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INTRODUCTION
Immune checkpoint inhibitors (CPI) targeting the pro-

grammed cell death protein 1 (PD-1) receptor and its ligand, 
programmed cell death ligand 1 (PD-L1), have transformed 
cancer treatment to become the standard of care in various 
advanced solid malignancies (1, 2). However, depending on 
the tumor type, many patients do not respond or respond 
only transiently to anti–PD-1/PD-L1 [PD-(L)1] monotherapy 

(3–8). Novel therapeutic modalities are needed to stimu-
late effective and durable antitumor immunity for patients 
with PD-(L)1–refractory disease. One potential strategy is to 
develop regimens targeting complementary immunoregula-
tory pathways able to enhance efficacious immune responses 
against tumors (9).

The TNF receptor superfamily member 9 (CD137 or 4-1BB) 
is an inducible T-cell costimulatory receptor expressed on the 
surface of activated CD4+ and CD8+ T cells and activated 
natural killer (NK) cells (9–11). Costimulation of 4-1BB has 
the potential to complement and enhance antitumor activ-
ity of PD-1/PD-L1 blockade by improving functionality and 
survival of chronically stimulated CD8+ T cells in the tumor 
microenvironment (TME; refs. 12, 13) and expanding T-cell 
clonality (14) and the overall prevalence of T cells (15). Tumor 
antigen–specific T cells express PD-1 and 4-1BB, providing a 
further rationale for cotargeting these pathways to expand 
tumor-specific T-cell responses (16, 17).

Agonistic 4-1BB mAbs were validated as promising cancer 
immunotherapies in preclinical and early clinical studies 
(9, 18). However, despite promising initial efficacy signals, 
further clinical development was hindered by a limited thera-
peutic window (9, 19). Urelumab, a strongly agonistic 4-1BB 
mAb, demonstrated promising antitumor activity in phase 
I/II trials, but further development as a monotherapy was 
hampered by dose-limiting hepatotoxicity characterized by 
elevations in serum transaminase levels (20–22). By contrast, 
utomilumab, a weak 4-1BB agonistic mAb, demonstrated 
better hepatic safety but limited antitumor activity as mono-
therapy (23). Combination approaches and next-generation 
agents are being developed with the goal of broadening the 
therapeutic window of 4-1BB–targeting agents (18).

Bispecific antibody (bsAb) technologies provide opportuni-
ties to generate immunotherapy agents with superior or novel 
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properties beyond those of the respective individual mAbs or 
their mixtures. DuoBody-PD-L1×4-1BB (GEN1046), a bsAb 
targeting PD-L1 and 4-1BB, is a next-generation checkpoint 
immunotherapy designed to enhance T-cell and NK-cell func-
tion through conditional 4-1BB stimulation while consti-
tutively blocking the PD-1/PD-L1 inhibitory axis. Herein 
we describe the generation and preclinical characterization 
of GEN1046 and results from the ongoing first-in-human 
study evaluating GEN1046 in heavily pretreated patients 
with advanced solid tumors.

RESULTS
Generation of GEN1046 and Target-Binding 
Characteristics

GEN1046 is a full-length IgG1 PD-L1×4-1BB bsAb created 
via Fab-arm exchange of monoclonal fully human PD-L1 and 
humanized 4-1BB antibodies using the DuoBody technology 
platform (Supplementary Fig.  S1A), which generates stable 
antibodies that retain native IgG structure and pharma-
cokinetics (24, 25). The parental PD-L1– and 4-1BB–specific 
antibodies for GEN1046 were selected based on their biologi-
cal activity in the bispecific format in vitro. Binding of IgG to 
Fcγ  receptors and complement C1q was abrogated to avoid 
4-1BB clustering on the plasma membrane and activation 
through Fcγ receptor–mediated cross-linking of target-bound 
antibody (Supplementary Fig. S1B). The PD-L1– and 4-1BB–
specific Fab arms of GEN1046 bound to its targets with 
affinities in the subnanomolar range (KD PD-L1: 0.16 nmol/L, 
4-1BB: 0.15 nmol/L) determined by biolayer interferometry, 
showed dose-dependent binding to primary human PD-L1+ 
or 4-1BB+ cells and blocked binding of 4-1BB to its natural 
ligand, TNF superfamily member 9 (4-1BBL; Supplementary 
Fig. S1C–S1E).

GEN1046 Promotes Interactions between 
Dendritic Cells and T Cells and Enhances 
T-cell Activation

Analyses of cell–cell interactions by flow cytometry demon-
strated that GEN1046 simultaneously binds to PD-L1– and 
4-1BB–expressing cells over a broad range of concentrations, 

with maximal performance between 0.01 and 1 µg/mL, as 
compared with a combination of monovalent-control bsAbs 
(Supplementary Fig.  S2A). Fluorescence microscopy stud-
ies showed that GEN1046 increased the number of T-cell 
contacts per dendritic cell (DC; Fig.  1A). Furthermore, live-
cell imaging demonstrated that GEN1046 significantly 
prolonged the duration of DC/T-cell engagement (Fig.  1B). 
GEN1046 colocalized with integrin subunit α L (LFA1; Sup-
plementary Fig.  S2B and S2C), a marker of immunologic 
synapses between T cells and antigen-presenting cells (26). 
In a cell-based reporter assay for 4-1BB activation using Jur-
kat cells stably transfected with NFκB inducible luciferase 
and 4-1BB, GEN1046 activated 4-1BB signaling upon cocul-
ture with PD-L1–expressing cells, whereas 4-1BB signaling 
was not observed in the absence of PD-L1–expressing cells 
(Fig.  1C). Similarly, the 4-1BB–binding monovalent-control 
bsAb did not induce 4-1BB signaling, indicating that the 
4-1BB agonist activity of GEN1046 was strictly conditional 
(i.e., dependent on cross-linking to PD-L1+ cells). By blocking 
the PD-1/PD-L1 interaction, GEN1046 reversed inhibition 
of T-cell receptor (TCR) signaling in a cell-based reporter 
assay for inhibition of the PD-1/PD-L1 pathway (Fig.  1D). 
Maximal blocking activity was comparable with bivalent 
monoclonal PD-L1–blocking antibodies, but it was reached 
at slightly higher concentrations of GEN1046 than the refer-
ence PD-(L)1–blocking antibodies. GEN1046 also blocked 
the PD-1/PD-L1 axis in the absence of 4-1BB binding, show-
ing that the PD-L1–specific Fab arm of GEN1046 also func-
tions as a classic immune CPI.

T-cell proliferation was analyzed in anti-CD3–stimulated 
peripheral blood mononuclear cells (PBMC; polyclonal assay) 
or cocultures of autologous PD-L1+ immature DCs (iDC) 
engineered to express claudin 6 (CLDN6) and CLDN6-TCR+ 
CD8+ T cells (antigen-specific assay). GEN1046 significantly 
enhanced the proliferation of activated CD8+ T cells in poly-
clonal (Fig. 1E) and antigen-specific settings (Fig. 1F). Simi-
larly, GEN1046 conditionally enhanced the proliferation of 
anti-CD3–stimulated CD4+ T cells from the same donors, 
although to a lesser extent compared with CD8+ T cells (Sup-
plementary Fig.  S2D). Importantly, GEN1046 specifically 
induced proliferation in activated T cells, as no effect on the 

Figure 1.  GEN1046 induces dose-dependent, conditional T-cell proliferation and cytokine production and enhances antigen-specific T-cell–mediated 
cytotoxicity in vitro. A and B, Activated T cells were cocultured with autologous iDCs in the presence of GEN1046 or control antibodies (0.125 µg/mL),  
and T-cell/iDC clusters were visualized over time by live-cell imaging. Quantification of the number of T cells in contact with a given DC on average (A), or 
over time (B; left), as well as the duration of these DC/T-cell clusters (B; right) is shown. ****, P < 0.0001; ns, not significant; Mann–Whitney U test. C, Induc-
tion of 4-1BB signaling by GEN1046 or control antibodies was assessed using a 4-1BB reporter assay. D, Blockade of the PD-1/PD-L1 interaction by 
GEN1046 or control antibodies was assessed using a PD-1/PD-L1 blockade bioassay. E, CFSE-labeled human PBMCs were stimulated with anti-CD3 (0.1 
µg/mL) and incubated with GEN1046 or control antibodies (0.2 µg/mL) for 4 days. CFSE dilution in CD8+ T cells was analyzed by flow cytometry, and the 
expansion index was calculated. Data shown are the fold change in expansion index of treatment groups, relative to untreated cells of individual donors, as 
well as mean ± standard deviation (n = 11). ****, P < 0.0001; **, P < 0.01; *, P < 0.05, Friedman test with Dunn multiple comparisons test. F, CD8+ T cells were 
electroporated with RNA encoding a CLDN6-specific TCR and PD-1, labeled with CFSE, and cocultured with autologous DCs electroporated with CLDN6-
encoding RNA in the presence of GEN1046 or control antibodies (0.2 µg/mL) for 4 days. Proliferation was measured by CFSE dilution as described in E.  
****, P < 0.0001, Friedman test with Dunn multiple comparisons test. G, IFNγ concentrations in supernatant taken after 48 hours from cultures as described in 
F. Data shown are mean concentration ± standard deviation of triplicate wells from one representative donor (n = 3 donors). H–K, CD8+ T cells were electropo-
rated with RNA encoding a CLDN6-specific TCR and were preactivated for 24 hours in coculture with CLDN6-expressing MDA-MB-231 cells (MDA-MB-231 
hCLDN6) to induce 4-1BB expression. Subsequently, the preactivated CD8+ T cells were transferred to cocultures with previously seeded MDA-MB-231 
hCLDN6 tumor cells (hCLDN6+ PD-L1+) in the presence of GEN1046 or control antibodies (0.2 µg/mL). H–I, After 48 hours, expression of cytotoxic mediator 
GZMB and degranulation marker CD107a by the CD8+ T cells was assessed; pooled data from four experiments (n = 3–12) are depicted. MFIs are expressed 
as relative values compared with the isotype control condition. J, Cytotoxicity of the CD8+ T cells toward MDA-MB-231 CLDN6 cells was monitored by elec-
trical impedance measurement over 5 days using the xCELLigence real-time cell analysis. Representative data (mean ± standard deviation of triplicate wells) 
from cocultures derived from one individual donor are shown (n = 12). Data were normalized to the time point of coculture start and expressed relative to 
tumor-cell cultures without T cells (without T cells set to 100%). K, AUC (total area) analysis of cytotoxicity data (n = 11–12). ****, P < 0.0001; ***, P < 0.001; 
**, P < 0.01; *, P < 0.05, mixed-effect analysis with Dunnett multiple comparisons test. MFI, median fluorescence intensity; ns, not significant.
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proliferation of CD8+ or CD4+ T cells was observed in the 
absence of CD3 or TCR stimulation (Supplementary Fig. S2E 
and S2F). CD8+ T-cell proliferation induced by GEN1046 
was dose-dependent, with half-maximal effective concen-
tration values in the picomolar range for the polyclonal 
(39 ± 10 pmol/L) and antigen-specific (15 ± 2 pmol/L; Sup-
plementary Fig. S2G and S2H) assays. GEN1046 strongly and 
dose dependently enhanced production of proinflammatory 
cytokines, most prominently IFNγ, in antigen-specific in vitro 
assays (Fig.  1G; Supplementary Fig.  S2I). In these primary 
T-cell assays, GEN1046-induced increases in T-cell prolifera-
tion and cytokine secretion superior to PD-L1 blockade alone 
and the combination of PD-L1–targeting and 4-1BB–target-
ing antibodies, indicating that full T-cell stimulation induced 
by GEN1046 was conditional (i.e., dependent) on simultane-
ous binding to PD-L1 and 4-1BB.

