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4-1BB transcriptomic expression patterns across
malignancies: Implications for clinical trials of 4-1BB
agonists

4-1BB, a member of the tumor necrosis factor receptor
superfamily, is an important co-stimulatory molecule reg-
ulating the activity of immune cells across a range of
physiological and pathological processes, which culmi-
nates in a potent immune response (Figure 1A and B) [1,2].
Numerous clinical trials have been conducted utilizing 4–
1BB agonists (Supplemental Table S1); however, previous
and ongoing 4-1BB agonist trials are being conductedwith-
out biomarker selection, which potentially explains their
modest efficacy. Interestingly, several studies suggest the
potential value of utilizing transcriptomics in addition to
genomics to identify the unique immunologic signature of
individual tumors [3–7].
Herein, we explore the landscape of 4–1BB tran-

scriptomic profiles in 514 patients, including 489 with
advanced/metastatic cancers and clinical annotation, and
we discuss the potential therapeutic implications of the
observed patterns and heterogeneity. The study methods
are provided in the Supplementary File.
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There were 514 tumors reflecting 31 different cancer
types evaluated (Supplemental Table S2). Theirmedian age
was 61 (range, 24-93) years; 310 (60.3%) were women. The
most frequent tumor types assessed were colorectal cancer
(n = 140 samples). Of the 514 patients, 489 had confirmed
metastatic or locally advanced disease, but the dates of
metastatic disease for 25 patients were not documented.
Overall, 489 patients with advanced/metastatic disease
had fully evaluable clinical correlative data (Figure 1C).
In total, 217 patients received ICIs; 199 received anti-
programmed cell death 1 (PD-1)/ programmed death-
ligand 1 (PD-L1) monotherapy, 2 received anti-cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) monother-
apy, and 16 received a combination of anti-PD-1/PD-L1 and
anti-CTLA-4. The remaining 272 patients never received
immunotherapy.
Figure 1D demonstrates the variations in 4-1BB RNA

expression across different cancer types: 4-1BB ribonucleic
acid (RNA) expression was classified as “high” (75-100th
percentile), “moderate” (25-74th percentile), and “low” (0-
24th percentile). Among all cancers (n = 514), 77 (15.0%)
had high, 268 (52.1%) had moderate, and 169 (32.9%) had
low 4-1BB expression. Small intestine and ovarian cancers
most frequently had high 4-1BB RNA expression (25.0%
and 20.9% of tumors, respectively).
To identify the patient population who might theo-

retically benefit the most from 4-1BB agonism, the pro-
portion of patients having high 4-1BB expression along
with low/moderate 4-1BB ligand (4-1BBL) expression was
assessed in malignancies that had more than 20 represen-
tative samples (from a biologic point of view, high receptor
with low/moderate ligand might be most amenable to
treatment with 4-1BB agonists in the clinic). Malignancies
with the highest proportion of patients having both high 4-
1BB expression and low/moderate 4-1BBL expression were
ovarian and pancreatic, with 18.6% (8/43) and 14.5% (8/55),
respectively, representing the only two malignancies with
>15% of patients having this expression profile (Figure 1E).
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F IGURE 1 Overview of 4-1BB functional mechanisms, drug action, and clinical correlations. (A) Putative functional mechanisms of
4-1BB and interaction. 4-1BB stimulation on CD4+ and CD8+ T cells initiates numerous downstream signal transduction. Upon activation
with 4-1BBL, present on APCs, the intracellular domain of 4-1BB recruits TRAFs, adaptor proteins that help assemble other proteins into the
4-1BB signalosome to facilitate downstream signaling. These downstream cascades include the ERK, NF-kB, p38 MAPK, and JNK pathways,
which drive cytokine production, T cell proliferation, enhanced T cell effector functions, and antiapoptotic pathways bolstering T cell
survival. In addition, 4-1BB is expressed on a wide range of other immune cells, including NK cells, monocytes, dendritic cells, B cells,
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Otherwise, the proportions of patients having high 4-1BB
expression along with low/moderate 4-1BBL expression
were 12.5% (3/24) in sarcoma, 12.5% (3/24) in uterine, 10.0%
(2/20) in lung, 8.0% (2/25) in stomach, 7.9% (11/140) in col-
orectal, and 0% (0/49) in breast. There was variability of
expression patterns both within and between tumor types.
It is, therefore, conceivable that patient selection for 4-1BB
agonist trials based in part on transcript levels may merit
investigation.
We examined 12 genes that produce immunomodulatory

