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Cancer immunotherapies with antibodies blocking immune checkpoint molecules
are clinically active across multiple cancer entities and have markedly improved
cancer treatment’. Yet, response rates are still limited, and tumour progression
commonly occurs?. Soluble and cell-bound factors in the tumour microenvironment
negatively affect cancerimmunity. Recently, growth differentiation factor 15 (GDF-15),
acytokine thatis 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 inhibition®.
Inafirst-in-human phase 1-2a study (GDFATHER-1/2a trial, NCT04725474), patients
with advanced cancers refractory to anti-PD-1or anti-PD-L1 therapy (termed generally
as anti-PD-1/PD-L1refractoriness) were treated with the neutralizing anti-GDF-15
antibody visugromab (CTL-002) in combination with the anti-PD-1antibody 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-15in aninsilico screening of
approximately 10,000 tumour samples in The Cancer Genome Atlas database.
Increased levels of tumour infiltration, proliferation, interferon-y-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
inhibitionin cancer.

Empowering the immune system to fight cancer has revolutionized
tumour treatment in the past two decades'. Anti-PD-1 and anti-PD-L1
antibodies are now established as astandard 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
factorssuch as transforming growth factor- (TGF[) are often co-opted
by cancer cells forimmune escape*’. Recently, we demonstrated that the

divergent TGF superfamily member GDF-15(ref. 6), whichis expressed
athighlevelsinplacentaandsolid tumours, stands out asa prominent
molecule used by tumours to keep the immune system at bay®. This mir-
rors the physiological role of GDF-15 in feto-maternal tolerance towards
placental alloantigens”®. Here we report results from a clinical trial of
the GDF-15-blocking antibody visugromab (CTL-002) co-administered
with anti-PD-1to patientsin late- or last-line treatment with relapsed or
refractory cancer under ongoing prior anti-PD-1or anti-PD-L1 treatment.

A list of affiliations appears at the end of the paper.
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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;
NCTO04725474). Preclinical toxicology testing of visugromab in cyn-
omolgus monkeys showed no toxicologic findings up to the maximum
feasible dose of 100 mg kg™ per week. Phase 1 (part A) was a classic 3 + 3’
dose escalationin advanced-stage, metastatic mixed solid tumours. To
investigate safety and tolerability, patientsin last-line therapy who had
relapsed or were refractory to prior checkpoint-inhibitor (CPI) treat-
mentreceived visugromab in combination with the CPI nivolumab. In
phase2a (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 CPl 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’; once every other week) followinga 3 + 3
dose-escalation design. The first three patients for each DL received
visugromab as amonotherapy for one cycle (14 days) as asafety run-in,
followed by acombination 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
thefirst cycle.

The patients with mixed solid tumours who were enrolled had been
heavily pretreated, entering the trial withamedian 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, eitherin 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
atall DLswithno dose-limitingtoxicity and just one treatment-emergent
adverse event (TEAE) > grade 4 occurring (acute respiratory failure),
notconsidered by theinvestigator as treatmentrelated. Grade 3 TEAEs
occurred in12 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 x mesothelioma,
1 x liver hepatocellular cancer (HCC), 1 x cancer of unknown primary
origin; Supplementary Table 2). The patient with cancer of unknown
primary origin underwent radiofrequency ablation of aremaining, 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
hadtobeirradiated. The mean duration of response (DOR, from start
of treatment®) was 12.9 months (median 7.1 months; Supplementary
Table 2). Two additional patients experienced prolonged disease stabi-
lization longer than 6 months (1 x non-small cell lung cancer (NSCLC)
and 1 x 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
irradiationwas 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 observationsin phasel

As previously reported, tumour-derived GDF-15 inhibits the LFA-1-
ICAM-1axisin T cells®, 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
models®. 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-15led to a
tumour-selective increase (>2-fold) in the numbers of CD4‘FOXP3~
Tcells (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 cellnumbers (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 cellsand 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 CDS8" T cells to1.92 and 1.22, respectively, whereas it
furtherincreased for proliferating T cells (2.32) and remained stable
for CD3'GZMB* T cells (1.52). Notably, the increase in T cell number,
proliferationinductionandincrease 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 bereversed 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 2aindication 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 1and 2), comprising approximately 10,000
patient-derived tumours, were retrieved from The Cancer Genome
Atlas (TCGA). In detail, GDFI15 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.
Thisis 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 expressionin
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).
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Fig.1|Phase1dose 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™, once every other week)
and nivolumab inlast-line treatment, with relapsed or refractory cancer under
prior anti-PD-1or 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. Brokenlines indicate not evaluable (NE). MES, mesothelioma;
UCEC, uterine corpus endometrial carcinoma; OMEL, ocular melanoma;

CCA, cholangiocarcinoma; MEL, melanoma; RCC, renal cell carcinoma; CUP, cancer
ofunknown 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;
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Day 14 Day 28

RT, radiotherapy; RFA, radiofrequency ablation. b, Fold change of CD4'FOXP3",
CD8",CD3'Ki67"and CD3*'GZMB' T cellsin 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 inlight grey. ¢, Representative
immunohistochemical and immunofluorescenceimages of tumour area
(greensquare 400 x 400 um) demonstrating baseline (day O; upper panel)
versus monotherapy (day 14; middle panel) and combination therapy impact
(day 28; lower panel), showingincrease in CD8" (purplelabel; n=8),CD4"
(yellowlabel; n=7),intheleft panel,and CD3Ki67" (red label; n = 8) and increase
in GZMB synthesis (pink label; n=5), in the right panel.
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Fig.2|Correlation of GDF15with suppression ofimmunesignaturesindata
fromTCGA. a,Immune-related analyses and relation to GDF15 mRNA expression
ranked by a consensus score. IFNy, interferon-y. Two-sided Spearman’s rank
correlation (coefficient p) test was performed. Pvalues were adjusted for
multiple testing for eachindication across tested signature scores on the basis
ofthe false discovery rate (FDR) according to the Benjamini-Hochberg method.
Significant positive (FDR <0.1and p > 0.1) and negative (FDR<0.1and p<0.1)
relationships between GDFI5 expression and immune signature score are
indicatedinred and blue, respectively. Forinflamed to T cell exclusion (excl.),
anabsolute value of the differencein z-scores (|Az|) > 0.2 was used as the
cutoff (z-scores were calculated using Fisher’s z-transformation on p).

ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA,
breastinvasive carcinoma; CESC, cervical squamous cell carcinomaand
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; DLBC, diffuse
large B-celllymphoma; 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, pancreaticadenocarcinoma;

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

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 GDFI5
mRNA expressionin LUAD (n =515), lung squamous cell carcinoma (n = 501; left
panel), luminal UC subtypes (luminal, luminalinfiltrated, luminal papillary,
n=246)andbasalsquamous 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
valuesno furtherthan1.5xIQR. Pvalues are from two-sided Wilcoxon rank sum
test.c, Correlation analyses of normalized GDF15 expressioninlungand
bladder cancer subtypes withimmune-related signatures; Spearman
rank-based correlation coefficientrho (p) isindicated accordingto the
legend. Pvalues are from two-sided Spearman’s rank correlation test and not
adjusted for multiple comparisons. IMPRES, immuno-predictive score.CTL,
cytotoxic Tlymphocytes.d, Distribution of averaged cell fractions according to
GDF15expression level (low, mid, high). NK, naturalkiller.

inbasal squamous UC withiincreasing GDF15 expression level. On the
basis of these transcriptomic analyses, non-squamous NSCLC and UC
were selected for phase 2a investigation.

Nature | Vol 637 | 30 January 2025 | 1221



Article

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™
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-15levels 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 phase1study (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-15in tumours, free GDF-15 concentrationin serumand the
tumour microvasculature could be predicted for 3,10 and 20 mg kg™
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 1study. Higher GDF-15 baseline levels (>2 ng ml™)
require more visugromab for neutralization. These calculations sup-
port a dosing regimen of >10 mg kg™ every 2 weeks, or >20 mg kg™
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™ (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 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. Torule out substantial
visugromab-independent antitumoural activity of nivolumab, patients
wereincluded only whentheir cancer wasrelapsed or refractoryto 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-1or anti-PD-L1, torule
outinclusion of pseudoprogressors, andif their relapse or progression
had occurred on ongoing anti-PD-1- or anti-PD-L1-containing treatment.
Based ondataintheliterature, the expected rate of patientsresponding
to monotherapy retreatment withan approved anti-PD-1or anti-PD-L1
agentsuchasnivolumabinsuchstrictly defined relapsed or refractory
populationsis <5% for both NSCLC" " and UC®. 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,
with2 PRand2 CR (1initially asalasting PR on trial treatment, maturing
to a confirmed CR post treatment discontinuation due to a TEAE and
prior focalirradiation of a progression-suspected lymph node area). Of
note, all responses were observed in non-squamous NSCLC, resultingin
an ORR 0f 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
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Fig.3|Visugromabin combination with nivolumabinducesremissionsina
fraction ofanti-PD-1/PD-L1relapsed orrefractory last-lineNSCLCand UC.
a,b, Swimmer plot for patients with NSCLC (a) and UC (b) illustrating response
assessmentaccording to RECIST 1.1and time on study. Patients with PRor CR
are highlightedinlightand dark green, respectively; patients with SD but
decreaseintargetlesion size (>5%; tumour shrinkage) are highlighted in blue.
Lightblueindicates SD,and PDis depictedingrey (Xindicates detection of PD).
Patientswhoreceived radiotherapy ontreatmentare not evaluable (NE (post RT))
anymore, whichisindicated by ahatchedfill. Scans were performed approximately
every 8 weeks.

(twoin combination with poly-chemotherapy; Supplementary Table 5).
This may be due to ageneral bias for trials in patientsin 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 NSCLCY, for which most surviving patients had to have
experienced some prior benefit from earlier lines of treatment). The
4responding patients had received prior anti-PD-1or anti-PD-L1treat-
ment for amedian of 19.7 months (versus 23 non-responding patients
with amedian 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.



Regarding safety, at least one TEAE with agrade of >3 wasreportedin
16 (59.3%) participants. Among those were 15 (55.6%) participants with
atleast1grade3 TEAE,1(3.7%) participant with atleast 1grade 4 TEAE,
and 3 (11.1%) participants with at least 1grade 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 tothe grade 5 (multiple organ dysfunction syndrome) TRAE, were
observedinanindividual 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 amedian of 4.9 months
(versus 22 non-responding patients with a median of 6.9 months).

Regarding safety, atleast 1 TEAE withagrade of >3 wasreportedin14
(51.8%) patients. Amongthose, 14 (51.8%) patients had at least 1grade 3
TEAE, no patients had at least 1grade 4 TEAE, and 1 patient (3.7%) had
atleast1grade 5 TEAE (urinary tract infection). In the UC expansion
cohort, atleast one TRAE withagrade of >3 wasreported intwo (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
grade4 or5.Thegrade 3 TRAEs consisted ofimmune-mediated pneu-
monitis in one patient and hypertension and platelet count decrease
in one patient.

Notably, more than half of all responding patientsin 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 witha CR had
not achieved a CR on any prior line of systemic treatment, including
theirinitial anti-PD-1or anti-PD-L1 treatment. Seven of nine responses
inthese two cohorts are ongoing at the time of this report. Representa-
tive scans of tumour regressions in phase 1and 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
PRin the sole patient with HCC in phase 1) and MSS colorectal cancer
(Supplementary Tables 10-12). Antitumoural activity comparable to
thatseeninthenon-squamous NSCLC and UC cohortsis being detected
inindividuals withHCC (3 PRs,1CR and 1 patient with durable tumour

shrinkagein 20 currently evaluable HCC participants of the trial, with
the HCC expansion cohort ongoing), reflective of an overall interim
ORR 0f 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 cancerinSupplementary 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 10 360 panel for immuno-oncology was
performed. The analysis of differentially expressed genes revealed
the induction of inflammatory genes such as CXCL9, CXCL10, CCLS,
CCRS5 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-y 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 PDCDI1, LAG3 and HAVCR2 were not induced
(Extended Data Fig.3a). The serum levels of the interferon-y-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). Inaddition,acomparison 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;
PRand CR:864.0, s.e. £345.8) and of CXCL10 (progressive disease and
stable disease:322.4,s.e. £99.26; PRand 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” showed a
statistically significant reductionin 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
ontheabundance 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 distinctimmune-cell subsetsin 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 areduced 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 higherin patients with UC as compared to patients with NSCLC
butelevatedinbothindications when compared to physiological levels
in healthy individuals' (Extended Data Fig. 5b). Of note, correlation
analyses of GDFIS5 expression with immune markers and signatures
in UC (Extended Data Table 2) revealed a stronger negative correla-
tionin 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 amore
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pronounced negative correlation suggestive of theimmunosuppressive
impact of GDF-15 on the TME (Fig. 2d).