GEN1046 Induces T-cell–Mediated  
Cytotoxicity of PD-L1+ Tumor Cells

We evaluated the capacity of GEN1046 to enhance T-cell–
mediated cytotoxicity of PD-L1–expressing tumor cells 
by coculturing CLDN6-TCR+ CD8+ T cells (preactivated 
to induce 4-1BB expression) with CLDN6+ PD-L1+ MDA-
MB-231 target cells in the presence of GEN1046 or clini-
cal-grade PD-(L)1–blocking agents. GEN1046 significantly 
increased the frequency of granzyme B (GZMB)+ lysosomal 
associated membrane protein 1 (CD107a)+ CD8+ T cells 
(Fig.  1H) and cellular expression of CD107a and GZMB 
(Fig.  1I), which was dependent on conditional 4-1BB ago-
nist activity. In addition, GEN1046 significantly enhanced 
CLDN6-TCR+ T-cell–mediated cytotoxicity of MDA-MB-231 
tumor cells more efficiently than atezolizumab or combina-
tions of monovalent bsAb controls (Fig. 1J and K).

GEN1046 Exhibits Antitumor Activity In Vivo
Antitumor activity was evaluated in double knock-in (dKI) 

transgenic C57BL/6 mice engineered with human PD-L1 
(hPD-L1) and a 4-1BB extracellular domain that were sub-
cutaneously engrafted with MC38 tumor cells transfected 
with hPD-L1 (MC38-hPD-L1) to establish tumors (Fig.  2A). 
GEN1046 (5 mg/kg) twice weekly for three cycles induced com-
plete tumor regression in all animals and significantly increased 
progression-free survival (defined as tumor size <500 mm3) ver-
sus controls (Fig. 2B and C). Six of nine animals with complete 
regression showed no tumor outgrowth upon rechallenge with 

MC38-hPD-L1 tumors, suggesting that GEN1046-treated ani-
mals had developed immunologic memory (Fig. 2D).

To further characterize the antitumor immune response 
in vivo, we performed immunophenotyping of tumors and 
spleens resected from MC38-hPD-L1 or MC38-wild-type 
(WT) tumor–bearing hPD-L1/h4-1BB dKI mice treated with 
GEN1046, a durvalumab analogue, or an isotype control 
antibody (5 mg/kg) twice weekly for one cycle (Fig.  2E). 
GEN1046 induced an increase in CD3+ T cells infiltrating 
within MC38-hPD-L1 tumors, the majority of which were 
CD8+, whereas the durvalumab analogue did not induce 
any changes in these T-cell subsets (Fig.  2F). In the spleen, 
GEN1046 induced significant increases in the percentages 
of CD3+ and CD8+ cells, whereas the percentage of overall 
CD4+ T cells remained unchanged (Fig.  2G). Furthermore, 
GEN1046 induced significant increases in the percentages of 
central memory and PD-1+ CD8+ and CD4+ T cells and tumor-
specific CD8+ T cells compared with the isotype control and 
the durvalumab analogue (Fig.  2H). Whereas intratumoral 
FoxP3+ cells remained unchanged (Fig. 2F), GEN1046 signifi-
cantly increased the percentage of FoxP3+ CD4+ regulatory T 
cells in spleen (Fig. 2G). The biological activity of GEN1046 
on T cells was reflected by increases in IFNγ, TNFα, IL2, and 
CXCL10 in peripheral blood in MC38-hPD-L1 and MC38-
WT tumor–bearing mice (Fig. 2I). The animals did not show 
any abnormal behavior or body weight loss during the study.

GEN1046 Enhances Expansion of Tumor-Reactive, 
Tumor-Infiltrating Lymphocytes Ex Vivo

We evaluated whether GEN1046 could improve expan-
sion of tumor-infiltrating lymphocytes (TIL) in tumor speci-
mens obtained from patients with non–small-cell lung cancer 
(NSCLC). In all three NSCLC specimens evaluated, GEN1046 
increased TIL expansion versus atezolizumab in the presence 
of low-dose IL2 (Fig. 3A). CD8+ T-cell expansion increased in 
two specimens in which a proportion of CD8+ T cells expressed 
4-1BB at baseline (patients 1 and 2), but not in a specimen with 
negligible baseline 4-1BB expression on CD8+ T cells (patient 3). 
Sequencing of the TCR β  locus showed specific expansion of 
T-cell clonotypes in GEN1046-treated TIL cultures (Fig.  3B). 
Restimulation of expanded TILs with autologous tumor 
cells revealed that GEN1046-expanded CD8+ TILs contained 
greater proportions of cells that upregulated 4-1BB and IFNγ/
CD107a upon restimulation compared with atezolizumab and 
IL2 alone, which was dependent on MHC I (Fig. 3C).

Figure 2.  GEN1046 therapeutic efficacy and antitumor immune responses in MC38-hPD-L1 tumor–bearing hPD-L1/h4-1BB dKI mice. A, MC38-hPD-L1 
cells (1 × 106 tumor cells) were injected s.c. in the right flank of hPD-L1/h4-1BB dKI mice. After tumor establishment (average tumor volume, ∼80 mm3), 
mice were randomized and treated with GEN1046 or isotype control antibody (each 5 mg/kg intravenous) at the indicated time points (n = 9 per group).  
B, Tumor growth of individual mice in each group, with CR defined as number of animals with CR. C, Progression-free survival, defined as the percentage 
of mice with tumor volume smaller than 500 mm3, is shown as a Kaplan–Meier curve. Mantel–Cox analysis was used to compare survival between treat-
ment groups. ****, P < 0.0001. D, Mice with CR after treatment with GEN1046 (shown in B) were rechallenged by s.c. injection of 1 × 106 MC38-hPD-L1 
tumor cells in the left flank on day 164. As a control group, a second cohort of naïve dKI animals was inoculated with 1 × 106 MC38-hPD-L1 tumor cells. 
Tumor growth of individual mice in each group is shown. E–I, MC38-hPD-L1 or MC38-WT cells (1 × 106 tumor cells) were injected s.c. in the right flank of 
hPD-L1/h4-1BB dKI mice. After tumor establishment (mean tumor volume, ∼75 mm3), mice were randomized and treated with GEN1046, a durvalumab 
analogue, or isotype control antibody (all 5 mg/kg intravenous) at the indicated time points. The mice were sacrificed 2 days after the last treatment 
(n = 5 per treatment group), and the tumors and spleens were excised. F, Sections of resected tumors (4 µm) were stained using anti-CD3, anti-CD8, or 
anti-FoxP3 antibodies by IHC. The number of positive cells was quantified per mm2. Mann–Whitney U statistical analysis was performed to compare the 
number of cellular subsets between treatment groups in MC38-hPD-L1 or MC38-WT tumor–bearing mice. *, P < 0.05. G and H, Flow cytometry analysis of 
dissociated splenocytes. Data from individual mice are shown as well as group mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, Wilcoxon rank sum test. 
I, Peripheral blood samples were taken 1 day before treatment (d−1) and 2 days after each treatment. Cytokine analysis was performed by electrochemi-
luminescence immunoassay. s.c., subcutaneous; Treg, regulatory T cell.
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Figure 3.  GEN1046 promotes TIL expansion from patient-derived tumor tissue. Tumor tissues resected from patients with NSCLC were cut into 
pieces of 1 to 2 mm3 and cultured in the presence of IL2 (10–50 U/mL) and GEN1046 (or a GEN1046 surrogate comprising the PD-L1–specific Fab arm of 
GEN1046 and a nonhumanized variant of the 4-1BB–specific Fab arm or atezolizumab (0.2 µg/mL), or with IL2 only for 14–17 days. A, Cell numbers  
after expansion were determined by flow cytometry, and total TILs, CD8+ T cells, CD4+ T cells, and NK cells are shown for three patients. Tumor PD-L1 
expression and 4-1BB expression by CD8+ T cells in the specimen at baseline are indicated. B, TCR repertoire analysis was performed by TRB RNA 
sequencing of the expanded TILs and the tumor fragments. Cumulative frequency of shared clonotypes, the 20 most abundant clonotypes in the 
GEN1046 surrogate–treated cultures, is shown. C, TILs expanded as in A were restimulated with enzymatically digested autologous tumor (TC) in the 
presence or absence of an MHC I–blocking antibody. Expression of 4-1BB and intracellular expression of IFNγ and CD107a in CD8+ T cells were analyzed 
by flow cytometry.
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GEN1046 was well tolerated in cynomolgus monkeys at 
dose levels up to 30 mg/kg [once every 3 weeks (Q3W) for 
two 21-day cycles] in a pivotal good laboratory practice toxic-
ity study. The binding affinities of GEN1046 to recombinant 
cynomolgus monkey PD-L1 and 4-1BB were in the subnano-
molar range (KD PD-L1: 0.27 nmol/L; 4-1BB: 0.25 nmol/L), 
similar to its affinities for human PD-L1 and 4-1BB. No 
GEN1046-related changes in aspartate transaminase (AST) 
or alanine transaminase (ALT) levels were observed (Supple-
mentary Table S1).

The pharmacodynamic effects, antitumor activity, and 
safety profile observed in the preclinical setting demonstrated 
the therapeutic potential of GEN1046, thus supporting the 
initiation of a first-in-human, phase I study in patients with 
advanced solid tumors.