molecules related to the TNF receptor superfamily or inter-
acting co-stimulatorymolecules, aswell asmarkers related
to ICIs in the clinic (Supplemental Table S3). The results of
the univariable and the subsequent multivariable logistic
regression are shown in Figure 1F. High RNA expression
of 4-1BB was not associated with any specific tumor types.
Among immunemarkers, high 4-1BB RNA expression was
significantly associatedwith that of PD-L2 (odds ratio [OR]
3.1, 95% confidence interval [CI] 1.56–6.47, P= 0.018), ICOS
(OR 4.5, 95% CI 2.03-10.36, P = 0.003), and CD27 (OR
2.2, 95% CI 1.12-4.81, P = 0.046) (all multivariable). When
analyzing the pan-cancer whole genome cohort from the

ICGCandTCGA (n= 2,658), ICOSRNAexpressionwas the
most significantly correlatedwith 4-1BB expression among
33,855 genes (spearman correlation coefficient (r): 0.77,
P < 0.001; Figure 1G). Although high RNA expression of
4-1BBwas not associated with high PD-1/PD-L1 expression
in our cohort (Figure 1F), 4-1BB RNA expression was sig-
nificantly correlated with PD-1 expression when examined
as a linear variable (spearman correlation coefficient: 0.70,
P < 0.001; Supplementary Figure S1). Additionally, PD-
L2 and CD27 expression were also significantly correlated
with 4-1BB expression (spearman correlation coefficient:
0.69,P< 0.001; and 0.53,P< 0.001, respectively, Figure 1G).
Therefore, patients with cancer that co-expresses high PD-
L2 may benefit from concomitant blocking of the immune
inhibitory activity of PD-L2 if a 4-1BB agonist is given; this
could be achieved by co-administering an anti-PD-1 agent
since PD-L2 serves as a ligand for PD-1.
Survival outcomes were evaluable among 489 patients;

among them, 272 patients never received immunotherapy,
and 217 patients were treated with an immunotherapy-
based regimen (Figure 1C). Among the 489 patients,
the median overall survival (OS) was 51.7 months

