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The Journal of Immunology

T Cell Costimulation with Anti-CD137 Monoclonal
Antibodies Is Mediated by K63–Polyubiquitin-Dependent
Signals from Endosomes

Ivan Martinez-Forero,*,† Arantza Azpilikueta,* Elixabet Bolaños-Mateo,*

Estanislao Nistal-Villan,* Asis Palazon,* Alvaro Teijeira,* Gema Perez-Chacon,‡

Aizea Morales-Kastresana,* Oihana Murillo,* Maria Jure-Kunkel,x Juan M. Zapata,‡,1 and

Ignacio Melero*,{,1

Agonist anti-CD137 (4-1BB) mAbs enhance CD8-mediated antitumor immunity. Agonist anti-human CD137 mAbs binding to four

distinct epitopes on the CD137 glycoprotein costimulated T cell activation irrespective of the engaged epitope or its interference with

CD137L binding. CD137 perturbation with all these agonist mAbs resulted in Ag and Ab internalization toward an endosomal

vesicular compartment. Internalization was observed in activated T lymphocytes from humans and mice, not only in culture

but also in Ab-injected living animals. These in vivo experiments were carried out upon systemic i.v. injections with anti-

CD137 mAbs and showed CD137 internalization in tumor-infiltrating lymphocytes and in activated human T cells transferred

to immunodeficient mice. Efficient CD137 internalization required K63 polyubiquitination and endocytosed CD137-containing

vesicles recruited TNFR-associated factor (TRAF) 2 and were decorated with K63 polyubiquitins. CD137 stimulation activates

NF-kB through a K63-linked polyubiquitination-dependent route, and CD137-associated TRAF2 becomes K63 polyubiquitinated.

Consistent with a role for TRAF2 in CD137 signaling, transgenic mice functionally deficient in TRAF2 showed delayed immu-

notherapeutic activity of anti-CD137 mAbs. As a whole, these findings advance our knowledge of the mechanisms of action of anti-

CD137 immunostimulatory mAbs such as those currently undergoing clinical trials in cancer patients. The Journal of Immu-

nology, 2013, 190: 6694–6706.

C
D137 (4-1BB/TNFRSF9) was described by Kwon and
Weissman (1) as a surface activation marker of T lym-
phocytes. Stimulation of CD137 with agonist Abs or its

natural ligand costimulates Ag-primed T cells to survive, pro-
liferate, and develop effector functions (2). Moreover, stimulation
of CD137 has been shown to be involved in the development of
CD8+ T cell memory and reversal of anergy (3). CD137 expression
is not restricted to T cells and can be found on activated NK cells,
dendritic cells, B cells, mastocytes, and myeloid precursors (4–7).
Ectopic expression of CD137 has been documented on vascular
cells in tumor capillaries and atherosclerotic lesions (8–10).
CD137 stimulation in tumor-bearing mice elicits a potent, often

curative, immune response mediated mainly by CTL (11). Such
activity can be synergistically combined with other immunothera-
peutic approaches (vaccines, other immunostimulatory mAbs, and
adoptive T cell therapy), as well as with radio- or chemotherapy
(12–16). Clinical trials are being implemented in cancer patients
with two fully human IgG4 mAbs (BMS-663513/Urelumab and
PF-05082566) (17, 18).
Early signaling events downstream CD137 following stimulation

of the receptor are far from clear. Protein–protein associations with
TNFR-associated factor (TRAF) 2 and TRAF1 have been reported
in transfectants overexpressing tagged proteins (19, 20). The
group of Saoulli et al. (21) showed coprecipitation of TRAF2
alongside CD137 in activated cultures of mouse primary T cells.
TRAF2 has been described to exert ubiquitin E3 ligase activity via
its RING domain (22–24). This activity links a ubiquitin moiety to
a target protein or C terminus of another ubiquitin through the
K63 residue. K63 polyubiquitination was discovered by Chen
et al. (25) and Karin and Gallagher (26) as a key mechanism in
signal transduction toward the NF-kB, IFN regulatory factor, and
MAPK routes. Importantly, such pathways are tightly regulated by
specific deubiquitinases, for which deficiency in the mouse ge-
nome leads to inflammation and autoimmunity (27, 28).
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In this study, we show that agonist anti-CD137 mAbs trigger
CD137 internalization to an endosomal compartment both in vitro
and in vivo, and we provide genetic and biochemical evidence
showing that CD137 signals via K63 polyubiquitination to activate
NF-kB.