First-in-Human Study Demonstrates 
Pharmacokinetic/Pharmacodynamic Profile 
Supportive of Mechanism of Action

Sixty-one patients with advanced solid tumors were 
enrolled in the dose-escalation part of the phase I/IIa trial 
(NCT03917381) and received GEN1046 at nine escalating 
dose levels (25–1,200 mg Q3W). The most common tumor 
types were colorectal (19.7%; n = 12), ovarian (14.8%; n = 9), 
pancreatic (9.8%; n  =  6), and lung (NSCLC: 9.8%; n  =  6; 
Table  1). Patients were heavily pretreated, having received 
a median (range) of three (1–11) previous anticancer treat-
ments. Best response to last prior systemic anticancer treat-
ment was progressive disease (PD) in 24 (39.3%) patients. 
Twenty-three (37.7%) patients had previously received a 
PD-(L)1 inhibitor; among these patients, eight (34.8%) had 
best response of PD on last prior PD-(L)1 inhibitor.

The pharmacokinetics of GEN1046 evaluated in all 61 
patients indicated peak concentrations shortly after the end 
of infusion, with no significant accumulation at doses lower 

than 200 mg Q3W. The mean terminal half-life after the first 
dose appeared to range from 2.3 to 10.3 days across doses 
(Fig. 4A).

Consistent with the present study’s preclinical data, treat-
ment with GEN1046 significantly increased levels of periph-
eral blood pharmacodynamic markers associated with its 
proposed mechanism of action in patients, including IFNγ, 
CXCL10, proliferating (Ki-67+) total and effector memory 
CD8+ T-cell counts (Fig.  4B and C), and activated NK-cell 
counts (HLA-DR+ total NK cells, CD56dim, and 4-1BB+ CD56+ 
total and CD56dim NK cells; Fig.  4C). Lower dose levels 
(≤200 mg) were associated with greater increases in periph-
eral immune modulation than higher dose levels (≥400 mg), 
concordant with the bell-shaped response curve characteristic 
of trimer-forming bsAbs, because monovalent saturation of 
the targets precludes cross-linking in conditions of agent 
excess (27).

GEN1046 Demonstrates Manageable Safety 
Profile with Early Evidence of Antitumor Activity

GEN1046 was generally well tolerated. Dose-limiting tox-
icities (DLT) occurred in six (9.8%) patients (25 mg, n = 1; 80 
mg, n = 1; 140 mg, n = 2; 200 mg, n = 1; 800 mg, n = 1) and 
included grade 4 febrile neutropenia (n = 2), grade 3 immune-
mediated nephritis (n = 1), grade 3 ALT increase (n = 1), grade 
3 AST/ALT increase (n = 1), and grade 3 transaminase eleva-
tion (n  =  1; Supplementary Table  S2). Both cases of febrile 
neutropenia were managed with granulocyte colony-stimu-
lating factor, and neither event recurred upon reexposure to 
GEN1046. All DLTs resolved without sequelae. The MTD was 
not reached.

To help identify the expansion dose, a semimechanistic, 
physiologically based pharmacokinetic/pharmacodynamic 
model that incorporated dynamic simultaneous binding of 
GEN1046 to PD-L1 and 4-1BB in tumors and lymph nodes 

Table 1. Characteristics of patients treated with GEN1046

Characteristic Patients (N = 61)a

Age, median (range), y 59 (23–79)
Female 28 (45.9)
Cancer type, nb

 Colorectal 12 (19.7)
 Ovarian 9 (14.8)
 Pancreatic 6 (9.8)
 NSCLC 6 (9.8)
 Other 28 (45.9)
ECOG PS
 0 34 (55.7)
 1 27 (44.3)
Median prior regimens, n (range) 3 (1–11)
Prior treatment with a PD-(L)1 inhibitor 23 (37.7)

NOTE: Values are number (%) of patients unless specified otherwise.
Abbreviation: ECOG PS, Eastern Cooperative Oncology Group performance status.
aNumbers of patients assigned to each GEN1046 dose group were as follows: 25 mg, n = 4; 50 mg, n = 5; 80 mg, 
n = 9; 100 mg, n = 6; 140 mg, n = 6; 200 mg, n = 9; 400 mg, n = 9; 800 mg, n = 9; 1,200 mg, n = 4.
bTumor types occurring in <5 patients are categorized as “other.”

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/5/1248/3117241/1248.pdf by guest on 11 July 2022



Muik et al.RESEARCH ARTICLE

1256 | CANCER DISCOVERY MAY  2022 AACRJournals.org

was used to evaluate two key surrogates of efficacy: receptor 
occupancy of PD-L1 in tumors and trimer formation between 
GEN1046, tumor cells expressing PD-L1, and immune cells 
expressing 4-1BB (28). This integrated model predicted a 
bell-shaped curve for average trimer formation that peaked 
near 100 mg Q3W, with doses greater than 100 mg Q3W 
resulting in reduced mean trimer levels. This was consistent 
with observed pharmacodynamic data, which showed greater 
immune effects at dose levels of 200 mg or lower.

Treatment-related adverse events (AE) occurred in 43 
(70.5%) patients. The most common treatment-related AEs 
were transaminase elevations, hypothyroidism, and fatigue 
(Table  2). Most treatment-related AEs were grade 1–2; 17 
(27.9%) patients had at least one treatment-related grade 
3–4 AE. Treatment-related grade 3 transaminase elevations 
occurred in six (9.8%) patients; no grade 4–5 transaminase ele-
vations occurred. Transaminase increases rapidly improved 
with corticosteroid administration. No treatment-related AEs 

of increased bilirubin were reported. Except for one grade 4 
event, all occurrences of treatment-related hypothyroidism 
were grade 1–2. Treatment-emergent AEs (TEAE) are reported 
in Supplementary Table S3. Six (9.8%) patients discontinued 
treatment due to TEAEs (Supplementary Table  S4), three 
of whom discontinued treatment due to grade 3 transami-
nase elevations (elevated ALT/AST and hepatotoxicity in one 
patient, elevated ALT/AST in one patient, and elevated ALT 
alone in one patient).

At the time of data cutoff (February 12, 2021), four (6.6%) 
of 61 patients remained on treatment (Supplementary 
Table S4). With a median (range) follow-up of 9.4 (0.3–20.0) 
months, disease control [defined as stable disease (SD) or 
better per Response Evaluation Criteria in Solid Tumors 
(RECIST) version 1.1; ref.  29) occurred in 40 of 61 patients 
(65.6%; 95% confidence interval, 52.3–77.3; Fig.  5A). Four 
patients achieved a partial response (PR), including con-
firmed PR in one patient with triple-negative breast cancer 

Figure 4.  Pharmacokinetics and pharmacodynamics of GEN1046 in patients with advanced solid tumors. A, Mean plasma concentration of GEN1046 
during the first two dosing cycles with administration Q3W. B and C, Maximal fold change from baseline in pharmacodynamic markers measured in periph-
eral blood during cycle 1 in patients receiving low (≤200 mg) and high (≥400 mg) doses of GEN1046. P values from the Wilcoxon–Mann–Whitney test. 
LLOQ, lower limit of quantification.
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(100-mg dose level) and confirmed PR in one patient with 
ovarian cancer (80 mg), neither of whom had received prior 
anti–PD-(L)1 therapy. Unconfirmed PRs (uPR) were reported 
in two patients with NSCLC (80 and 200 mg), both of whom 
had previously progressed on anti−PD-(L)1 therapy. Thirty-
six (59.0%) patients had SD as best response, all of whom had 
SD at first response assessment at week 6 (± 1 week; Supple-
mentary Fig. S3).

Among the six patients with NSCLC (GEN1046 dose levels: 
50–400 mg), two patients (80 and 200 mg) achieved uPR, two 
(80 and 140 mg) had SD, and two (50 and 400 mg) experi-
enced PD. All six patients had previously been treated with a 
CPI. Best response to previous CPI treatment was PD (n = 3), 
SD (n = 1), PR (n = 1), and complete response (CR; n = 1), with 
a range of 43 to 1,486 days since last CPI treatment. Based 
on evidence from the pharmacokinetic/pharmacodynamic 
model and observed clinical safety, efficacy, and pharmacody-
namic data from the dose-escalation study, 100 mg Q3W was 
chosen as the expansion dose of GEN1046.

Representative computed tomography (CT) scans of the 
patient with NSCLC who had an uPR are presented in 
Fig.  5B. This patient was a 67-year-old man with stage IV 
KRAS+ adenocarcinoma who had received five prior lines of 
therapy in the metastatic setting. His most recent prior treat-
ment had been bevacizumab in combination with an investi-
gational drug, which led to best response of SD. The patient 
began receiving GEN1046 200 mg Q3W approximately 2 
months following last therapy and experienced PR at week 
11, with further reduction in target lesion size measured 
at week 18 despite detection of a new brain lesion at week 
14. Due to the good systemic disease control and clinical 
benefit experienced by the patient, GEN1046 was contin-
ued beyond progression until week 31, when the patient 
again experienced progression (target lesion in the lung) and 
discontinued treatment.

Representative CT scans of the patient with ovarian can-
cer who had a confirmed PR are presented in Fig.  5C. This 
55-year-old woman with stage IV granulose ovarian cancer 
with no known driver mutations had received five prior lines 

of therapy in the metastatic setting, most recently bevaci-
zumab, which led to a best response of PD. The patient began 
GEN1046 (80 mg Q3W) approximately 16 months following 
last therapy and achieved PR at week 19, which was main-
tained until week 60 (when SD was observed). The patient 
remains on treatment, having received 30 cycles of GEN1046 
as of August 2021.

Exploratory pharmacodynamic analyses of these two 
case studies showed induction of peripheral IFNγ  and IFN-
responsive chemokines (CXCL9–11) and increases in prolif-
erating total and PD-1+ CD8+ effector memory T-cell counts 
following the first dose of GEN1046 (Fig. 5D and E). Based 
on analyses of biopsy samples acquired before treatment with 
GEN1046, the PD-L1 tumor proportion scores (TPS) were 1% 
in the patient with NSCLC and 0.5% in the patient with ovar-
ian cancer; the PD-L1 combined positive scores (CPS) were 5 
and 12; 4-1BB was expressed in 147 and 26 cells/mm2; and the 
densities of CD8+ T cells in the TME were 385 and 518 cells/
mm2, respectively (Supplementary Fig. S4A and S4B). Among 
52 patients with evaluable tumor biopsy samples, 84.6% 
harbored PD-L1− tumors per TPS (n/N = 44/52), and 50.0% 
of those patients were also PD-L1− per CPS (n/N  =  22/44). 
The median PD-L1 TPS and CPS were 0% and 1, respectively, 
and the 4-1BB and CD8 median values were 23 and 120 
cells/mm2, respectively.