Notably, baseline tumour tissue from patients with a very high level
of CD8" T cellinfiltrates 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 TME?. 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
proportionscore (>5) and elevated CD8' T cell density (>300 cells mm>;
Fig. 5¢), 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-L1expressionincombinationwithelevated CD8" T cell counts and/or
other similar markers may serve as biomarker(s) for enrichment of
responding patients.
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synthetases. ¢, Significantinduction and maintenance of CXCL9 following
treatment for 6 weeks in the blood of participants with NSCLC,HCCand UCin
the phase 2astudy. Pvalues arereported fromrepeated-measures one-way
analysis of variance (ANOVA) with Geisser-Greenhouse correction, corrected
for multiple comparisons by Dunnett’s test. d, Baseline CXCL9 levels of
participants with best overall response according to RECIST1.1. Pvalues are
reported fromtwo-tailed Mann-Whitney test. e, Heat map representing higher
mean values (pg ml™) of CXCL9 following treatment in participants with best
overallresponse of PRand CR (lower row) compared to participants with best
overallresponse of PD and SD (upper row). For the box plotsin c,d: centreline,
median; box, IQR; whiskers, 1.5 x IQR; outliers are depicted individually.
C1D1, cycle1day1;C1D2,cyclelday2;C2D1,cycle2day1;C3D1, cycle3 day1.

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 melanoma'®,

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
occurs®.

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 survival?*?2, Thus, there is a clear need
to better understand the reasons for primary immune checkpoint
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Fig.5| GDF-15 correlates withimmune-cell density in the tumour atbaseline
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expansions.a, CD4'FOXP3" T cell density, CD4'FOXP3™T cell density and
CD3'Ki67' T cell density are significantly reduced in tumour biopsies from
patientsinphase 1and 2 with serum GDF-15 (sGDF-15) of >1.5 ng mI™. Pvalues
are from two-sided Mann-Whitney test. b, Inbaseline tumour tissue with very
high CD8" T cellinfiltration from patientsin phase 1and 2, low (pro-)GDF-15
expressionis observed. Pvalueisreported from two-sided Mann-Whitney test.
¢, TME characterization by PD-L1tumour proportion score (TPS) and CD8"

T cell density (cells mm™) in biopsies from patientsin phase 1and 2 before
treatment (n=97); PRand CR are highlightedingreen.

resistance in non-responding patients and for secondary refractoriness
ininitially responding patients.

GDF-15was originally discovered asamacrophage inhibitory cytokine
(MIC-1)®2and 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 pregnancy?®.
Metabolically, GDF-15 was shown to induce anorexia and cachexia
through the GFRAL receptor expressed by neuronsin the brainstem?*. In
tumours, GDF-15is often expressed by cancer cells already at diagnosis,
anditsexpressionis furtherinduced following tumour treatment and
progression®, making it the most prominently overexpressed cytokine
in cancer®, butits role as atumour-derived potent local immunosup-
pressant has only recently been recognized®.

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

to correlate with a disruption of LFA-1 2-integrin-dependent actin
engagement, which may affect not only diapedesis but also theimmune
synapse, whichitis likely to destabilize?**°. In our investigations, high
intratumoural and serum GDF-15levels correlated with reduced levels
ofimmuneinfiltrationin the TME, reduced levels of T cell proliferation
andreduced levels of granzyme B (GZMB) expression in both patients
with cancer in last-line treatment and those newly diagnosed with
cancer. This further supports theimmunosuppressive role of GDF-15
incancer.

Preclinical research has shown that intratumoural expression of
GDF-15renders tumours unresponsive to PD-1blockade?. Inaddition,
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,cand 4a,b), whereas
expression of T cell exhaustion markers was not affected (Extended
DataFig.3a). Asblocking GDF-15is 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-y-inducible
chemokines during co-therapy in this study (Fig. 4c-e and Extended
DataFig.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 cellsand
remained stable for CD3*GZMB'T cells following PD-1blockade. This
supports the hypothesis that neutralization of intratumoural GDF-15
enablesT cellstoinfiltrateirrespective of their antigen specificity, but
combination therapy witha CPlenhances survival and proliferation of
stimulated T cells within the TME.

Thefirst-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 CPItreatment 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 anincrease inbody weight following
GDF-15blockade.

Remarkably, the treatment induced a substantial number of deep
and long-lasting objective tumour regressions up to confirmed CRsin
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
inthese mostly third-to fourth-line-treated patients compare already
favourably with the standard of carein these indications (for example,
docetaxelinsecond-line NSCLC hasan 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 criteriathat had not beenreached oninitial, prior
anti-PD-1or anti-PD-L1 treatment. In addition, 3 of the 4 patients with
a CRfor NSCLC, UC and HCC had not achieved a CR on any prior line
of treatment, including their initial anti-PD-1or anti-PD-L1 treatment.

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

Two other anti-GDF-15 neutralizing monoclonal antibodies have
entered clinical explorationin patients with cancer. Ponsegromab was
well tolerated in a phase 1b study and demonstrated preliminary evi-
dence for efficacy against cachexia by inducing weight gainin patients
with cancer with elevated serum GDF-15 (ref. 32) and cachexia. AZD8853
has completed afirst-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
cancer®,

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
ourstudy, reported ORRs for monotherapy retreatment attempts are
0-5% (refs. 11-16). Likewise, alarge retrospective analysis on treatment
beyond progression (another form of retreatment in monotherapy for
patients that progressed on anti-PD-1treatment with pembrolizumab)
revealed aresponserate as per RECIST 1.1 of just 2.8% ina patient popu-
lation not too different from that of our trial**. Addition of visugro-
mab, however, restored anti-PD-1 activity to levels nearly reaching
responserates 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 treatment®>°). Therefore, it can be inferred that GDF-15is
adruggable roadblock for successful immune checkpoint inhibition
inadistinct target population.

Responses occurredinboth PD-L1" and PD-L1" tumours, withaten-
dency for enrichment of responses in patients positive for PD-L1with
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 antitumourimmune responses (Extended Data Fig. 6a),
and that serum levels of GDF-15may not be adirect 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.

Takentogether, the provided and published data®>****" 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
Tcell suppressantin the TME. This implies that GDF-15 inhibition can
improve success rates of anti-PD-1-based cancerimmunotherapy 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-15in 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-15inhibition.
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Methods

Patients and treatment

Thetrial was termed GDFATHER, for GDF-15 antibody-mediated human
effector cell relocation (ClinicalTrials.gov NCT04725474). This study
was conducted incompliance with the International Council for Harmo-
nisation E6 guideline for Good Clinical Practice and the Declaration of
Helsinki. Complete and signed writteninformed consent was obtained
from patients forinclusionin the study. The protocol was approved by
the regulatory authorities in Germany (Paul-Ehrlich-Institut), Spain
(Agencia Espaiiola de Medicamentos y Productos Sanitarios) and
Switzerland (Swissmedic) and the local ethics committees in charge
of the clinical trial site: Comité de Etica de la Investigacion con Medi-
camentos, Pamplona, Spain; Swissethics, Cantonal Ethics Committee,
Zurich, Switzerland; and the Ethics Committee of the University of
Wiirzburg, Wiirzburg, Germany. The redacted protocolis availablein
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))
beingaclassic‘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™) 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
cohortwith 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-1or 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 ondataintheliterature, the expected rate of patients responding
toretreatment withanapproved PD-1or PD-L1agent such as nivolumab
inmonotherapy in these populations is <5% for NSCLC'*"5,

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 2ais 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-
mancestatus. For phase1(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 astime toresponse, time
to progressionand 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 inimmune-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 avaryingnum-
ber of solid tumours analysed. Material included in the TCGA data-
baseis derived from primary tumours of untreated (meaningimmune
checkpointblockade naive) patients. The full list of abbreviations used,
study names and number of samples for solid tumours is available in
Extended Data Table 1.