Materials and Methods
Mice

BALB/c wild-type (WT) mice (5 to 6 wk old) were purchased from
Harlan Laboratories. Rag2(2/2)IL-2Rg(2/2) and OT-I TCR-transgenic
(tg) mice were purchased from The Jackson Laboratory and bred in our
animal facility under specific pathogen-free conditions. CD137 knock-
out (KO) mice (BALB/c background) were generated at Lexicon Ge-
netics. TRAF2 deletion mutant lacking the RING and zinc finger
domains (Traf2DN)-tg mice were previously described (29) and have
been bred into a BALB/c background. Animal procedures were con-
ducted under institutional guidelines that comply with national laws and
policies (study 066/10).

Cell lines and transfections

CT26, CEM, and HEK293T cells were obtained and authenticated from
American Type Culture Collection. Cells were cultured in complete RPMI
medium (RPMI 1640 with Glutamax [Life Technologies, Invitrogen] con-
taining 10% heat-inactivated FBS [Sigma-Aldrich], 100 IU/ml penicillin,
and 100 mg/ml streptomycin [Life Technologies]). Culture medium for
mouse cell lines was supplemented with 50 mM 2-ME (Life Technologies).

To generate HEK293T-CD137-GFP cells, DNA encoding human CD137
with GFP (pCMV6-CD137-GFP; Genecopia) in the cytoplasmic end was
transfected using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions, followed by selection with G418 (400 mg/ml; Life
Technologies). Fluorescent cells were enriched by two rounds of sterile
FACS sorting (FACSAria II).

Hybridoma production

C57BL/6 female mice (6–8 wk old) were i.p. immunized at days 0, 15, 30,
and 45 with 10 mg recombinant human CD137 protein and IFA. For hy-
bridoma production, splenocytes from immunized mice were fused with
NSO myeloma cells at a ratio of 3:1 and distributed in 96-well plates
(Costar, Cambridge, MA). Screening of mAb reaction with human CD137
was performed by indirect immunofluorescence and flow cytometry
(FACScan; BD Biosciences, San Jose, CA). The mAbs were purified by
affinity chromatography in HiTrap Protein G HP columns (GE Healthcare),
according to the manufacturer’s instructions.

T cell costimulation

Human PBMCs were obtained from buffy coats provided by the blood bank
of Navarra, Spain, after written informed consent (Ethics Committee from
the University Clinic of Navarra 007/2007 and 013/2009). Human CD3
mAb (OKT3) was precoated overnight in six-well plates at 2 mg/ml.
PBMCs were labeled with 0.25 mM CFSE (Sigma-Aldrich) and then
cultured for 7 d with 10 mg/ml anti-CD137 mAb or control mouse Ab.
CFSE cell content was assessed by FACS every day during the culture
period. Harvesting and activation of OT-1 splenocytes with synthetic
SIINFEKL peptide (5 mg/ml) was performed as described (30).

CD137 internalization in vitro and in vivo

Activation of CEM T cells was performed by incubation with PMA (0.1 mg/
ml)–ionomycin (1 mg/ml) for 18 h. Human primary lymphocytes were
induced to express CD137 by culturing them in anti-CD3ε mAb–coated (2
mg/ml) 24-well plates for 48 h. HEK293T transfectants or activated T cells
were then stimulated with 10 mg/ml biotinylated anti-CD137 (clone 6B4).
Cross-linking was induced when indicated with 10 mg/ml Alexa 594-
streptavidin. After the indicated time, cells were fixed, permeabilized, and
stained with Alexa 488 wheat germ agglutinin (WGA) and DRAQ5.
Images were obtained with an LSM 510 Zeiss confocal microscope using
a 403 or 633 oil immersion objective (Zeiss, Welwyn Garden City, U.K.).