DISCUSSION
Using bsAbs to target a combination of immunologic 

pathways provides a promising approach to improve the clin-
ical benefit of PD-1/PD-L1 blockade. GEN1046 is an investi-
gational first-in-class, bispecific immunotherapy designed to 
enhance anti–PD-L1–mediated antitumor activity by further 
reinvigorating the immune response via conditional agonist 
4-1BB activation. The preclinical studies described here clearly 
demonstrate that GEN1046 exhibits conditional 4-1BB ago-
nist activity dependent on cross-linking with PD-L1 while 
retaining the ability to block PD-L1/PD-1 independently 
of 4-1BB binding. Through this dual mechanism of action, 

Table 2. Treatment-related AEs reported in >2 patients treated with GEN1046 (n = 61)

Event All grades Grade 1 Grade 2 Grade 3 Grade 4
Transaminase elevation 16 (26.2) 5 (8.2) 5 (8.2) 6 (9.8) 0
Hypothyroidism 12 (19.7) 2 (3.3) 9 (14.8) 0 1 (1.6)
Fatigue 8 (13.1) 5 (8.2) 2 (3.3) 1 (1.6) 0
Hyperthyroidism 5 (8.2) 4 (6.6) 1 (1.6) 0
Nausea 5 (8.2) 5 (8.2) 0 0 0
Diarrhea 4 (6.6) 3 (4.9) 1 (1.6) 0 0
Amylase increased 3 (4.9) 0 3 (4.9) 0 0
Asthenia 3 (4.9) 2 (3.3) 1 (1.6) 0 0
Blood alkaline phosphatase increased 3 (4.9) 3 (4.9) 0 0 0
Gamma-glutamyl transferase increased 3 (4.9) 0 1 (1.6) 2 (3.3) 0
Lipase increased 3 (4.9) 1 (1.6) 2 (3.3) 0 0
Neutropenia 3 (4.9) 0 0 3 (4.9) 0
Rash 3 (4.9) 3 (4.9) 0 0 0

NOTE: Values are number (%) of patients.
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Figure 5.  GEN1046 antitumor efficacy in patients with advanced solid tumors. A, Waterfall plot of best relative percent change from baseline in 
tumor size. B–E, CT over time (B and C) and plots of immunologic changes in the periphery (D and E) following the first dose of GEN1046 in a patient with 
metastatic NSCLC treated with 200 mg GEN1046 (B and D) and a patient with metastatic ovarian cancer treated with 80 mg GEN1046 (C and E). Num-
bers (percentages) below CT scans are sum of diameter of target lesion (percent change from baseline). NA, not applicable; NE, not evaluable. aArchival 
formalin-fixed paraffin-embedded block of tumor tissue obtained >5 years prior was evaluated; loss of PD-L1 immunoreactivity may have occurred.
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GEN1046 promotes and strengthens interactions between 
DCs and T cells, enhances activation, proliferation, and effec-
tor functions of human T cells in vitro, promotes expansion 
of tumor-reactive TILs ex vivo, and induces antitumor activity 
in tumor-bearing mice in vivo.

Within the TME, 4-1BB is expressed by a subset of tumor-
infiltrating CD8+ T cells characterized by coexpression of 
multiple TCR-inducible molecules, including high levels of 
PD-1 (16, 30). The TCR repertoire analyses suggested that 
4-1BB+ intratumoral CD8+ T cells are enriched for tumor 
antigen–specific T cells, as confirmed by functional assays 
showing that 4-1BB+ CD8+ TILs exhibit autologous tumor-
cell reactivity (12, 16, 17). This aligns with the observation 
that a high frequency of intratumoral PD-1+ 4-1BB+ CD8+ 
T cells positively correlates with clinical response to pem-
brolizumab (31). PD-L1 expression is upregulated by tumor 
cells and tumor-infiltrating myeloid cells (32) or DCs (33), 
providing a potential source of PD-L1 required for GEN1046 
conditional stimulation of 4-1BB. GEN1046 enhanced 
expansion of TILs from patient-derived PD-L1+ tumor tis-
sue, and the level of 4-1BB expression on CD8+ T cells before 
culture with GEN1046 was associated with expansion of 
this subpopulation in TILs. Previous studies have shown 
preferential augmentation of cytotoxicity by intratumoral 
4-1BB–expressing tissue-resident CD8+ T cells expressing 
CD103 upon treatment with a combination of anti–PD-L1 
and anti–4-1BB mAbs (34, 35). Our data suggest that target 
cross-linking may directly mediate antigen-specific T-cell–
mediated cytotoxicity of PD-L1+ tumor cells. Furthermore, 
expression of PD-1 and 4-1BB on CD4+ and CD8+ T cells 
and PD-L1 on DCs has been reported in the tumor-draining 
lymph nodes from patients (36), suggesting that GEN1046 
may further boost tumor-specific T-cell activation in tumor-
draining lymph nodes.

GEN1046-mediated T-cell stimulation was consistently 
superior to PD-1/PD-L1 blockade alone across a variety of 
in vitro assays, suggesting that dual targeting of 4-1BB and 
PD-L1 may improve antitumor activity in vivo. These findings 
align with previously published data on PD-L1×4-1BB bsAbs 
(37–41). Here we showed that GEN1046 induced potent 
antitumor activity in MC38-hPD-L1 tumor–bearing mice 
and conferred protection against secondary tumor challenge. 
GEN1046 significantly enhanced intratumoral CD8+ T-cell 
counts in MC38-hPD-L1 tumor–bearing mice, a finding that 
can be attributed to the combination of PD-L1 blockade 
with 4-1BB agonist activity, as PD-L1 blockade alone with 
a durvalumab analogue had no such effect. The knock-in 
mouse model represents the closest possible approach to clin-
ical reality. Although hPD-L1 expression within the tumor 
was required for intratumoral CD8+ T-cell accumulation, 
GEN1046 treatment also increased the frequencies of splenic 
tumor-specific and memory phenotype T cells and proinflam-
matory and T-cell chemoattractant cytokines in MC38-WT 
tumor–bearing mice, suggesting that GEN1046 may leverage 
lymphoid tissue-resident PD-L1–expressing cells to costimu-
late T cells.

The mechanism of action of GEN1046 is supported by the 
peripheral pharmacodynamic changes observed in patients in 
the phase I trial. Consistent with preclinical data, treatment 
with GEN1046 significantly increased levels of biomarkers 

such as IFNγ, CXCL10, and proliferating (Ki-67+) total and 
effector memory CD8+ T-cell counts. Elevations in Ki-67+ 
CD8+ T cells and other biomarkers have been correlated with 
improved clinical response to PD-(L)1–targeted mAbs (42–44). 
The magnitude of enhancements in T-cell and NK-cell function 
was generally greater than that observed with PD-(L)1– and 
4-1BB–targeted mAbs alone (23, 43–45). With utomilumab, a 
weak 4-1BB agonist, T-cell and NK-cell elevations did not sig-
nificantly increase with dose (23). Although urelumab induced 
expression of a range of IFN-induced cytokines in patients 
with cancer (22), most increases were of a substantially lower 
magnitude than those observed with GEN1046 in this study 
and had different kinetics (22). These observations suggest an 
enhanced immune response with GEN1046 compared with 
PD-(L)1– and 4-1BB–targeted agents individually.

GEN1046 showed a manageable safety profile in the 
dose-escalation study in 61 heavily pretreated patients with 
advanced solid tumors. Febrile neutropenia, which was 
observed as a DLT in two of six patients with DLTs, had 
been previously reported in patients treated with urelumab 
(22). Neutropenia could be related to the fact that neutro-
phils reportedly express CD137 (46) and to inflammatory 
cytokines mediating myelosuppression (47). Most treatment-
related AEs with GEN1046 were grade 1–2 regardless of dose 
increases. Treatment-related grade 3 transaminase elevations 
occurred in 9.8% of patients and were managed with cortico-
steroid treatment. No treatment-related increases in bilirubin 
or grade 4 increases in liver transaminases were reported 
in this series of patients, and no treatment-related deaths 
occurred. Three (4.9%) patients discontinued GEN1046 due 
to transaminase elevations. This safety profile compares 
favorably with that of urelumab, which was associated with 
higher rates of grade 3–4 treatment-related transaminase 
elevations (13.5%–16.6%), discontinuations due to treatment-
related AEs (16%), and two cases of fatal hepatotoxicity at 
doses associated with antitumor activity (≥1 mg/kg; ref. 22). 
The comparatively favorable safety profile of GEN1046 may 
be mediated by the conditional nature of its 4-1BB agonist 
activity, which likely limits widespread T-cell–mediated cyto-
toxicity by requiring engagement of PD-L1 before 4-1BB, 
rather than allowing activation of 4-1BB alone. We have 
observed that parental anti–4-1BB mouse mAb in a bivalent 
format induced elevated transaminase levels and increased 
intrahepatic CD8+ T-cell numbers in a manner that was fur-
ther aggravated by combination treatment with a PD-L1 mAb 
(48). By contrast, animals treated with a mouse PD-L1×4-1BB 
bsAb did not manifest signs of hepatic inflammation, such 
as elevated serum transaminase activity levels or CD8+ T-cell 
infiltration of the liver, at dose levels that provided effective 
antitumor activity in vivo. Given the overlap of AEs (hepato-
toxicity and neutropenia) with GEN1046 and other cancer 
agents, careful safety monitoring in future combination stud-
ies will be needed.

In this population of patients with advanced disease who 
had received multiple prior lines of therapy, GEN1046 dem-
onstrated encouraging single-agent activity, with 65.6% of 
patients experiencing disease control, including uPRs in two 
patients with NSCLC and confirmed PRs in one patient with 
ovarian cancer and one patient with triple-negative breast 
cancer. Although a majority of outcomes to GEN1046 were 
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SD as best response, the high disease control rate suggests 
clinical significance for this population of heavily pretreated 
patients (median, three prior regimens) with limited response 
to their last line of treatment (39.3% had best response of 
PD on last treatment). Of note, patients were not preselected 
based on PD-L1 status, and a high fraction of patients had 
PD-L1− tumors (84.6% PD-L1− by TPS; 50% of those also 
PD-L1− by CPS). Clinical benefit was observed across doses 
of GEN1046 and in different tumor types, including those 
resistant to prior immunotherapy and in diseases typically 
less sensitive to CPIs, indicating that activity of GEN1046 
is at least partly related to 4-1BB costimulation enabled 
by PD-L1 blockade. Responses occurred in patients with 
NSCLC who had received prior PD-(L)1 therapy, as well as 
in a patient with triple-negative breast cancer and a patient 
with ovarian cancer, neither of whom had received prior 
anti−PD-(L)1 treatment.

The MTD for GEN1046 was not reached after evalua-
tion of dose levels up to 1,200 mg Q3W. The 100-mg Q3W 
dose level was chosen as the expansion dose for GEN1046 
because this regimen was predicted to balance optimal levels 
of GEN1046:PD-L1:4-1BB trimers with PD-L1 receptor occu-
pancy in pharmacokinetic/pharmacodynamic modeling and 
was associated with a manageable safety profile and antitu-
mor activity in the phase I study.