Fortheseindications, 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 wereremoved, and normalized data were log,-transformed
(log,[TPM +1]). Correlation analyses of normalized GDF15 expression
withimmune-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
inassociationwithclinical parametersin 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 quanTlseq®*
using theimmunodeconv R package*® on RNA-sequencing data (TPM)
corrected for purity as determined by ESTIMATE*. Average distribu-
tion within a subgroup of patients was computed according to GDF15
expression log,[TPM +1] (low, medium and high terciles) within the
respective tumour types. The distribution of immune-cell fractions
was averaged over patientsin 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

Serumsamples forassessment 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
justattheend of eachinfusion. The serumwasisolated 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’sinstructions (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
ofthe 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 within1year
before-after biopsy for patients with metastatic urothelial cancer
(n=13), were provided. The serum was analysed for GDF-15 levels using
aquantitative 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-pum 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
Dopplerlens for x40 images). The assessment consisted of confirma-
tion of tumour type, assessment of histological features, presence of
invasive margin, and determination of percentage of necrotic areaon
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. HPAO11191) as the primary
antibody for automated staining using the Ventana BenchMark Ultra
platform (Roche; software versionno.12.3.1and 12.5.4). The binding of
the anti-GDF-15antibody 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
outbyaboard-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 O (no staining) to 3+
(intensive staining). The percentage of stained cells per staining
intensity category (0 to 3+) wasrecorded. This classification provided
thebasis for the calculation of the H score, which describes the GDF-15
proteinlevelsinthe 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 =[1x (percentage of intensity 1)]
+[2 x (percentage of intensity 2)]
+[3 x (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-L1IHC was evaluated by aboard-certified pathologist applying TPS
and combined positive score as previously described*.

Multiplex IHC evaluation of CD4, CD8 and FOXP3 expression. CDS,
CD4 and FOXP3 IHC staining was performed as a triplex IHC assay on
one FFPE tissueslide. CD8 staining was carried out using amonoclonal
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 amonoclonal 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 HRPKit, 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 processinthe digitalimage 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
20x/0.75 objective (Olympus; plus Doppler lens for x40 images).

Evaluation of the triplex IHC staining was carried out by pathologist-
assisted digitalimage 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 areadout 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-actkit (Ultivue; prod-
uctno. 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 OrcaFlash, v4.0, camera (Hamamatsu Photonics); Colibri7
LED light source (Carl Zeiss Microscopy)) using Zen Blue (v3.1) software
and aPlan-Apochromat 20x/0.8 M27 (Carl Zeiss Microscopy) objective.
The slides were subsequently analysed by pathologist-assisted digital
image analysis using Visiopharm software (Visiopharm; version no.
2020.01.10r higher). Visiopharm software uses undisclosed, linear dis-
play lookup tables. The output of the digital analysis gave information
oncell 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-
centnon-neoplastic ‘normaltissue’,in cases inwhich it was applicable).

Multiplex histological analyses of biopsies from patients with
UCunder 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-um 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 multipleximmunofluorescence analysis on whole-slide images
was described previously®. 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), aSMA (1A4, Sigma), Ki67 (SP6, Abcam) and vimentin
(EPR3776, Abcam); and animmune-cell panel: CD3 (D7AG6E, 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 Phenolmager 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 algorithmin 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 10 360 Panel (NanoString Technologies). The PanCancer 10

360 Panel consists of 770 genes, including 20 housekeeping genes.
Tissue samples were placed on glass slides as 4-pm-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 10 360 Panel and NanoString
(NanoString Technologies) platform. A quality check had been
performed using NanoStringQCpro v1.14.0 (NanoString Technolo-
gies). Raw datanormalization using the R package NanoStringNorm
resulted in very similar relative log expression distributions compared
tonormalization 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 log,-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
inthe 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 10 360 gene panel in the statistical
software environment Rv4.3.1 (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, eliminationand
interaction of visugromab and GDF-15

The PK-PD model was derived from non-human primates and describes
thedistribution, 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
asafirst-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 were1for 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 atumour model to
predict free tumour GDF-15 levels for the first-in-human dose selection,
reflecting visugromab’s mechanism of action and GDF-15biology. The
tumour model included atumour microvasculature compartment with
ablood flow rate of 0.2 mI™ min™ g, 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 mI™ (low, mediumand
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
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werere-estimated. Both estimations were performed using the SEAM
algorithm with Monolix software version 2019R1.

Statistical analysis
This phaseland2atrial waslargely evaluated onadescriptive basis as
antitumoural activity was unknown for this first-in-human trial.

For the phase 2a cohorts, n =14 response-evaluable participants were
to beinitially recruited for each tumour indication. Assuming a true
responserate of 20%, the probability of observing atleast 2 responding
patients out of 14 participants was 80%. For an assumed true response
of10%, 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 a-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
toacohort. 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, atwo-tailed Mann-Whitney test was performed with a P value
of <0.05 deemed as statistically significant. The statistical significance
betweenthree 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
a95% confidence interval. All statistical analysis was performed using
GraphPad Prism software version no.10.1.2.

Reporting summary
Furtherinformation onresearch designis 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 DataFig.1|PK/PD dataobservedin phaselis consistent with neutralizationin tumour micro-vasculature. Free GDF-15is predicted for serum
population-based model and predicts neutralization of free GDF-15in the GDF-15baseline levels of 0.5 ng/mL (left panel), 2 ng/mL (middle panel) and
tumour. (a) Observed concentrations of total visugromab and total GDF-15 10 ng/mL (right panel) and dosing schemes (upper panel=q2wk, middle panel =
(free and drug-bound GDF-15) determined in serum of phase 1 participants q3wk, lower panel = q4wk) as well as different concentrations (red, solid line =
acrossalltested doselevels within 8 weeks of treatment and atend of treatment. 3 mg/kg, green dashed line=10 mg/kg and blue dashed line =20 mg/kg) of
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from NHP studies and updated with clinical phase 1datato describe GDF-15 level (0.5 ng/mL).
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(P>0.5fromtwo-sided Wilcoxon rank sum test). (b) Volcano plot presenting
differentially expressed genes (NS =nosignificant change) in biopsies on day 14
of visugromab monotherapy compared to pre-treatmentbiopsies in participants
with <2-fold (NOIMM) increase in CD8+and CD4 + T cells. P values are from
moderated t-test using limma.
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Extended DataFig.7|CT and PET-CT scans of responding tumours.