For in vivo experiments, Rag22/2gR2/2 double KO mice were inocu-
lated with 1 3 106 activated CEM or human T cells i.p. and then were
injected i.v. with 100 mg anti-CD137 (clone 6B4) or control mouse IgG
Ab. After 2 h, cells were extracted via peritoneal lavage and stained as
described above.

CD137 surface expression was quantified at the indicated time points
by FACS. CD137 expressing HEK293T or activated CEM cells were

stimulated for 10 min at 4˚C with 10 mg/ml nonlabeled human anti-
CD137 (6B4 or 5D1) or isotype control. After washing two times with
PBS, cells were incubated during 10 min with biotin rat anti-mouse IgG1

(5 mg/ml) at 4˚C. Then, cells were cultured in RPMI 1640 for 15, 30, or
60 min at 37˚C. Afterwards, cells were treated with 0.4 ng/ml allophy-
cocyanin-streptavidin at 4˚C during 10 min, washed two times in PBS,
fixed in 2% paraformaldehyde during 10 min, and analyzed using an
FACS Calibur instrument (BD Biosciences).

Experiments with the rest of the human anti-CD137 mAbs in Supple-
mental Fig. 1 were performed with similar results.

The percentage of cells containing anti-CD137 endosomes was quan-
tified in Figs. 2D and 3D. For each experiment, a total of 30 cells was
analyzed per field in three different fields of confocal microscopy images.

To detect early endosome Ag-1 (EEA1) and CD137 codistribution,
HEK293T (7 3 106) were transfected with 2.25 mg CD137 plasmid.
After 16 h, cells were stimulated with 5 mg/ml biotin-labeled human
anti-CD137 (clone 6B4) for 10 min at 4˚C and then washed twice in
PBS. Cross-linking was induced with 10 mg/ml Alexa 488-streptavidin.
HEK293T cells were then cultured at 37˚C for the indicated time (0 or
30 min), fixed with 4% paraformaldehyde during 15 min at 4˚C, and
then permeabilized with 0.1% Triton X-100 in PBS for 15 min. Cells
were incubated during 30 min with four drops of Image iT FX signal
enhancer (Invitrogen) to avoid nonspecific binding, and samples were
blocked using Earle’s Balanced Salt Solution (EBSS) containing 10%
BSA, 0.1% Triton X-100, and 0.1% saponin for 1 h. EEA1 was detected
with a rabbit polyclonal Ab (Abcam) diluted in EBSS 0.1% Triton X-
100, 0.1% saponin, and 1% BSA. After three washes, cells were labeled
with 10 mg/ml Alexa 647 anti-rabbit Ab (Invitrogen) for 1 h. Then,
samples were embedded in 0.8% agar (Sigma-Aldrich), and images
were obtained with an LSM 510 Zeiss confocal microscope using a 403
or 633 oil immersion objective (Zeiss).

Transfection and reporter assays

Transient transfection of HEK293T cells was performed using Lip-
ofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Cells were transfected with 200 ng pkB-Luc plasmid, which
encodes a firefly luciferase reporter gene under the control of an NF-kB–
responsive promoter (31) and with 200 ng constitutive expression plas-
mid Renilla luciferase reporter vector pRL-TK (Promega), as well as
with hcd137 (Origene), TRAF2-GST (150 ng; Addgene Plasmid 21586;
Addgene) (32), TRAF2DRING (up to 500 ng), pcDNA-flag-TRAF2DRING
(33) (a kind gift from Dr. Adrian Ting, Mount Sinai School of Medicine),
pcDNA 3.1+-hemagglutinin (HA)-ubiquitin (up to 500 ng), and pcDNA
3.1+-HA-ubiquitin K63R (up to 500 ng) (both a kind gift from Gijs
Versteeg, Mount Sinai School of Medicine). Twelve to 18 h after trans-
fection, cells were harvested and lysed in dual reporter lysis buffer
(Promega). Firefly luciferase values were normalized using Renilla lucif-
erase values. When indicated, cells were stimulated for 6 h with 10 mg/ml
anti-CD137 mAb (clone 6B4) and then lysed in dual reporter luciferase
buffer (Promega).