Importantly, the complementary, bispecific action of 
GEN1046 was associated with antitumor responses in TMEs 
expressing both targets. In the presented NSCLC case study, 
the patient’s tumor profile was characterized as low PD-L1+ 
(TPS: 1%) and 4-1BB+ (147 cells/mm2). The ovarian cancer 
case exhibited PD-L1 expression (CPS: 12), with lower 4-1BB 
cell density (26 cells/mm2) and marked infiltration of CD8+ T 
cells (518 cells/mm2). Although GEN1046 may exert its activ-
ity in the TME, it is likely that immune activation also occurs 
in the tumor-draining lymph nodes, where both targets are 
expected to be present.

Based on its acceptable safety profile, GEN1046 appears to 
circumvent the key safety limitation of hepatotoxicity associ-
ated with 4-1BB mAbs. GEN1046 conferred clinical benefit 
in patients with different tumor types, including those with 
disease less sensitive to CPIs. Our preclinical and limited 
clinical experience thus far suggests that reinvigoration of 
the TME through immune modulation and mobilization of 
antitumor immunity through enhanced proliferation, acti-
vation, and effector function of T cells can be achieved to 
potentially offer an improved approach to immunotherapy. 
Although quantifiable immunologic changes were observed 
in the periphery, formal biomarker analyses are needed to 
guide accurate identification of patients most likely to derive 
clinical benefit from GEN1046. The ongoing phase II part 
of this study will provide additional efficacy and safety data, 
as well as exploratory analyses of potential biomarkers of 
response, that will help define the most suitable malignancies 
and combination strategies.

METHODS
Preclinical

Antibodies. Commercially available and research antibodies are 
listed in Supplementary Methods Tables S1 and S2. The mAbs were 

recombinantly produced in a human IgG1 backbone using previ-
ously described methods (49). The mutations L234F, L235E, and 
D265A were introduced to abrogate Fc binding to IgG Fcγ receptors 
and C1q (50). The F405L and K409R mutations were introduced to 
allow generation of bsAbs by controlled Fab-arm exchange (24, 25). 
The HIV-1 gp120-specific isotype control antibody based on IgG1-
b12 (51) was used to generate bsAbs with one nonbinding Fab arm 
(e.g., bsAb-ctrlx4-1BB). The procedure for the generation and selec-
tion of mAb-PD-L1, mAb-4-1BB, and GEN1046 is described in the 
Supplementary Methods.

Cell Lines. MDA-MB-231 cells (ATCC, HTB-26; RRID:CVCL_ 
0062) were cultured in Dulbecco-modified Eagle medium (DMEM) 
with 10% FBS. MDA-MB-231 hCLDN6 cells were generated by 
lentiviral transduction of MDA-MB-231 cells with human CLDN6. 
K562 cells (ATCC, CCL-243; RRID:CVCL_0004) were cultured in 
Iscove-modified Dulbecco medium (IMDM) with 10% FBS. K562-
h4-1BB and K562-hPD-L1 cells were generated by retroviral trans-
duction. ES-2 cells (ATCC, CRL-1978; RRID:CVCL_3509) were 
cultured in IMDM with 10% FBS. Cell lines were not passaged more 
than 20 times before use in experiments. Cell-line authentication 
and Mycoplasma testing were conducted by Eurofins PCR testing 
service. Cell culture and media buffers are listed in Supplementary 
Methods Table S3.

For initiation of the MC38 tumor model in hPD-L1/h4-1BB 
dKI mice, MC38 cells (WT or expressing hPD-L1; MC38-hPD-L1; 
developed by Nanjing Galaxy Biopharma, and licensed to Crown 
Bioscience) were cultured in DMEM supplemented with 10% 
heat-inactivated FBS and hygromycin B 50 µg/mL (Invitrogen; 
10687010; 37°C; 5% CO2). Cells were generally cultured for 2 weeks, 
passaged three to four times, and were in the exponential growth 
phase when harvested. Cell batches with greater than 95% viability 
(trypan blue staining) were injected for tumor inoculation. Cell 
line authentication was performed by single-nucleotide polymor-
phism assays, and Mycoplasma testing was conducted before bank-
ing (Crown Bioscience).

Mice and Tumor Models. C57BL/6-Cd274tm1 (hCD274) Cd137tm1 (hCD137)/
Bcgen mice engineered to express human PD-L1 and the 4-1BB extra-
cellular domain in the mouse PD-L1 and 4-1BB gene loci (hPD-L1/
h4-1BB dKI mice) were purchased from Beijing Biocytogen. The hPD-
L1 and 4-1BB extracellular domain were confirmed to be inducibly 
expressed on splenic CD8+ T cells. In all experiments, age-matched 
(9–12 weeks) female animals were used. All animal studies were 
approved by local regulatory authorities for animal welfare. All mice 
were kept in accordance with federal and state policies on animal 
research at Crown Bioscience.

Mice were subcutaneously injected in the flank with 106 MC38-
WT or MC38-hPD-L1 cells in 100-µL PBS. When tumors reached 
a mean volume of 75 to 80 mm3, mice were randomized to receive 
intravenous injection of GEN1046 5 mg/kg or control antibod-
ies in PBS. Tumor growth was evaluated twice weekly by caliper 
measurements. Resected tumors and spleens as well as peripheral 
blood samples were analyzed by IHC, flow cytometry, and cytokine 
analysis, respectively.

Cell Isolation and Enrichment. The PBMCs were isolated from 
buffy coats of healthy human blood donors (Transfusionszentrale, 
University Hospital, Mainz, Germany) by density centrifugation over 
a Ficoll–Paque gradient (VWR; 17-5446-02).

CD14+ monocytes were enriched from buffy coats by magnetic-
activated cell sorting using CD14 magnetic microbeads (Miltenyi, 
130-050-201) and an AutoMACS Pro Separator (Miltenyi, 130-092-
545). CD8+ T-cell populations were enriched from the CD14− fraction 
or whole PBMCs by magnetic-activated cell sorting using CD8 micro-
beads (Miltenyi, 130-045-201).
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Spleens were mechanically dissociated to single-cell suspension 
using a 70-µm strainer, and, after centrifugation, erythrocytes were 
lysed with RBC Lysis Buffer (BioGems; 64010-00-100).

Differentiation of iDCs. CD14+ monocytes were incubated with 
100 to 200 ng/mL granulocyte–macrophage colony-stimulating fac-
tor (BioLegend; 766106) and 50 to 200 ng/mL IL4 (BioLegend; 
766206) in DC medium (Supplementary Methods). Fresh medium 
supplemented with granulocyte–macrophage colony-stimulating fac-
tor and IL4 was supplied as appropriate. Nonadherent and adherent 
cells were harvested between days 5 and 7, pooled, and collectively 
referred to as iDCs.

Electroporation. iDCs or CD8+ T cells were suspended at 20 × 106 
or 60  ×  106 cells/mL, respectively, in X-Vivo15 medium. For each 
electroporation, a 250-µL cell suspension was transferred to elec-
troporation cuvettes (4.0-mm gap size, VWR, 732-0023) and kept at 
room temperature (iDCs) or on ice (T cells). RNA encoding CLDN6 
(0.3–3 µg) was electroporated into iDCs using an ECM 830 Electropo-
ration System (BTX, 45-0002). RNA encoding the α and β chains of 
CLDN6-TCR (10 µg each) with or without RNA encoding PD-1 (0.4–
10 µg) was electroporated into T cells using the same device. Expres-
sion of electroporated proteins was confirmed by flow cytometry.

Imaging of DC–T-cell Interaction. DCs were seeded on poly-L-
lysine (0.1 µg/mL; 2  ×  106 cells/well) coated coverslips for 4 hours, 
cocultured with CD3/CD28 bead–stimulated (Thermo Fisher Sci-
entific, 11132D) activated CD8+ T cells (4  ×  106 cells/well) in the 
presence of 0.125 to 0.25 µg/mL GEN1046 or control antibodies and 
analyzed by immunofluorescence or live-cell imaging.

Reporter Assays. The effect of GEN1046 on the functional inter-
action of PD-1 with PD-L1 was determined using the PD-1/PD-L1 
Blockade Bioassay (Promega, J1255). Briefly, CHO-K1 cells express-
ing human PD-L1 and an engineered cell-surface protein designed 
to activate TCRs in an antigen-independent manner were cocultured 
for 6 hours with Jurkat T cells expressing human PD-1 and a lucif-
erase reporter driven by a nuclear factor of activated T cells (NFAT) 
response element in the presence of GEN1046 or control antibodies. 
Luciferase reporter activity was measured by luminescence using an 
Infinite F200 Pro plate reader (Tecan Life Sciences) or a multilabel 
plate reader (EnVision, PerkinElmer). 4-1BB agonist activity was 
evaluated using human 4-1BB effector cells (T&U GloResponse 
NFκB-luc2/4-1BB Jurkat cells; Promega, CS196003) and the BioGlo 
Luciferase Assay (Promega, G720A). The 4-1BB effector cells were 
cocultured for 6 hours with PD-L1+ ES-2 cells or cultured without 
ES-2 cells in the presence of GEN1046 or control antibodies. Lumi-
nescence was recorded as above.

T-cell Proliferation Assays. PBMCs were labeled with carboxyfluo-
rescein succinimidyl ester (CFSE) using the Vybrant CFDA SE Cell 
tracer kit (Life Technologies; V12883) and stimulated with anti-CD3 
antibody in T-cell assay media at 7.5 × 104 cells/well. Cells were cul-
tured in the presence of GEN1046 or control antibodies for 4 days, 
and CFSE dilution was analyzed by flow cytometry. Supernatants 
were harvested for cytokine analysis 48 hours after the start of 
culture.

CD8+ T cells were isolated from healthy donor PBMCs (HLA-A*02) 
and electroporated with RNA encoding an HLA-A*02–restricted, 
CLDN6-TCR (and RNA encoding PD-1 for some experiments). 
CD8+ T cells were labeled with CFSE, as described above, and 
cocultured with CLDN6-electroporated autologous iDCs (5  ×  104 
T cells and 5  ×  103 iDCs/well). Cells were treated with GEN1046 
or control antibodies for 4 days. Supernatants were harvested for 
cytokine analysis, and cells were analyzed for T-cell proliferation by 
flow cytometry.