(a-d) Participant with mesotheliomaand large, bulky disease (phase 1part).
RECIST 1.1response under treatment with partial response (a) and (c) show
baseline tumour assessment with bulky disease in upper mediastinum
attwolevels. (b) and (d) show respective significant tumour reduction at
correspondingscan level at Cycle 8, Day 1(week 16). (e, f) Participant with
metastatic non-squamous NSCLC, Baseline (e) vs. Cycle 12 (f) demonstrating
partialresponse 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-1) Participant with metastatic urothelial cancer (phase
2apart),shownislarge retroperitoneal lesion. RECIST 1.1response with-100%
reduction (completeresponse). (i) Baseline assessment at Screening with
lesion marked by red arrow and red line. (j) Cycle 5 Day 1assessment: Partial
response. (k) PET-CT at Cycle 28 Day 1 demonstrating complete metabolic
response. (I) CTscanat Cycle45Day1with continued complete response.



Extended Data Table 1| List of analysed cancer types

Abbreviation Cancer type No. normal (TN pairs) No. Tumour
ACC Adrenocortical carcinoma 0 79
BLCA Bladder Urothelial Carcinoma 19 408
BRCA Breast invasive carcinoma 109 1093
s
CHOL Cholangiocarcinoma 9 36
CRC Colorectal carcinoma 32 379
DLBC Diffuse Large B-cell Lymphoma 0 48
ESCA Esophageal carcinoma 1 184
::;Bahﬁ-ffec) Glioblastoma and low-grade gliomas 0 669
HNSC Head and Neck squamous cell carcinoma 43 520
KICH Kidney chromophobe 25 66
KIRC Kidney renal clear cell carcinoma 72 533
KIRP Kidney renal papillary cell carcinoma 32 290
HCC Liver hepatocellular carcinoma 50 371
LUAD Lung adenocarcinoma 58 515
LUSC Lung squamous cell carcinoma 51 501
MESO Mesothelioma 0 87
ov Ovarian serous cystadenocarcinoma 0 303
PAAD Pancreatic adenocarcinoma 4 178
PCPG Pheochromocytoma and Paraganglioma 3 179
PRAD Prostate adenocarcinoma 52 497
SARC Sarcoma 2 259
SKCM Skin Cutaneous Melanoma 1 103
STAD Stomach adenocarcinoma 32 415
TGCT Testicular Germ Cell Tumors 0 150
THCA Thyroid carcinoma 59 501
THYM Thymoma 2 120
UCEC Uterine Corpus Endometrial Carcinoma 7 176
ucs Uterine Carcinosarcoma 0 57
UuvMm Uveal melanoma 0 80

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

Score/Signature

Signatures and methods to calculate scores

Reference

Immune cell-related signatures

Immune cell fractions

T cell exclusion

Inflamed

Interferon-gamma signature (IFNG)

T cell inflamed

T cell dysfunction (+)
Genes with positive significant T cell
dysfunction interaction test

Immuno-predictive score (IMPRES)

Cytolytic activity
PD1
PDL1

CD8 genes

CTL genes

GDF15

Signatures for 28 immune cell types
ssGSEA and pre-ranked GSEA

Signatures for 10 immune cell types
quanTlseq (immunedeconv)

202 genes (BZW2, CCT3, CDK4, GPATCH4, ISYNA1, MDH2,
PPIA, RPL31, RPL37A, RPL41, RPS21, RPS27A, RUVBL2,
SAE1, UBA52, AHCY, ...)

ssGSEA2.0 (NES)

13 genes (IRF1, CD8A, CCL2, CCL3, CCL4, CXCL9, CXCL10,
COS, GZMK, HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB)
ssGSEA2.0 (NES)

10 genes (IFNG, STAT1, CCR5, CXCL9, CXCL10, CXCL11,
IDO1, PRF1, GZMA, HLA-DRA)
ssGSEA2.0 (NES)

18 genes (TIGIT, CD27, CD8A, PDCD1LG2, LAG3, CD274,
CXCR6, CMKLR1, NKG7, CCL5, PSMB10, IDO1, CXCL9, HLA-

DQA1, CD276, STAT1, HLA-DRB1, HLA-E)
ssGSEA2.0 (NES)

67 genes (KCNMA1, ADAM19, NDST3, VOPP1, CD5, IL2RB,
RORA, GPR155, TN3A1, ICOS, ....)
ssGSEA2.0 (NES)

PD1>0X40L | CD27>PD1 | CTLA4>0X40L | CD40>CD28
|CD86>0X40L | CD28>CD86 | CD80>CD137L |PDL1>VISTA |
CD86>TIM3 | CD40>PD1| CD86>CD200 |CD40>CD80 |
CD28>CD276 | CD40>PDL1 | HVEM>CD86

log-average (GZMA, PRF1)

log2 (TPM+1)

log2 (TPM+1)

log-average (CD8A, CD8B)

log-average (CD8A, CD8B, GZMA, GZMB, PRF1)

log2 (TPM+1)

Charoentong et al 2017
Finotello et al 2019a

Finotello et al 2019b
Sturm et al 2019

Jerby-Arnon et al 2016

Spranger et al 2016

Ayers et al 2017

Ayers et al 2017

Jiang et al 2018

Auslander et al, 2018

Rooney et al 2015
Lee et al 2019

Nishino et al 2017

Jiang et al 2018
Cristescu et al 2018

Jiang et al 2018
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Extended Data Table 3 | List of upregulated genes

Gene Log2FC AveExpr P

CXCL10 2.049 5.245 0.0190
CXCL9 1.636 5.643 0.0175
MMP1 1.231 4.234 0.0497
CCL8 1.203 3.391 0.0044
GBP1 1.092 4.760 0.0414
MX1 1.019 4.236 0.0331
IFIT2 0.870 4.173 0.0331
MS4A6A 0.783 3.235 0.0305
TNFSF13 0.768 2.501 0.0024
HLA-DMB 0.737 5.126 0.0039
Nelony) 0.736 3.271 0.0202
EIF4EBP1 0.715 5.635 0.0093
TBC1D10B 0.712 3.671 0.0252
IFIH1 0.700 5.023 0.0232
APOL6 0.681 4.668 0.0456
TAP1 0.680 6.526 0.0325
IRF8 0.676 3.764 0.0430
HLA-DPA1 0.666 6.597 0.0283
CCR5 0.665 3.312 0.0113
OAS3 0.665 4.337 0.0291
BIRC3 0.655 2.559 0.0365
FPR3 0.643 4.612 0.0204
OAS1 0.639 4.876 0.0313
OAS2 0.630 5.593 0.0470
PARP12 0.622 4.672 0.0232
IL2RB 0.611 3.173 0.0250
IRF7 0.605 4.796 0.0168
TLR5 0.593 2.496 0.0376
LAIR1 0.589 3.568 0.0467