For luciferase reporter experiments in lymphoid cell lines, 25 3 106

CEM or MOLT4 cells per condition were electroporated using the Gene
Pulser MX System (300 V for CEM, 250 V for MOLT4, 950 mF for both
cell types; Bio-Rad, Hercules, CA) with plasmids encoding CD137 (10
mg), K63R (20 mg), kB-firefly luciferase reporter (10 mg), pRL-TK (10
mg), or empty vector (20–30 mg). After 24 h, live cells were isolated using
Ficoll density gradient separation, washed, and stimulated during 16 h with
10 mg/ml anti-CD137 mAb (clone 6B4) or control Ab (Mouse IgG; Sigma-
Aldrich).

CD137 ubiquitin K63 colocalization in vivo and in vitro

Tumor-infiltrating lymphocytes were obtained from CT26 tumors s.c.
implanted in the flank of BALB/c mice. At day 12 after tumor implantation,
mice were treated i.v. with 100 mg mouse biotinylated anti-CD137 mAb
(clone 17B5) or isotype control. Two hours following treatment, tumors were
excised and subjected to mechanical dissociation and Ficoll (Lympholyte-M;
Cedarlane Laboratories, Burlington, NC) separation to isolate infiltrating
T lymphocytes.

For in vitro experiments, CEM or primary lymphocytes were activated as
previously described. CD137 stimulation was accomplished with 10 mg/ml
biotinylated anti-CD137 (clone 6B4). Cross-linking was induced with 1
mg/ml Alexa 488-streptavidin.

After stimulation, cells were fixed with 4% paraformaldehyde during
15 min at 4˚C and then permeabilized with 0.1% Triton X-100 in PBS for
5 min. To avoid nonspecific binding, all samples were blocked using EBSS
containing 10% BSA, 0.1% Triton X-100, and 0.1% saponin for 1 h. Cells
were stained overnight with an Ab recognizing ubiquitin K63-specific

The Journal of Immunology 6695

 at R
ed de B

ibliotecas del C
SIC

 on June 13, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


chains diluted in EBSS containing 1% BSA, 0.1% Triton X-100, and 0.1%
saponin (1:40; clone Apu3; Millipore) (34). Samples were washed three
times with 0.1% Triton X-100 in PBS and incubated with 200 ml Image-IT
Fx signal enhancer (Invitrogen) for 15 min at room temperature (RT).
After three washes, cells were labeled with 10 mg/ml Alexa 647 anti-rabbit
Ab (Invitrogen) for 1 h. Then, samples were embedded in 0.8% agar
(Sigma-Aldrich). Images were obtained with an LSM 510 Zeiss confocal
microscope using a 403 or 633 oil immersion objectives (Zeiss). At least
30 cells were evaluated per condition.

For colocalization analyses, threshold over background was set, and
a region of interest was manually defined around individual cells. Colo-
calization was measured with the coloc_2 module of FIJI (35).

