Observing at least 4/27 responses would confirm that the 
drug warrants further investigation in that indication.

To assess the statistical significance between two independent 
groups, a two-tailed Mann–Whitney test was performed with a P value 
of ≤0.05 deemed as statistically significant. The statistical significance 
between three or more groups was determined by repeated-measures 
ANOVA with Geisser–Greenhouse correction followed by Dunnett’s test 
corrected for multiple comparisons with a P value of ≤0.05 deemed as 
statistically significant. The correlation between two parameters was 
computed using a non-parametric Spearman’s rank correlation with 
a 95% confidence interval. All statistical analysis was performed using 
GraphPad Prism software version no. 10.1.2.

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

Data availability
Normalized RNA-sequencing data (TPM) from pan-cancer analyses 
of TCGA data were obtained from http://firebrowse.org and together 
with related immune signatures, estimated immune-cell fractions, 
and detailed information for selected indications (LUAD, LUSC, BLCA 
phenotypes), are available via Zenodo at https://doi.org/10.5281/
zenodo.13716226 (ref. 44). Pathway analysis of gene expression data 
in patients is based on (Reactome) pathway information from Con-
sensusPathDB (http://cpdb.molgen.mpg.de/CPDB). Source data are 
provided with this paper.
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Extended Data Fig. 1 | PK/PD data observed in phase 1 is consistent with 
population-based model and predicts neutralization of free GDF-15 in the 
tumour. (a) Observed concentrations of total visugromab and total GDF-15 
(free and drug-bound GDF-15) determined in serum of phase 1 participants 
across all tested dose levels within 8 weeks of treatment and at end of treatment. 
Mean and individual data points. (b) A population PK/PD model was derived 
from NHP studies and updated with clinical phase 1 data to describe GDF-15 

neutralization in tumour micro-vasculature. Free GDF-15 is predicted for serum 
GDF-15 baseline levels of 0.5 ng/mL (left panel), 2 ng/mL (middle panel) and 
10 ng/mL (right panel) and dosing schemes (upper panel = q2wk, middle panel = 
q3wk, lower panel = q4wk) as well as different concentrations (red, solid line = 
3 mg/kg, green dashed line = 10 mg/kg and blue dashed line = 20 mg/kg) of 
visugromab. The threshold indicates the average physiological serum GDF-15 
level (0.5 ng/mL).



Extended Data Fig. 2 | Visugromab in combination with nivolumab induces 
remissions in a fraction of anti-PD-1/-L1 relapsed/refractory last-line NSCLC 
and urothelial cancer. (a, b) Spider plots of NSCLC (a) and UC (b) patients 
illustrating changes in tumour size, response assessment was done according 

to investigator-assessed RECIST1.1, and time on study. Patients with partial  
or complete response (PR and CR) are highlighted in light and dark green 
respectively, arrow indicates ongoing treatment.
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Extended Data Fig. 3 | Pharmacodynamic effects of visugromab 
monotherapy in phase 1. (a) Exhaustion markers PDCD1, HAVCR2 and LAG3  
are not differentially expressed in pre-(baseline) (n = 6) and on-treatment (D14) 
(n = 5) biopsies following visugromab therapy in trial participants with >2-fold 
(IMM) and participants with <2-fold (NOIMM) increase in CD8+ and CD4+ T cells. 
Boxplots black line, median; red line, mean; box, IQR; ns, not significant, 

(P > 0.5 from two-sided Wilcoxon rank sum test). (b) Volcano plot presenting 
differentially expressed genes (NS = no significant change) in biopsies on day 14 
of visugromab monotherapy compared to pre-treatment biopsies in participants 
with <2-fold (NOIMM) increase in CD8+ and CD4 + T cells. P values are from 
moderated t-test using limma.



Extended Data Fig. 4 | Impact of induction of Interferon-γ signalling in a 
fraction of anti-PD-1/PD-L1 relapsed/refractory last-line cancer on CXCL10 
levels. (a) Significant induction and maintenance of chemokine CXCL-10 
following treatment for six weeks in the blood of phase 2a NSCLC, HCC and  
UC study participants. P values are reported from repeated measures ANOVA 
with Geisser-Greenhouse correction followed by Dunnett’s test corrected for 
multiple comparisons. (b) Baseline CXCL-10 levels between participant with 