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

Entity

Source

Deconvolution of immune cells (quanTiseq)

ESTIMATE

Gene set enrichment analysis (GSEA):
Single sample GSEA 2.0

Firebrowse

TCGA genomis data commons data portal

TCGA biolinks

R packages

ConsensusPathDB
NanoStringQCpro

nSolver

Monolix

https://icbi.at/software/quantiseq/
https://github.com/omnideconv/immunedeconv

https://sourceforge.net/projects/estimateproject/
http://software.broadinstitute.org/gsea/
https://github.com/broadinstitute/ssGSEA2.0
http://firebrowse.org/

https://portal.gdc.cancer.gov/

http://bioconductor.org/packages/release/bioc/html/TC
GAbiolinks.html

Versions 3.3, 3.6, 4.0, 4.3, https://www.r-project.org/

pheatmap, ggplot2, grid, DESeq2, ggsignif, data.table,
DT, stringr, maftools, Biocmanager, devtools, ggpubr,
tidyverse, survminer, survival, RTCGA .clinical,
NanoStringNorm, limma, EnhancedVolcano

http://cpdb.molgen.mpg.de/CPDB
Version 1.14

Version 4, https://nanostring.com/products

Version2019R1
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 O000F%

|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Clinical data collection via 'eCRF' (Medidata Rave EDC, v2020.1).
IHC/IF image acquisiton was performed using Scanscope (console v102.0.7.5 and controller v102.0.8.60), Zen Blue (v3.1), Phenolmager HT
imaging system (v1.1), Visiopharm (v2020.01.1, v2020.08.4) and inForm software (v2.5).

Data analysis Graph plotting and statistical analyis were performed with GraphPad Prism v10.
Calculations, correlations and visualization analyses of TCGA and Nanostring data was performed using the the statistical software
environment R (versions 3.3, 3.6, 4.0, 4.3; R Core Team, R Foundation for Statistical Computing, Vienna, Austria) including various R/
Bioconductor packages (pheatmap, ggplot2, grid, DESeq2, multtest, data.table, DT, stringr, maftools, devtools, ggpubr, tidyverse, survival,
NanoStringNorm, limma, EnhancedVolcano). To retrieve clincial information on patients from TCGA (https://portal.gdc.cancer.gov/) the
packages RTCGA.clinical and TCGAbiolinks together with supplementary information from original TCGA publications were used. The
corresponding source code for analyzing the TCGA data and creating the figures was deposited on GitHub (https://github.com/icbi-lab/
GDF15_TCGA). For deconvolution of immune cells based on RNA sequencing data (TPM) quanTlseq (v2.0) was used (https://icbi.at/software/
quantiseq/, https://github.com/omnideconv/). To infer tumor purity as well as the fraction of stromal and immune cells ESTIMATE (v1.0.13)
was used (https://bioinformatics.mdanderson.org/estimate/).
For gene set enrichment analysis GSEA v4.1 (http://software.broadinstitute.org/gsea/) and for single sample gene set enrichment analysis
ssGSEA v2.0 (https://github.com/broadinstitute/ssGSEA2.0) was used.
For PK/PD modeling Monolix (v2019R1) software based on the SEAM (stochastic approximation expectation-maximization) algorithm was
used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Patient responses, demographic information, and safety outcomes, as well as IHC quantifications, serum analysis data and RNAseq signature scores are available
within the paper, its supplementary information and provided as source data.

The results shown regarding the indication selection are in part based upon data generated by the TCGA Research Network (https://www.cancer.gov/tcga) and
available at the GDC data protal (https://portal.gdc.cancer.gov/).

Normalized RNA sequencing data (TPM) from pan-cancer analyses of TCGA were obtained from http://firebrowse.org and together with related immune signatures,
estimated immune cell fractions, as well as detailed information of selected indications (LUAD, LUSC, BLCA phenotypes) are available at zenodo (https://
doi.org/10.5281/zen0do.13716226). Pathway analysis of gene expression data in patients is based on (Reactome) pathway information from ConsensusPathDB

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

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Demographic tables display information on sex of participants and are calculated as percentage of full analysis set of each
cohort.

Reporting on race, ethnicity, or ' Demographic tables display information on race of participants and are calculated as percentage of full analysis set of each

other socially relevant cohort.

groupings

Population characteristics Population characteristics and demographics are fully described in Supplementary Tables 1, 3, 6, 10, 12 and 14 of the
manuscript.

Recruitment Patients were enrolled according to their diagnosis and disease stage and were required to fulfill all inclusion criteria and not

meet any exclusion criteria accordingly. At the following highly experienced and specialized solid tumor clinical trial sites
across Europe, patients were recruited and enrolled:

- Clinica Universidad de Navarra, Pamplona, Spain

- Hospital Universitario HM Sanchinarro START, Madrid, Spain

- Hospital Universitari Vall d'Hebron, Barcelona, Spain

- NEXT Oncology, Phase 1 Unit, Barcelona, Spain

- Catalan Institute of Oncology (1CO), Barcelona, Spain

- Hospital 12 de Octubre, Madrid, Spain

- Hospital Clinic de Barcelona (Hospital Clinic i Provincial), Barcelona, Spain

- University Hospital Zurich, Zurich, Switzerland

- Cantonal Hospital St. Gallen, St. Gallen, Switzerland

- University Hospital Basel, Basel, Switzerland

- University Hospital Wuerzburg, Interdisciplinary Study Center (ISZ) with ECTU; Wuerzburg, Germany

- University Hospital Essen; Internal Clinic (Tumor Research), West German Tumor Center Essen, Essen, Germany
- University Hospital Frankfurt, Center of Internal Medicine, Frankfurt, Germany

For the recruiting sites, competitive recruitment applied and enrolment numbers varied between sites depending on
availability of eligible patients. Due to the clearly defined inclusion and exclusion criteria together with the large number of
clinical trial sites across Europe, no selection bias is evident. Patients who were offered participation in the clinical trial were
carefully informed about alternative treatment options. Patients were provided copies of the study informed consent
document and were fully aware of risks prior to trial enroliment. As patients needed to fulfill eligibility criteria of the trial, this
could have caused selection bias.