Colocalization of CD137, TRAF2, and K63-ubiquitin was analyzed
in HEK293T (7 3 106) cells transfected with CD137 in pReceiver-M02
(2.25 mg) (GeneCopoeia, Germantown, MD) and pcDNA3 HA-TRAF2
(2.25 mg) for 16 h. Cells were stimulated, and cross-linking was in-
duced as previously described with biotinylated human anti-CD137 Ab
(clone 6B4) and Alexa 488-streptavidin. Cells were fixed (4% para-
formaldehyde) and permeabilized (0.1% Triton X-100 in PBS) as de-
scribed before. TRAF2 was stained with rat anti-HA mAb (1:400;
clone 3F10; Roche, overnight at 4˚C). Endogenous K63–polyubiquitin
chains were detected with clone Apu3 (1:40; Millipore, overnight at 4˚C).
After extensive washing, cells were labeled with 10 mg/ml Alexa 647
anti-rabbit Ab (Invitrogen) and Alexa 546 anti-rat Ab (Invitrogen) for
1 h. For confocal imaging, samples were embedded in 0.8% agar (Sigma-
Aldrich). Images were acquired with an LSM 510 Zeiss confocal mi-

croscope using a 403 or 633 oil immersion objective (Zeiss). Triple
codistribution was quantified using a custom-developed FIJI plugin
that defines a mask in the green channel and then detects the coloc-
alization percentage of blue and red channels inside the mask. It also
allows calculation of the corrected Pearson correlation inside the green
mask.

NF-kB nuclear translocation

To determine the presence of p65 NF-kB in HEK293T nuclei, cells were
seeded on glass culture slides (BD Falcon 8-well CultureSlide; BD Bio-
sciences), grown to 80% confluence, and stimulated for 30 min with anti-
CD137 (clone 6B4) at a concentration of 1 mg/ml. Afterwards, cells were
fixed in 4% formaldehyde for 10 min at RT, permeabilized, blocked with
goat serum for 30 min at RT, and then incubated with anti-p65NFkB1
primary Ab (Santa Cruz Biotechnology) overnight. Secondary goat anti-
rabbit (DakoCytomation) was incubated for 45 min at RT. Samples were
mounted in SlowFade Antifade Kit (Invitrogen) and evaluated by using
a epifluorescence microscope Zeiss AxioImager (Zeiss) and ISIS software
(Metasystems, Altlussheim, Germany).

p65 NF-kB nuclear translocation was also evaluated by immunoblot.
Briefly, HEK293T were transfected with plasmids encoding CD137,
TRAF2DRING, and K63R-ubiquitin for 16–18 h and then nuclear extracts
obtained using the Qproteome Cell Compartment Kit (Qiagen).

Immunoblots were performed with Abs against p65 (rabbit polyclonal;
Santa Cruz Biotechnology) and Lamin A/C (clone 636; Santa Cruz

FIGURE 1. CD137 internalization upon li-

gation with anti-CD137 agonist mAbs. (A)

HEK293T cells stably expressing human CD137-

GFP were stimulated with the different anti-

CD137 Abs described in Supplemental Fig. 1.

Cells were fixed immediately after anti-CD137

mAbs conjugated with Alexa 594 were added

(time 0) or 30min later (time 30 min). Samples

were analyzed by confocal microscopy (orig-

inal magnification 340). (B) CEM cells (hu-

man T cell line) were activated with 0.1 mg/ml

PMA-1 mg/ml ionomycin for 18 h. Cells were

fixed and then incubated with biotin-conjugated

anti-CD137 mAb (clone 6B4) for the indicated

times. CD137 was detected with Alexa 594-

streptavidin, and nuclei were stained with

DRAQ5. Confocal images were taken with a

340 oil immersion objective. Original magnifi-

cation 3400. (C) CD137 cell-surface expres-

sion (mean fluorescence intensity [MFI]) was

quantified at the indicated time points by

FACS. HEK293T-expressing CD137 were

stimulated with 6B4 or 5D1 human anti-

CD137 mAbs. Cross-linking was induced with

biotin rat anti-mouse IgG1. Remaining CD137

surface expression was detected with allo-

phycocyanin-streptavidin.
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Biotechnology). Blots were developed with the ECL Western Blotting
Substrate (Pierce). Densitometry was performed with the Gel Tool from
FIJI.