Cytotoxicity Assay. Electroporated CLDN6-TCR+ CD8+ T cells 
(HLA-A*02) were preactivated for 24 hours by coculture with CLDN6-
transgenic MDA-MB-231 tumor cells (MDA-MB-231 hCLDN6) 
endogenously expressing PD-L1. Preactivated CD8+ T cells were 
transferred to MDA-MB-231 hCLDN6 cells that had been seeded 
(2  ×  104 cells/well) on the previous day in an xCELLigence E-plate 
(1 × 105 T cells/well; Agilent). Cells were incubated with GEN1046 or 
control antibodies (0.2 µg/mL) for 120 hours with impedance meas-
ured at 2-hour intervals in an xCELLigence Real-Time Cell Analysis 
Instrument (Agilent). Impedance measurement data were normalized 
to the time of coculture start for each treatment condition, and data 
were expressed relative to tumor cells cultured alone (set to 100%). 
After 48 hours of incubation, supernatants were removed from rep-
licate wells not subjected to impedance measurement for analysis of 
intracellular GZMB and CD107a. Fresh media containing Brefeldin 
A (BD Biosciences; 555029) were added to the cells, followed by incu-
bation for 4 hours and flow cytometry.

TIL Assay. Fresh tumor resections obtained from patients with 
NSCLC were dissected into fragments and cryopreserved in 10% 
DMSO in FBS. Thawed tumor fragments were further dissected 
into 1 to 2 mm3 pieces and used for TIL expansion. Fresh or thawed 
pieces were transferred to a 24-well plate (VWR, 734-1604) at two 
pieces/well in 1-mL TIL medium (Supplementary Methods) and 
incubated with GEN1046 or control antibodies in the presence of 
10 to 50 U/mL IL2. After 10 to 15 days, TILs were pooled by treat-
ment condition and subjected to TCR sequencing or analyzed by 
flow cytometry. For TIL restimulation, single-cell suspensions were 
generated from freshly thawed tumor fragments by mechanical dis-
sociation in the presence of DNase I. Cells were then cocultured with 
expanded TILs in a 1:1 ratio overnight with or without 10 µg/mL of 
an MHC I–blocking mAb (BioLegend, 311428; RRID:AB_2561492). 
Anti-CD107a antibody (BioLegend, 328611; RRID:AB_1227507) was 
added to cocultures destined for intracellular analysis at the start of 
restimulation; brefeldin A was added during the last 4 to 6 hours. 
Analysis was performed by flow cytometry.

Methods for the toxicity study in cynomolgus monkeys are pro-
vided in the Supplementary Methods.

Clinical
Study Design. The dose-escalation part of the multicenter, open-

label phase I/IIa study (NCT03917381) was conducted at seven sites 
in the United States, Spain, and Israel. Patients received single intra-
venous infusions of GEN1046 at flat doses ranging from 25 to 1,200 
mg Q3W (21-day cycles) until PD, unacceptable toxicity, or another 
discontinuation criterion was met. The starting dose was selected 
using the no-observed-adverse-effect-level (NOAEL)–based approach 
with data from the toxicity study in cynomolgus monkeys in which 
the NOAEL dose was determined to be 30 mg/kg, as described in the 
Supplementary Methods. Dose escalation began with an accelerated 
phase consisting of single-patient cohorts followed by larger cohorts 
informed by a modified continual reassessment method (52) and 
an escalation with overdose-control design (53). During the single-
patient cohort phase, the next dose level was initiated only after 
assessment of the 21-day DLT evaluation period for the previous dose 
level. Single-patient cohorts were expanded to three-patient cohorts 
upon occurrence of DLTs or recommendation of the safety commit-
tee. Dose reductions or interruptions of GEN1046 treatment were 
allowed as specified in the Supplementary Methods.

This study is being conducted in compliance with the Declaration 
of Helsinki, the International Council for Harmonisation Guidelines 
for Good Clinical Practice, and applicable local regulatory require-
ments. The protocol was approved by the independent ethics com-
mittee or institutional review board at each site. All patients provided 
written informed consent before participation.
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Eligibility Criteria. The study enrolled patients ages ≥18 years with 
a histologically or cytologically confirmed, metastatic, or unresect-
able non–central nervous system solid tumor for whom standard 
therapy was not available, the patient was ineligible for, or standard 
therapy was unlikely to confer clinical benefit. Additional inclusion 
criteria included measurable disease per RECIST v1.1 (29); Eastern 
Cooperative Oncology Group performance status 0 to 1; and ade-
quate renal, liver, and hematologic function. Patients were required 
to provide an archival or fresh tumor tissue sample obtained prior 
to treatment on day 1 of cycle 1. Patients were excluded if they had 
uncontrolled intercurrent illness; a history of intracerebral arterio-
venous malformation, cerebral aneurysm, progressive brain metasta-
ses, spinal cord compression (from disease), or stroke; radiotherapy 
or immunosuppressive doses of corticosteroids within 14 days of first 
dose of GEN1046; treatment with an anticancer agent within 28 days 
of first dose; and toxicities from prior anticancer therapies that had 
not resolved to baseline levels or grade ≤1 (except alopecia, anorexia, 
vitiligo, fatigue, hyperthyroidism, hypothyroidism, and peripheral 
neuropathy).

Outcomes. Primary objectives of the dose escalation were to deter-
mine the MTD and/or the recommended phase II dose and to estab-
lish the safety profile of GEN1046. Secondary objectives included 
pharmacokinetics and antitumor activity per RECIST v1.1. Pharma-
codynamic assessments were exploratory.

AEs were coded to Medical Dictionary for Regulatory Activities 
v23.0 and graded per Common Terminology Criteria for Adverse 
Events v5.0. Venous blood samples for measurement of plasma 
concentrations of GEN1046 were collected before infusion, at the 
end of infusion, and 2 and 4 hours after infusion on day 1, before 
infusion on days 2 to 5, 8, and 15 of cycles 1 to 2; before and 2 
hours after infusion on day 1 of cycles 3, 5, and 7 and every fourth 
cycle thereafter; and at treatment discontinuation. Antitumor 
activity was assessed by CT or MRI every 6 weeks for 50 weeks and 
every 12 weeks thereafter until investigator-assessed PD (unless 
the investigator elected to continue GEN1046 and follow modified 
RECIST v1.1 for immune-based therapeutics; ref. 54), start of new 
anticancer therapy, study withdrawal, or death, whichever occurred 
first. For exploratory biomarker analyses, expression of PD-L1, 
4-1BB, and other cell-surface proteins was evaluated in tumor sam-
ples by IHC. Exploratory pharmacodynamic analyses in peripheral 
blood included measurements of key cytokines and chemokine 
levels and immunophenotyping. Blood samples were collected 
from patients at baseline and during cycles 1 and 2 [days 1 (2 and 
4–6 hours postadministration), 2, 3, 8, and 15]. Serum levels of 
immune mediators were measured by a Meso Scale Diagnostics 
(MSD) Discovery multiplex immunoassay (K15209G). Cytokines 
and chemokines were evaluated using the V-PLEX Plus Human 
Biomarker 40-Plex Kit (MSD, K15209G-1) on a Meso Sector S600 
instrument (MSD, IC0AA-0). Immunophenotyping of peripheral 
blood was conducted in whole blood collected in EDTA tubes. 
After lysis of red blood cells, samples were stained with antibodies 
for analysis on a BD FACSCanto II flow cytometer (Becton Dickin-
son) within 1 hour (Supplementary Methods).

Statistical Analysis. All analyses were performed on the full analy-
sis set, which included all patients who received at least one dose of 
GEN1046. For dose escalation by the modified continual reassess-
ment method, the relationship between DLT probability and the 
GEN1046 dose level was described by a Bayesian logistic regression 
model. After each cohort, model parameters were updated based on 
available DLT information. A next dose was suggested based on the 
posterior probability of a DLT at each dose. The MTD was to be 
declared when at least nine patients were evaluated at a particular 
dose level and the Bayesian logistic regression model recommended 
allocating an additional cohort to the same dose level.

Data Availability
The preclinical data sets generated and/or analyzed during the 

current study are not publicly available but are available from the 
corresponding author upon reasonable request. Clinical trial data 
can be requested by qualified researchers for use in rigorous, inde-
pendent scientific research as long as the trials are not part of an 
ongoing or planned regulatory submission. Sharing of data is sub-
ject to protection of patient privacy and respect for the patient’s 
informed consent. The data will be provided following review and 
approval of a research proposal and Statistical Analysis Plan and 
execution of a Data Sharing Agreement. For approved requests, the 
data will be accessible for 12 months, with possible extensions con-
sidered. For more information on the process or to submit a request, 
contact clinicaltrials@genmab.com.

Authors’ Disclosures
A. Muik reports a patent for binding agents binding to PD-L1 and 

CD137 and use thereof issued to BioNTech/Genmab, a patent for 
antibody formulation pending, and a patent for antibodies for use 
in therapy pending, as well as securities from BioNTech. E. Garralda  
reports personal fees from Roche/Genentech, F. Hoffmann/ 
La Roche, Ellipses Pharma, Neomed Therapeutics 1 Inc., Boehringer 
Ingelheim, Janssen Global Services, SeaGen, TFS, Alkermes, Thermo 
Fisher, Bristol Myers Squibb, MabDiscovery, Anaveon, F-Star Thera-
peutics, Merck Sharp & Dohme, Roche, Thermo Fisher, and Lilly and 
grants from Novartis, Roche, Thermo Fisher, AstraZeneca, Taiho, 
and BeiGene outside the submitted work. I. Altintas reports a pat-
ent for WO2019025545A1 pending. F. Gieseke reports a patent for 
binding agents binding to PD-L1 and CD137 and use thereof issued 
to Genmab/BioNTech and a patent for antibody formulation pend-
ing to Genmab/BioNTech. R. Geva reports other support from Pyxis 
and BOL Pharma, personal fees from Bristol Myers Squibb, Lilly, 
Medison, Roche, Novartis, Janssen, Takeda, MSD, Pfizer, Merck, 
Bayer, EISAI, AstraZeneca, MSD, Novartis, BOL Pharma, and BI, and 
grants from Novartis outside the submitted work. C. Maurice-Dror 
reports other support from Genmab during the conduct of the study, 
as well as personal fees from Biomica, Pfizer, MSD, Bristol Myers 
Squibb, Madison, and Novartis outside the submitted work. E. Calvo 
reports personal fees from Adcendo, Alkermes, Amcure, Amunix, 
Anaveon, AstraZeneca, Bristol Myers Squibb, Boehringer Ingelheim, 
Janssen, MonTa, MSD, Nanobiotix, Nouscom, Novartis, OncoDNA, 
PharmaMar, Roche/Genetech, Sanofi, Servier, SyneosHealth, Tar-
gImmune, T-knife, BeiGene, and Chugai Pharmaceuticals outside 
the submitted work and is independent data monitoring committee 
(IDMC) chair for EORTC (nonfinancial interest), IDMC chair for 
BeiGene, and a scientific board member for PsiOxus Therapeutics. 
P.M. LoRusso reports personal fees from AbbVie, Agios, Five Prime, 
GenMab, Halozyme, Roche/Genentech, Genentech, CytomX, Takeda, 
SOTIO, Cybrexa, Agenus, Tyme, IQVIA, TRIGR, Pfizer, ImmunoMet, 
Black Diamond, GlaxoSmithKline, QED Therapeutics, AstraZeneca, 
EMD Serono, Shattuck, Astellas, Silverback, MacroGenics, Kyowa 
Kirin, Kineta, Zentalis, Molecular Templates, ABL Bio, SK Life Sci-
ence, STCube, Bayer, I-Mab, Seagen, imCheck, Relay Therapeutics, 
Stemline, Compass BADX, and Mekinist outside the submitted work. 
B. Sänger reports personal fees from BioNTech during the conduct 
of the study. S.M. Burm reports other support from Genmab outside 
the submitted work. D. Verzijl reports other support from Genmab 
outside the submitted work. A. Sette reports Genmab stock and/
or stock options. A. Toker reports personal fees from BioNTech 
and other support from BioNTech during the conduct of the study. 
E.N. van den Brink reports personal fees from Genmab outside the 
submitted work; a patent for WO2018162749 pending; and owns 
Genmab stock. D. Satijn reports nonfinancial support from Gen-
mab during the conduct of the study, as well as a patent for WO 
2019/025545 WO 2020/094744 pending. S. Kreiter reports personal 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/5/1248/3117241/1248.pdf by guest on 11 July 2022