best overall response (BOR) according to RECIST 1.1 of PD/SD (grey) and PR/CR 
(green). P values are reported from two-tailed Mann-Whitney test. (c) Heatmap 
representing higher mean values [pg/ml] of CXCL-10 following treatment in 
participants with BOR of PR or CR (lower row) compared to participants with 
BOR of PD or SD (upper row). (a-c) Boxplots centre line, median; box, IQR; whiskers, 
1.5 x IQR; outliers are depicted individually.
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Extended Data Fig. 5 | Serum and intra-tumoural (pro-)GDF-15 inversely 
correlate with immune cell numbers in UC and NSCLC. (a) Early-line, treatment- 
naïve UC (MIBC, NMIBC, mUC and UTUC) patients with high (n = 9) vs. low 
(n = 31) serum GDF-15 levels show reduced CD8+ T cell density, CD45+Ki67+ cell 
density and PD-L1+ tumour cell density in the tumour. P values were calculated 
by two-sided Mann-Whitney test. (b) Serum GDF-15 levels at baseline in phase 
2a NSCLC and UC patients. The box bounds the inter-quartile range (IQR) 
divided by the median, and Tukey-style whiskers extend to a maximum of  

1.5 x IQR beyond the box. Individual data points represent outliers. P value is 
reported from two-sided Mann-Whitney test. (c) Association of pro-GDF-15 H 
score and CD8+ T cell density in tumour tissue in NSCLC patients (left panel, 
n = 30) and UC patients (right panel, n = 19) of phase 2a. PR/CR with available 
baseline biopsies of the respective indications are highlighted in green. Best-fit 
of simple linear regression is depicted as red line with 95% confidence interval 
as light grey shaded area.



Extended Data Fig. 6 | Serum GDF-15 at baseline is not predictive for 
response, but positively associated with weight gain in phase 2a patients. 
(a) Serum GDF-15 levels at baseline of phase 2a NSCLC, UC and HCC patients 
according to RECIST 1.1 response assessment. (b) In NSCLC, UC and HCC patients 
with elevated GDF-15 (n = 17) serum levels at baseline weight gain is significantly 
higher than in patients with low GDF-15 (n = 21). Boxplots center line, median; 
box, IQR; whiskers, 1.5 x IQR; outliers are depicted individually. P values are 
reported from two-sided Mann-Whitney test.
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Extended Data Fig. 7 | CT and PET-CT scans of responding tumours.  
(a-d) Participant with mesothelioma and large, bulky disease (phase 1 part). 
RECIST 1.1 response under treatment with partial response (a) and (c) show 
baseline tumour assessment with bulky disease in upper mediastinum  
at two levels. (b) and (d) show respective significant tumour reduction at 
corresponding scan level at Cycle 8, Day 1 (week 16). (e, f) Participant with 
metastatic non-squamous NSCLC, Baseline (e) vs. Cycle 12 (f) demonstrating 
partial response as per RECIST 1.1. (g, h) Participant with metastatic non- 
squamous NSCLC (phase 2a part). Baseline (g) vs. Cycle 35 with partial response 
(h) as per RECIST 1.1. (i-l) Participant with metastatic urothelial cancer (phase 
2a part), shown is large retroperitoneal lesion. RECIST 1.1 response with −100% 
reduction (complete response). (i) Baseline assessment at Screening with 
lesion marked by red arrow and red line. ( j) Cycle 5 Day 1 assessment: Partial 
response. (k) PET-CT at Cycle 28 Day 1 demonstrating complete metabolic 
response. (l) CT scan at Cycle 45 Day 1 with continued complete response.



Extended Data Table 1 | List of analysed cancer types

Used abbreviations, study names, and number of samples for solid tumours from TCGA (firebrowse). Tumour refers to primary solid tumour and TN pairs refers to tumour–normal pairs, where 
the tumour tissue and normal tissue samples are derived from the same patient.
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Extended Data Table 2 | Selected immune signatures and immunotherapy (immune checkpoint blocker) predictive markers 
and scores



Extended Data Table 3 | List of upregulated genes

Genes which were significantly upregulated (>1.5-fold change and P < 0.05) in trial participants with more than two-fold immune cell influx (IMM) following visugromab monotherapy on  
treatment (D14) versus pre-treatment (baseline) using two-sided moderated t-test (limma analysis). Log2FC, log2- fold change; P, unadjusted P-values; AveExpr, average expression across all 
IMM samples (mean log2 intensities).
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Extended Data Table 4 | List of software, packages, and data sources used
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