Immunoprecipitation

HEK293T cells were transfected as described above with plasmids
encoding CD137, TRAF2-GST, ubiquitin-HA, K63R-ubiquitin-HA, or
K48-ubiquitin HA. Sixteen hours after transfection, CD137 stimulation
was accomplished with 10 mg/ml anti-CD137 (clone 6B4). Cross-linking
was induced with 10 mg/ml purified anti-mouse IgG1 (eBioscience).
Then cells were lysed at 4˚C in lysis buffer (25 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, and complete protease
inhibitor [Roche]). Soluble lysate was immunoprecipitated with 5 mg
anti-CD137 mAb (clone 6B4) and 80 ml protein G-Sepharose 4 Fast
Flow beads (GE Healthcare) or with glutathione Sepharose beads for
TRAF-GST pulldown. Proteins were eluted in Laemmli sample buffer
two times with 2-ME, separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes. Membranes were blocked in PBS
containing 0.05% Tween-20 and 5% nonfat milk for 1 h. Immunoblots
were performed with Abs against CD137 (clone 6B4), HA (rabbit
polyclonal; Abcam), or GST (rabbit polyclonal; Sigma-Aldrich). Blots
were developed with the SuperSignal West Dura Extended Duration
Substrate (Pierce). Densitometry was performed with the Gel Tool from
FIJI.

In vivo NF-kB reporter assay

CD137 KO mice (BALB/c) at 6–8 wk of age (8) were anesthetized using
ketamine/xylazine and then were injected with a total amount of 20 mg
plasmid DNA by hydrodynamic injection, consisting of the administration
of 1.8–2.0 ml DNA solution via tail vein in 5 s (36). Animals were injected

with plasmids encoding a kB-firefly luciferase reporter (6 mg), CD137 (4
mg), K63R-ubiquitin (10 mg), or with an empty plasmid (empty vector) as
required. At 48 h after hydrodynamic injection, mice were i.p. inoculated
with 100 mg human anti-CD137 mAb (clone 6B4) or control mouse IgG.

Bioluminescence measurement

Mice were anesthetized using ketamine/xylazine and injected with 100 ml
D-luciferine (Xenogen, Alameda, CA) at a concentration of 30 mg/ml.
Mice were placed in the imaging chamber of the Xenogen IVIS system
(Xenogen). A color-scale photograph of the animals was acquired, fol-
lowed by a bioluminescent acquisition. Regions of interest were drawn
over the positions of greatest signal intensity on the animal, as well as over
regions of no signal, which were used as background readings. Light in-
tensity was quantified using photons/s/cm2/sr (luciferase activity). The
color-scale photograph and data images from all studies were super-
imposed using LivingImage (Xenogen).

Western blotting in Traf2DN-tg mice T cells

Spleens from 3–6-mo-old Traf2DN-tg mice and WT littermates were
mechanically processed, and mononuclear cells were isolated by Ficoll
density centrifugation (Lympholyte-M; Cedarlane Laboratories). T cells
were purified from spleens of mice using the EasySep negative selection
mouse T cell enrichment kit (Stem Cell Technologies, Vancouver, Canada)
following the manufacturer’s instructions. Purity of T cells was assessed by
FACS using anti–CD3-FITC mAb and was .95%. T cells (4 3 106 cell/
sample) were lysed, sonicated and protein concentration was determined.
A total of 12 mg protein from each sample was analyzed by SDS-PAGE/
immunoblotting using specific Abs against TRAF2, TRAF5 (Santa Cruz
Biotechnology), p52 NF-кB (Cell Signaling Technologies, Danvers, MA),
and b-actin (Sigma-Aldrich).