GEN1046, a Bispecific Antibody Targeting PD-L1 and 4-1BB RESEARCH ARTICLE

 MAY  2022 CANCER DISCOVERY | 1263 

fees from TRON gGmbH outside the submitted work. G.  Bajaj 
reports personal fees from Genmab during the conduct of the study. 
E. Lagkadinou reports personal fees from BioNTech during the 
conduct of the study, as well as personal fees from BioNTech outside 
the submitted work. K. Sasser reports other support from Genmab 
outside the submitted work. Ö. Türeci reports that the published 
work is about developing a new drug candidate and a joint project 
conducted by two companies, Genmab and BioNTech. Ö. Türeci is 
chief medical officer and cofounder of BioNTech and owner of stock 
option rights of BioNTech, and reports that her spouse is also coau-
thor on this article, is cofounder and CEO of BioNTech, is inventor 
on filed patents that are associated with the topic presented in this 
article, and also holds stock options. T. Ahmadi reports other sup-
port from Genmab during the conduct of the study; other support 
from Genmab outside the submitted work; and as part of Genmab 
employment receives stocks and warrants. U. Şahin reports a patent 
for binding agents binding to PD-L1 and CD137 and use thereof 
issued to BioNTech/Genmab, a patent for antibody formulation 
pending, and a patent for antibodies for use in therapy pending, and 
is a management board member for and employee of BioNTech and 
has securities from BioNTech. M. Jure-Kunkel reports a patent for 
PCT/EP2021/052587 pending, a patent for PCT/EP2021/084659 
pending, a patent for US 63/212,781 + US 63/257,879 pending, and 
a patent for US 63/253,106 + US 63/253,106 + US 63/253,106 +  
US 63/253,106 + US63/253,106 + US 63/253,106 pending. I. Melero 
reports grants and personal fees from Genmab during the conduct 
of the study, as well as grants and personal fees from Bristol Myers 
Squibb, Roche, AstraZeneca, and Pharmamar and personal fees from 
F-Star, Numab, Gossamer, Alligator, Hotspot, Biolinerx, Bioncotech, 
Dompe, and Boston Therapeutics outside the submitted work. No 
disclosures were reported by the other authors.

Authors’ Contributions
A. Muik: Writing–original draft, writing–review and editing. 

E.  Garralda: Writing–original draft, writing–review and edit-
ing. I. Altintas: Writing–original draft, writing–review and edit-
ing. F.  Gieseke: Writing–original draft, writing–review and 
editing. R.  Geva: Writing–original draft, writing–review and edit-
ing. E.  Ben-Ami: writing–original draft, writing–review and edit-
ing. C.  Maurice-Dror: Writing–original draft, writing–review and 
editing. E. Calvo: Writing–original draft, writing–review and edit-
ing. P.M. LoRusso: Writing–original draft, writing–review and 
editing. G. Alonso: Writing–original draft, writing–review and edit-
ing. M.E.  Rodriguez-Ruiz: Writing–original draft, writing–review 
and editing. K.B. Schoedel: Writing–original draft, writing–review 
and editing. J.M. Blum: Writing–original draft, writing–review 
and editing. B. Sänger: Writing–original draft, writing–review and 
editing. T.W. Salcedo: Writing–original draft, writing–review and 
editing. S.M. Burm: Writing–original draft, writing–review and 
editing. E.  Stanganello: Writing–original draft, writing–review 
and editing. D. Verzijl: Writing–original draft, writing–review and 
editing. F. Vascotto: Writing–original draft, writing–review and edit-
ing. A. Sette: Writing–original draft, writing–review and editing.  
J. Quinkhardt: Writing–original draft, writing–review and editing. 
T.S. Plantinga: Writing–original draft, writing–review and editing. 
A.  Toker: Writing–original draft, writing–review and editing. 
E.N.  van den Brink: Writing–original draft, writing–review and 
editing. M. Fereshteh: Writing–original draft, writing–review and  
editing. M. Diken: Writing–original draft, writing–review and 
editing. D. Satijn: Writing–original draft, writing–review and 
editing. S. Kreiter: Writing–original draft, writing–review and edit-
ing. E.C.  Breij: Writing–original draft, writing–review and edit-
ing. G.  Bajaj: Writing–original draft, writing–review and editing. 
E. Lagkadinou: Writing–original draft, writing–review and edit-
ing. K. Sasser: Writing–original draft, writing–review and editing.  

Ö. Türeci: Writing–original draft, writing–review and editing.  
U. Forssmann: Writing–original draft, writing–review and edit-
ing. T. Ahmadi: Writing–original draft, writing–review and edit-
ing. U. Şahin: Writing–original draft, writing–review and editing.  
M. Jure-Kunkel: Writing–original draft, writing–review and editing. 
I. Melero: Writing–original draft, writing–review and editing.

Acknowledgments
We acknowledge and thank the patients and their families for 

their participation in this study. We also acknowledge and thank 
all the participating study sites, investigators, the Data Monitoring 
Committee, and other research personnel for their support of this 
trial. We acknowledge Steven Zenner for his contributions to the pre-
clinical imaging studies; Hrefna Johannsdottir, Lei Pang, and Rasmus 
Tølbøll Sørensen for their contributions to clinical studies; and 
Ann-Kathrin Wallisch, Elke Gresnigt-van den Heuvel, Gregg Masters, 
Grietje Andringa, Julia Mühl, Lucia Rodriguez, Stefan Liebscher, Jan 
Diekmann, Nora Pencheva, Brandon Higgs, Suzana Couto, Manish 
Gupta, Patrick Goldberg, Petra Adams-Quack, René Völker–Van der 
Meijden, Vanessa Spires, and Thomas Breuer for technical expertise 
and support. GEN1046 is being jointly developed by Genmab and 
BioNTech. The clinical study was sponsored by Genmab. Medical 
writing and editorial support for this manuscript was provided by 
Lela Creutz, PhD, and Sherri Damlo, ELS, of Peloton Advantage, 
LLC, an OPEN Health company, Parsippany, NJ, and was funded by 
the study sponsor.

The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked advertisement in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact.

Received October 18, 2021; revised December 23, 2021; accepted 
February 11, 2022; published first February 17, 2022.

REFERENCES
 1. Nixon NA, Blais N, Ernst S, Kollmannsberger C, Bebb G, Butler M, 

et al. Current landscape of immunotherapy in the treatment of solid 
tumours, with future opportunities and challenges. Curr Oncol 
2018;25:e373–e84.

 2. Sharma P, Siddiqui BA, Anandhan S, Yadav SS, Subudhi SK, Gao J, 
et al. The next decade of immune checkpoint therapy. Cancer Discov 
2021;11:838–57.

 3. Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to 
immune checkpoint inhibitors. Br J Cancer 2018;118:9–16.

 4. Schadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, 
et  al. Pooled analysis of long-term survival data from phase II and 
phase III trials of ipilimumab in unresectable or metastatic mela-
noma. J Clin Oncol 2015;33:1889–94.

 5. Sun JY, Zhang D, Wu S, Xu M, Zhou X, Lu XJ, et  al. Resistance to 
PD-1/PD-L1 blockade cancer immunotherapy: mechanisms, predic-
tive factors, and future perspectives. Biomark Res 2020;8:35.

 6. Maleki Vareki S, Garrigós C, Duran I. Biomarkers of response to 
PD-1/PD-L1 inhibition. Crit Rev Oncol Hematol 2017;116:116–24.

 7. Gong J, Chehrazi-Raffle A, Reddi S, Salgia R. Development of PD-1 
and PD-L1 inhibitors as a form of cancer immunotherapy: a com-
prehensive review of registration trials and future considerations. 
J Immunother Cancer 2018;6:8.

 8. Betof Warner A, Palmer JS, Shoushtari AN, Goldman DA, Panageas KS, 
Hayes SA, et al. Long-term outcomes and responses to retreatment in 
patients with melanoma treated with PD-1 blockade. J Clin Oncol 
2020;38:1655–63.

 9. Chester C, Sanmamed MF, Wang J, Melero I. Immunotherapy target-
ing 4-1BB: mechanistic rationale, clinical results, and future strate-
gies. Blood 2018;131:49–57.

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/5/1248/3117241/1248.pdf by guest on 11 July 2022



Muik et al.RESEARCH ARTICLE

1264 | CANCER DISCOVERY MAY  2022 AACRJournals.org

 10. Shuford WW, Klussman K, Tritchler DD, Loo DT, Chalupny J, 
Siadak AW, et  al. 4-1BB costimulatory signals preferentially induce 
CD8+ T cell proliferation and lead to the amplification in vivo of 
cytotoxic T cell responses. J Exp Med 1997;186:47–55.

 11. Pollok KE, Kim YJ, Zhou Z, Hurtado J, Kim KK, Pickard RT, et  al. 
Inducible T cell antigen 4-1BB: analysis of expression and function. 
J Immunol 1993;150:771–81.

 12. Horton BL, Williams JB, Cabanov A, Spranger S, Gajewski TF. Intra-
tumoral CD8(+) T-cell apoptosis is a major component of T-cell 
dysfunction and impedes antitumor immunity. Cancer Immunol Res 
2018;6:14–24.

 13. Melero I, Shuford WW, Newby SA, Aruffo A, Ledbetter JA, Hellström KE, 
et al. Monoclonal antibodies against the 4-1BB T-cell activation mol-
ecule eradicate established tumors. Nat Med 1997;3:682–5.