Ethics oversight Regulatory authorities in Germany (Paul-Ehrlich-Institut [PEl), Spain (Agencia Espafiola de Medicamentos y Productos
Sanitarios [AEMPS]) and Switzerland (Swissmedic) and the local ethics committee in charge of the clinical trial site approved
the study following applicable rules and regulations:
 Comité de Etica de la Investigacion con Medicamentos (CEIm), Pamplona, Spain
« Swissethics, Cantonal Ethics Committee, Zurich, Switzerland
¢ Ethics Committee of the University of Wirzburg, Warzburg, Germany

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The study was conducted as a combined phase 1/2a trial. Phase 1 was conducted as a 3+3 dose escalation trial , therefore sample sizes for
phase 1 were defined by the dose-escalation scheme and were not sized to obtain statistical power for correlative analysis. As such no
statistical methods were used to predetermine statistical sample size. Statistical design of phase 2a is described in the methods section of the
manuscript accordingly.

In the exploratory analysis, sample sizes for IHC, serum analysis and RNA sequencing were dictated by the availability of high-quality tissues
for staining/RNA extraction and serum quality for PK/PD assessment.

Data exclusions  No data exclusions occurred.

Replication Clinical trial results can not be replicated.

Randomization  The reported study is a combined phase 1/2a study and was conducted in a single-arm design. Therefore, randomization is not part of the
study and reflects the state-of-the-art design for early clinical development investigating safety, definition of the recommended phase 2 dose

and initial signals for clinical activity.

Blinding The reported study is a combined phase 1/2a study and was conducted in a single-arm design. Therefore, blinding is not applicable as no
comparator arm existed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

Dual use research of concern

Plants
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Antibodies

Antibodies used Primary antibodies for IHC:
anti-GDF-15 rabbit polyclonal antibody (1:50 and 1:100; Sigma Aldrich, ref: HPA011191; lots: 000017158, 000018018, 000024410,
000025267,000039803,000041678) https://www.sigmaaldrich.com/DE/de/product/sigma/hpa011191
anti-aSMA mouse monoclonal (1A4) antibody (Sigma, ref: A2547) https://www.sigmaaldrich.com/DE/en/product/sigma/a2547
anti-PD-1 rabbit polyclonal antibody (Sigma, ref: PRS4065)
anti-PD-LI rabbit monoclonal (SP263) antibody (Roche Diagnostics, ref: 790-4905)
Rabbit monoclonal negative control Ig (Roche Diagnostics, ref: 790-4795)
https://diagnostics.roche.com/global/en/products/lab/pd-l11-sp263-ventana-rtd001236.html#productSpecs
anti-pan-Keratin mouse monoclonal (AE1/AE3/PCK6) antibody (Roche Diagnostics, ref: 05267145001) https://diagnostics.roche.com/
global/en/products/lab/pan-keratin-ael-ae3-pck26-250-tests-rtd000684.html
anti-SOXI0 rabbit monoclonal (SP267) antibody (Roche Diagnostics, ref: 760-4968) https://diagnostics.roche.com/global/en/
products/lab/sox-10-sp267-rtd001132.html
anti-CD3, anti-Granzyme B, anti-Ki67, anti-panCK, anti-SOXI0 in UltiMapper 1/0 T-act kit (Ultivue, ref: ULT20104 and ULT20110)
https://ultivue.com/t-act-fixvue-panel/
anti-CD8 mouse monoclonal (C8/144B) antibody (Agilent Technologies, ref: M710301-2) https://www.agilent.com/store/
productDetail .jsp?catalogld=M710301-2
anti-CD8 mouse monoclonal (C8/144B) antibody (Dako/Agilent, ref: GA62361-2) https://www.agilent.com/store/productDetail.jsp?
catalogld=GA62361-2
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Validation

anti-FoxP3 rabbit monoclonal (SP97) antibody (Abcam, ref: Ab99963) https://www.abcam.com/en-de/products/primary-antibodies/
foxp3-antibody-sp97-ab99963

anti-panCK mouse monoclonal (C-11) antibody (abcam, ref: ab7753) https://www.abcam.com/en-de/products/primary-antibodies/
pan-cytokeratin-antibody-c-11-ab7753

anti-CD45 rabbit polyclonal antibody (abcam, ref: ab10558) https://www.abcam.com/en-de/products/primary-antibodies/cd45-
antibody-ab10558

anti-PD-LI rabbit monoclonal (SP142) antibody (abcam, ref: ab228462) https://www.abcam.com/en-de/products/primary-antibodies/
pd-l1-antibody-sp142-c-terminal-ab228462

anti-Ki67 rabbit monoclonal (SP6) antibody (abcam, ref: ab16667) https://www.abcam.com/en-de/products/primary-antibodies/
ki67-antibody-sp6-ab16667

anti-Vimentin rabbit monoclonal (EPR3776) antibody (abcam, ref: ab92547) https://www.abcam.com/en-de/products/primary-
antibodies/vimentin-antibody-epr3776-cytoskeleton-marker-ab92547

anti-CD4 rabbit monoclonal (EPR6855) antibody (abcam, ref: ab133616) https://www.abcam.com/en-de/products/primary-
antibodies/cd4-antibody-epr6855-ab133616

anti-CD163 rabbit monoclonal (EPR19518) antibody (abcam, ref: ab182422) https://www.abcam.com/en-de/products/primary-
antibodies/cd163-antibody-epr19518-ab182422

anti-FoxP3 rabbit monoclonal (236A/E7) antibody (abcam, ref: ab20034) https://www.abcam.com/en-de/products/primary-
antibodies/foxp3-antibody-236a-e7-ab20034

anti-CD4 rabbit monoclonal (SP35) antibody (CellMarque, ref: 104R) https://www.cellmarque.com/antibodies/CM/2030/CD4_SP35
anti-CD3 rabbit monoclonal (D7A6E) antibody (CellSignaling, ref: 85061) https://www.cellsignal.com/products/primary-antibodies/
cd3e-d7a6e-xp-rabbit-mab/85061

Secondary antibodies for IHC :

goat anti-mouse IgG, goat anti-mouse IgM and goat anti-rabbit HQ labelled antibody in OptiView DAB IHC Detection Kit (Roche
Diagnostics, ref: 760-700) https://diagnostics.roche.com/global/en/products/lab/optiview-dab-ihc-detection-kit-rtd001078.html
anti-mouse HQ-conjugated secondary antibody (Roche Diagnostics, ref: 760-4814) https://diagnostics.roche.com/global/en/
products/lab/mouse-hg-discovery-rtd000837.html

anti-rabbit HQ-conjugated secondary antibody (Roche Diagnostics, ref: 760-4815) https://diagnostics.roche.com/global/en/products/
lab/rabbit-hg-discovery-rtd000840.htm|

goat anti-rabbit nitropyrazole (NP)-conjugated secondary antibody (Roche Diagnostics, ref: 760-4817) https://diagnostics.roche.com/
global/en/products/lab/rabbit-np-discovery-rtd000841.html

All antibodies were listed by the respective vendor as validated for immunohistochemistry.