endothelial cells, and malignant cancer cells. Stimulation of 4-1BB on the corresponding cells elicits divergent cellular responses depending
on the cell type for the immune activation. 4-1BB agonist promotes T cell activation. PD-L2, which is highly co-expressed with 4-1BB in the
current study, is expressed on tumor cells and binds to PD-1 on T cells, suppressing T cells’ anti-tumor activity. PD-1 and PD-L1 are currently
targetable; targeting them in combination with 4-1BB agonists may bring better outcomes. Other co-stimulatory receptors, including ICOS
and CD27, which are highly co-expressed with 4-1BB in the current study, are expressed on T cells. These co-stimulatory receptors may also be
potentially targetable; (B) Mechanism of action of investigational new drugs targeting 4-1BB. First-generation 4-1BB agonist antibodies,
second-generation 4-1BB agonist antibodies, bispecific antibodies, tri-specific antibodies, and tetra-specific antibodies serve as therapeutic
strategies. Second-generation 4-1BB agonist antibodies have been engineered to necessitate Fc-gamma receptors cross-linking or ATP
concertation, thereby stimulating 4-1BB signaling exclusively within the tumor microenvironment. Bispecific antibodies target 4-1BB and
additional tumor antigen upregulated on cancer cells (e.g., HER2, EGFR, PD-L1) or FAP on cancer-associated fibroblasts, localizing and
restricting 4-1BB stimulation to the tumor microenvironment. Other bispecific antibodies target 4-1BB and other T-cell cosimultaneously
molecules (OX40, CD40) to elicit robust immune stimulation. Trispecific antibodies comprise the variable regions of the antibodies targeting
4-1BB, tumor antigen (e.g., PSMA, PD-L1), and HSA, which prolong their serum half-lives. Tetraspecific antibodies target 4-1BB, CD3, PD-L1,
tumor-associated antigen (e.g., CD19); (C) Patient flow chart; (D) Proportion of patients with high versus moderate or low 4-1BB expression.
Proportion of patients with high, moderate, and low RNA expression of 4-1BB stratified by cancer type. Definition of RNA expression is high
= 75th–100th percentile RNA rank, moderate = 25th–74th, and low = 0-24th percentile rank value score; (E) Proportion (%) of patients with
different combinations of 4-1BB and 4-1BB ligand (4-1BBL) RNA high and low/moderate expression; (F) Clinical and immune characteristics
associated with high 4-1BB RNA expression (≥75th percentile RNA rank) (n = 514). Variables with P ≤ 0.05 from univariable analyses were
included for multivariable analysis. (G) Spearman correlation of RNA expression between 4-1BB and PD-L2/ICOS/CD27 (ICGC and TCGA
database, n = 2,658); (H) Overall survival for all cancer patients (n = 489). (I) Overall survival for all cancer patients who never received
immunotherapy (n = 272) from the time of metastatic/advanced disease; (J) Progression-free survival and (K) overall survival for
immunotherapy-treated patients (n = 217) from the time of treatment start. Abbreviations: Ab, antibody; ADCC, antibody-dependent cellular
cytotoxicity; AKT, protein kinase B; APC, antigen presenting cells; ASK-1, apoptosis signal-regulating kinase 1; ATF2, activating transcription
factor 2; ATP, adenosine triphosphate; BIM, Bcl-2-like protein 11; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated
kinase; FAP, fibroblast activation protein; FASL, FAS Ligand; HER2, human epidermal growth factor receptor 2; HSA, human serum
albumin; ICOS, inducible T-cell costimulator; IFN-γ, interferon-gamma; IKK, IkB kinase; IL-2, interleukin-2; JNK, Jun N-terminal kinase;
MAPK, mitogen-activated protein kinases; MHC, major histocompatibility complex; MKK, Mitogen-Activated Protein Kinase Kinase; NEMO,
NF-κB essential modulator; NF-kB, nuclear factor-kappa B; NK cell, natural killer cell; PD-L1/2, Programmed death-ligand 1/2; PI3K,
phosphatidylinositol-3-kinase; PSMA, prostate specific membrane antigen; TABs, TAK1-binding proteins; TAK 1, transforming growth
factor-β activated kinase; TCR, T-cell receptor; TRAF, tumor necrosis factor receptor-associated factor; TRAIL-R, tumor necrosis
factor-related apoptosis inducing ligand receptor; VH, heavy chain variable domain.
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(95% CI, 43.3-61.3) for the high-4-1BB group and 35.7
months (95% CI, 30.3-44.0) for the low/moderate 4-1BB
group, respectively, from the time of metastatic/advanced
disease (hazard ratio [HR] = 0.74, 95%CI: 0.52-1.06,
P = 0.103; Figure 1H). Regarding patients who
never received immunotherapy, the median OS from
advanced/metastatic disease was 51.7 months (95% CI,
24.4–not available [NA]) for the high-4-1BB group and 42.2
months (95% CI, 30.9-46.3) for the low/moderate 4-1BB
group, respectively, from time of advanced/metastatic
disease (HR = 0.83, 95%CI: 0.49-1.41, P = 0.497; Figure 1I).
In patients treated with immunotherapy (n = 217),

the high 4-1BB group (n = 39) showed a trend towards
longer progression-free survival (PFS) (HR = 0.70, 95%CI:
0.47-1.04, P = 0.074; Figure 1J) and significantly longer
OS (HR = 0.55, 95%CI: 0.33-0.89, P = 0.016; Figure 1K)
compared to the low/moderate 4-1BB group (n = 178)
(calculated from start of immunotherapy). However, the
significance of 4-1BB did not hold as an independent
factor for survival in multivariable analysis (HR 0.83,
95% CI 0.47–1.46, P = 0.515; Supplemental Table S4). In
contrast, in patients treated with immunotherapy, high
4-1BBL expression was not associated with longer PFS or
OS (Supplementary Figure S2).
There are several limitations in this study due to

its retrospective nature and limited sample size. First,
although multiple types of cancer were represented, the
number of patients for each type was relatively small.
Secondly, our bulk analysis was not able to identify the
cell types expressing 4-1BB and its ligand. In our bulk
analysis, both high 4-1BB expression and high CD4/CD8
expression were observed in 10.7% of samples (Supple-
mentary Table S5), suggesting that 4-1BB was expressed
not only in T cells but also in tumor cells within the tumor
microenvironment.
In summary, a myriad of reasons likely account for

the suboptimal outcomes observed in current trials that
focus on 4-1BB targeting. This study illuminates additional
factors worth investigating in subsequent clinical trials.
Based on our findings, 4-1BB and its ligand show variabil-
ity of expression both between and within tumor types,
indicating that cancers need to be sampled and analyzed
in order to establish their individual immunomic portfo-
lios. The concomitant high expression of 4-1BB and PD-L2
suggests that a combination approach that includes anti-
PD-1 agents for malignancies with high PD-L2 expression
warrants exploration.
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