 14. Hosoi A, Takeda K, Nagaoka K, Iino T, Matsushita H, Ueha S, et al. 
Increased diversity with reduced "diversity evenness" of tumor infil-
trating T-cells for the successful cancer immunotherapy. Sci Rep 
2018;8:1058.

 15. Reithofer M, Rosskopf S, Leitner J, Battin C, Bohle B, Steinberger P, 
et al. 4-1BB costimulation promotes bystander activation of human 
CD8 T cells. Eur J Immunol 2021;51:721–33.

 16. Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, et al. PD-1 iden-
tifies the patient-specific CD8+ tumor-reactive repertoire infiltrating 
human tumors. J Clin Invest 2014;124:2246–59.

 17. Ye Q, Song DG, Poussin M, Yamamoto T, Best A, Li C, et al. CD137 
accurately identifies and enriches for naturally occurring tumor-
reactive T cells in tumor. Clin Cancer Res 2014;20:44–55.

 18. Etxeberria I, Glez-Vaz J, Teijeira Á, Melero I. New emerging targets 
in cancer immunotherapy: CD137/4-1BB costimulatory axis. ESMO 
Open 2020;4:e000733.

 19. Bartkowiak T, Curran MA. 4-1BB agonists: multi-potent potentiators 
of tumor immunity. Front Oncol 2015;5:117.

 20. Ascierto PA, Simeone E, Sznol M, Fu YX, Melero I. Clinical experi-
ences with anti-CD137 and anti–PD-1 therapeutic antibodies. Semin 
Oncol 2010;37:508–16.

 21. Timmerman J, Herbaux C, Ribrag V, Zelenetz AD, Houot R, 
Neelapu SS, et al. Urelumab alone or in combination with rituximab 
in patients with relapsed or refractory B-cell lymphoma. Am J Hema-
tol 2020;95:510–20.

 22. Segal NH, Logan TF, Hodi FS, McDermott D, Melero I, Hamid O, et al. 
Results from an integrated safety analysis of urelumab, an agonist 
anti-CD137 monoclonal antibody. Clin Cancer Res 2017;23:1929–36.

 23. Segal NH, He AR, Doi T, Levy R, Bhatia S, Pishvaian MJ, et  al. 
Phase I study of single-agent utomilumab (PF-05082566), a 4-1BB/
CD137 agonist, in patients with advanced cancer. Clin Cancer Res 
2018;24:1816–23.

 24. Labrijn AF, Meesters JI, de Goeij BE, van den Bremer ET, 
Neijssen J, van Kampen MD, et  al. Efficient generation of stable 
bispecific IgG1 by controlled Fab-arm exchange. Proc Natl Acad Sci 
U S A 2013;110:5145–50.

 25. Labrijn AF, Meesters JI, Priem P, de Jong RN, van den Bremer ET, 
van Kampen MD, et al. Controlled Fab-arm exchange for the genera-
tion of stable bispecific IgG1. Nat Protoc 2014;9:2450–63.

 26. Dustin ML. The immunological synapse. Cancer Immunol Res 
2014;2:1023–33.

 27. Betts A, van der Graaf PH. Mechanistic quantitative pharmacology 
strategies for the early clinical development of bispecific antibodies 
in oncology. Clin Pharmacol Ther 2020;108:528–41.

 28. Bajaj G, Nazari F, Presler M, Thalhauser C, Forssmann U, Jure-Kunkel M, 
et al. Dose selection for DuoBody-PD-L1×4-1BB (GEN1046) using a 
semimechanistic pharmacokinetics/pharmacodynamics model that 
leverages preclinical and clinical data [abstract 786]. J Immunother 
Cancer 2021;9:A821.

 29. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, 
Ford R, et  al. New response evaluation criteria in solid tumours: 
revised RECIST guideline (version 1.1). Eur J Cancer 2009;45:228–47.

 30. Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng KWW, et  al. 
Bystander CD8(+) T cells are abundant and phenotypically distinct 
in human tumour infiltrates. Nature 2018;557:575–9.

 31. Clouthier DL, Lien SC, Yang SYC, Nguyen LT, Manem VSK, Gray D, 
et  al. An interim report on the investigator-initiated phase 2 study 
of pembrolizumab immunological response evaluation (INSPIRE). 
J Immunother Cancer 2019;7:72.

 32. Teng MW, Ngiow SF, Ribas A, Smyth MJ. Classifying cancers based on 
T-cell infiltration and PD-L1. Cancer Res 2015;75:2139–45.

 33. Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D. 
Dendritic cells in cancer immunology and immunotherapy. Nat Rev 
Immunol 2020;20:7–24.

 34. Qu QX, Zhu XY, Du WW, Wang HB, Shen Y, Zhu YB, et  al. 4-1BB 
agonism combined with PD-L1 blockade increases the number of 
tissue-resident CD8+ T cells and facilitates tumor abrogation. Front 
Immunol 2020;11:577.

 35. Azpilikueta A, Agorreta J, Labiano S, Pérez-Gracia JL, 
Sánchez-Paulete AR, Aznar MA, et  al. Successful immunotherapy 
against a transplantable mouse squamous lung carcinoma with anti–
PD-1 and anti-CD137 monoclonal antibodies. J Thorac Oncol 2016; 
11:524–36.

 36. Seifert AM, Eymer A, Heiduk M, Wehner R, Tunger A, von Renesse J, 
et al. PD-1 expression by lymph node and intratumoral regulatory T 
cells Is associated with lymph node metastasis in pancreatic cancer. 
Cancers 2020;12:2756.

 37. Lakins MA, Koers A, Giambalvo R, Munoz-Olaya J, Hughes R, 
Goodman E, et al. FS222, a CD137/PD-L1 tetravalent bispecific anti-
body, exhibits low toxicity and antitumor activity in colorectal cancer 
models. Clin Cancer Res 2020;26:4154–67.

 38. Zhai T, Wang C, Xu Y, Huang W, Yuan Z, Wang T, et al. Generation of 
a safe and efficacious llama single-domain antibody fragment (vHH) 
targeting the membrane-proximal region of 4-1BB for engineering 
therapeutic bispecific antibodies for cancer. J Immunother Cancer 
2021;9:e002131.

 39. Jeong S, Park E, Kim HD, Sung E, Kim H, Jeon J, et al. Novel anti-
4-1BB×PD-L1 bispecific antibody augments anti-tumor immunity 
through tumor-directed T-cell activation and checkpoint blockade. 
J Immunother Cancer 2021;9:e002428.

 40. Geuijen C, Tacken P, Wang LC, Klooster R, van Loo PF, Zhou J, et al. 
A human CD137×PD-L1 bispecific antibody promotes anti-tumor 
immunity via context-dependent T cell costimulation and check-
point blockade. Nat Commun 2021;12:4445.

 41. Qiao Y, Qiu Y, Ding J, Luo N, Wang H, Ling X, et al. Cancer immune 
therapy with PD-1-dependent CD137 co-stimulation provides local-
ized tumour killing without systemic toxicity. Nat Commun 2021;12: 
6360.

 42. Kelley RK, Sangro B, Harris W, Ikeda M, Okusaka T, Kang YK, et al. 
Safety, efficacy, and pharmacodynamics of tremelimumab plus dur-
valumab for patients with unresectable hepatocellular carcinoma: 
randomized expansion of a phase I/II study. J Clin Oncol 2021;39: 
2991–3001.

 43. Yamazaki N, Kiyohara Y, Uhara H, Iizuka H, Uehara J, Otsuka F, et al. 
Cytokine biomarkers to predict antitumor responses to nivolumab 
suggested in a phase 2 study for advanced melanoma. Cancer Sci 
2017;108:1022–31.

 44. Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A, 
et al. Proliferation of PD-1+ CD8 T cells in peripheral blood after PD-
1-targeted therapy in lung cancer patients. Proc Natl Acad Sci U S A 
2017;114:4993–8.

 45. Huang AC, Postow MA, Orlowski RJ, Mick R, Bengsch B, Manne S, 
et al. T-cell invigoration to tumour burden ratio associated with anti–
PD-1 response. Nature 2017;545:60–5.

 46. Heinisch IV, Daigle I, Knöpfli B, Simon HU. CD137 activation abro-
gates granulocyte-macrophage colony-stimulating factor-mediated 
anti-apoptosis in neutrophils. Eur J Immunol 2000;30:3441–6.

 47. Niu L, Strahotin S, Hewes B, Zhang B, Zhang Y, Archer D, et  al. 
Cytokine-mediated disruption of lymphocyte trafficking, hemopoie-
sis, and induction of lymphopenia, anemia, and thrombocytopenia in 
anti-CD137-treated mice. J Immunol 2007;178:4194–213.

 48. Muik A, Altinas I, Gieseke F, Schoedel KB, Burm SM, Toker A,  
et al. An Fc-inert PD-L1×4-1BB bispecific antibody mediates potent  
anti-tumor immunity in mice by combining checkpoint inhibition 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/5/1248/3117241/1248.pdf by guest on 11 July 2022



GEN1046, a Bispecific Antibody Targeting PD-L1 and 4-1BB RESEARCH ARTICLE

 MAY  2022 CANCER DISCOVERY | 1265 

and conditional 4-1BB co-stimulation. Oncoimmunology 2022;11: 
2030135.

 49. Vink T, Oudshoorn-Dickmann M, Roza M, Reitsma JJ, de Jong RN. 
A simple, robust and highly efficient transient expression system for 
producing antibodies. Methods 2014;65:5–10.

 50. Engelberts PJ, Hiemstra IH, de Jong B, Schuurhuis DH, 
Meesters J, Beltran Hernandez I, et al. DuoBody-CD3xCD20 induces 
potent T-cell-mediated killing of malignant B cells in preclinical 
models and provides opportunities for subcutaneous dosing. EBio-
Medicine 2020;52:102625.

 51. Barbas CFIII, Collet TA, Amberg W, Roben P, Binley JM, Hoekstra D, 
et al. Molecular profile of an antibody response to HIV-1 as probed by 
combinatorial libraries. J Mol Biol 1993;230:812–23.

 52. Faries D. Practical modifications of the continual reassessment method 
for phase I cancer clinical trials. J Biopharm Stat 1994;4:147–64.

 53. Babb J, Rogatko A, Zacks S. Cancer phase I clinical trials: efficient 
dose escalation with overdose control. Stat Med 1998;17:1103–20.

 54. Seymour L, Bogaerts J, Perrone A, Ford R, Schwartz LH, Mandrekar S, 
et al. iRECIST: guidelines for response criteria for use in trials testing 
immunotherapeutics. Lancet Oncol 2017;18:e143–e52.

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/12/5/1248/3117241/1248.pdf by guest on 11 July 2022