Antibody validation information provided by Sigma-Aldrich:

Additional Validation Data to Ensure Antibody Reproducibility, Specificity and Performance

orthogonal RNAseq: Orthogonal Validation Using RNA-seq - Demonstrating antibody specificity through an antibody-dependent
method correlated with an antibody-independent method (RNA-seq).

RNAi knockdown: Genetic Strategies — Demonstrating antibody specificity through knockout/knockdown method. Expected Results:
Diminished or absence of band in Western blotting in knockdown/knockout validation.

Antibody validation information provided by Roche Diagnostics:

Performance characteristics are evaluated by conducting staining tests for sensitivity, specificity and precision and results are
reported in the respective method sheets which can be accessed through the links provided with each antibody.

Precision studies are completed to demonstrate:

- lot-to-lot precision of the antibody

- within run and between day precision

- across instruments and platform precision

Antibody validation information provided by DAKO/Agilent:

Primary Antibodies for Dako Omnis ensure accurate and reliable IHC Results

The FLEX RTU Solution offers dedicated series of high-quality, pre-diluted, ready-to-use (RTU) primary antibodies that are
accompanied by appropriate validated protocols to support your lab in providing reliable and reproducible diagnostic results.

The robust IHC tests are calibrated and validated for reliable diagnostic use, ensuring that the antigen is correctly demonstrated at
both high and low expression levels in tissue to support your lab in reducing the risk of false negative and false positive results.

Antibody validation information provided by abcam:

Our recombinantly manufactured antibodies provide:

- Unrivaled batch-to-batch consistency

- Confirmed specificity due to industry-leading validation

- Ease of scalability and long-term supply

- High-throughput in vitro manufacture of recombinant antibodies

To ensure specificity, our recombinant antibodies undergo industry-leading validation. This includes over 3,600 with knock-out
validation, so you can move your research forward faster. And because the selection process for the desired clone occurs at both the
hybridoma and recombinant cloning stages, we can select antibodies with the most favorable qualities for you. Our recombinant
antibodies have a remarkably high affinity, with KD values in the picomolar range. High-affinity antibodies allow greater sensitivity in
assays as they bind strongly to the antigen and maintain this bond better under challenging conditions compared to low-affinity
antibodies.

Antibody validation information provided by CellMarque (part of Merck Millipore):

Before releasing the antibody to manufacturing, we ensure that our antibodies meet our strictest specifications. Only antibodies that
pass our stringent review are made available to customers. Once produced and released for sale, we support customers’ research
efforts with a highly specialized team of technical support scientists and field engineers. To support our multi-step, multi-application
validation process, we have a tissue and blot library with over 1300 lysates, allowing us to precisely determine each antibody’s
specificity. At Merck Millipore, we have the advantage of having an entire cell analysis technology development team in-house. Using
confocal microscopes and high-throughput IHC instruments, we can obtain accurate data faster than manual imaging. Further
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Clinical data

scientific review determines whether staining patterns conform to published subcellular expression. For immunohistochemistry, we
include negative controls, to confirm the signal.

Antibody validation information provided by CellSignaling:

We guarantee that our antibodies are fit for purpose by carefully tailoring the combination of validation strategies applied to each
product. This means customizing our validation process according to the biological role of the target, while considering the sensitivity
requirements of the downstream assay, the availability of appropriate testing models, and the relevance of each method to target
investigation. Immunohistochemistry (IHC) involves the labeling of cellular proteins in tissue samples with a specific primary antibody
and visualization of the target with detection reagents. The determination of target specificity in immunohistochemical analysis
requires multiple validation steps. CST scientists use a variety of methods, as appropriate, to validate each IHC-recommended
antibody, ensuring that the staining you observe with each CST antibody is specific and believable.

Validation Steps Include:

* Western blot analysis is performed to demonstrate specific bands of the appropriate molecular weight(s), with minimal cross-
reacting bands.

» Paraffin-embedded cell pellets of known target expression levels are used to verify target specificity.

» Antibody performance is assessed in relevant mouse models of cancer.

» Xenografts generated from cell lines with known target expression levels help verify target specificity.

* Human cancer tissue arrays are used to demonstrate antibody performance over a broad spectrum of tissue types.

» Staining on fresh frozen tissues is performed when appropriate.

» The use of blocking peptides verifies specificity and rules out Fc-mediated binding and other non-specific staining.

» Thorough lot testing ensures the reproducibility necessary for accurate IHC results.

* Dilutions and protocols are predetermined and specified; control reagents are also available.

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

Study protocol

Data collection

Outcomes

Plants

NCT04725474; EudraCT Number 2020-002103-19; CTR Number 2024-512575-12

Study protocol can be accessed at https://euclinicaltrials.eu/search-for-clinical-trials/?lang=en&EUCT=2024-512575-12-00 and was
provided as redacted version to Nature.

Data were collected at the following 13 clinical trial sites in three countries (Spain, Switzerland and Germany):

* Clinica Universidad de Navarr, Pamplona, Spain

» Hospital Universitario HM Sanchinarro START, Madrid, Spain

» Hospital Universitari Vall d'Hebron, Barcelona, Spain

* NEXT Oncology, Phase 1 Unit, Barcelona, Spain

e Catalan Institute of Oncology (ICO), Barcelona, Spain

» Hospital 12 de Octubre, Madrid, Spain

» Hospital Clinic de Barcelona (Hospital Clinic i Provincial), Barcelona, Spain

» University Hospital Zurich, Zurich, Switzerland

» Cantonal Hospital St. Gallen, St. Gallen, Switzerland

 University Hospital Basel, Basel, Switzerland

» University Hospital Wuerzburg, Interdisciplinary Study Center (1SZ) with ECTU; Wuerzburg, Germany
e University Hospital Essen; Internal Clinic (Tumor Research), West German Tumor Center Essen, Essen, Germany
» University Hospital Frankfurt, Center of Internal Medicine, Frankfurt, Germany

Period times for recruitment were from 12/2020 to 04/2024
Data collection started in 12/2020 and is ongoing.

Outcomes are defined in the clinical study protocol (definition of AE/SAE, DLTs and MTD) and in the methods section of the
manuscript for response assessment. Assessment of additional secondary endpoints including pharmaco-kinetics and -dynamics are
described in the methods section of the manuscript.

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

wdas applied. .
Describe-any-atuthentication-procedures foreach seed stock- tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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