FIGURE 2. CD137 is internalized upon ligation with

anti-CD137 agonist mAbs in primary human and

mouse T cells. Immunomagnetically purified human

CD4 (A) or human CD8 T (B) cells were activated with

anti-CD3 mAb to induce CD137 expression. After

24 h, cells were stimulated with Alexa Fluor 594–conju-

gated human anti-CD137 mAb (clone 6B4) for the

indicated times. Samples were analyzed by confocal

microscopy with a 403 oil immersion objective. Sim-

ilar results were observed with the other anti-CD137

mAb of the panel (not shown) (C). Splenocytes derived

from OT-1 TCR-tg mice were stimulated with SIIN-

FEKL OVA peptide for 48 h. Cells were stimulated for

the indicated times with biotinylated anti-mouse

CD137 (clone 17B5) and cross-linked with streptavi-

din-Alexa Fluor 594. WGA-A488 was used to coun-

terstain the plasma membrane in green. Cells were

fixed, and samples were analyzed by confocal micros-

copy with a 403 oil immersion objective. Nuclei were

stained with DRAQ5. For (A)–(C), original magnifica-

tion 3400. (D) The percentages of cells containing at

least one anti-CD137–containing endosome were

quantified at the indicated time points. For each ex-

periment, a total of 30 cells was analyzed per field in

three different fields of confocal microscopy images.

***p , 0.0001.
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Tumor immunotherapy experiments

Traf2DN-tg mice and WT littermates (6–8 wk old) bred into a BALB/c
background were subdermally inoculated with 5 3 105 mouse colon car-
cinoma CT26 cells resuspended in 100 ml PBS. One week later, mice (n =
8/genotype and treatment) were i.p. injected either with 100 mg 1D8 anti-
CD137 mAb or isotype control and the treatment was repeated 3 and
6 d later. Tumor length and width was measured with an electronic digital
caliper every 2 d, and tumor volume was calculated with the formula V =
p/6 3 length 3 width2.

Statistical analysis

Prism software (GraphPad Software) was used to analyze CD137 inter-
nalization, CD137 colocalization with K63–polyubiquitin, NF-kB–de-
pendent luciferase expression, and tumor growth. Statistical significance
between groups was assessed by applying unpaired Student t tests or two-
way ANOVA tests: *p , 0.05, **p , 0.01, ***p , 0.0001.

Results
CD137 when ligated by agonist mAbs internalizes to an
endosomal compartment

A panel of mouse IgG1 mAbs directed to human CD137 was raised
against a CD137-Fc chimera (Supplemental Fig. 1). All of these Abs
specifically recognize human CD137 transfectants in HEK293T
by immunofluorescence and FACS analyses. The panel of mAbs
detected the protein in immunoblot assays and, with the exception

of 6B3 mAb, was also capable of immunoprecipitating CD137
(Supplemental Fig. 1). Unfortunately, none of the mAb in our panel
raised against human CD137 cross-reacted with mouse CD137 (data
not shown). The five selected mAb define four epitopes, with only
one of them (clone 6C10) interfering with binding of the natural
CD137 ligand (CD137L) as a soluble recombinant protein. In cul-
tures of human T cells preactivated by surface-coated anti-CD3ε
mAb, all of the anti-CD137 mAbs costimulated proliferation in
CFSE dilution assays and inhibited T cell death, irrespective of the
engaged epitope (Supplemental Fig. 1). All of these mAbs bind
CD137 with a KD in the low nanomolar range (Supplemental Fig.
1).
HEK293T cells were stably transfected to express CD137 with

a GFP tail. Confocal images from these cells in culture in the
presence of the panel of red-labeled anti-CD137 mAbs showed that
both Ab and surface Ag were rapidly internalized toward a ve-
sicular endosomal compartment (Fig. 1A, Supplemental Video 1).
The internalization event also took place in human CEM T cells
prestimulated with PMA-ionomycin to acquire CD137 expression
(Fig. 1B). Using unlabeled 6B4 or 5D1 mAb to induce CD137
internalization and a fluorochrome-labeled noncompeting anti-
CD137 mAb, it was possible to observe an important decrease
of CD137 on the plasma membrane of HEK293T CD137 stable
transfectants (Fig. 1C). CD137 was not internalized when cells

FIGURE 3. CD137 is internalized in primary T cells

upon ligation by anti-CD137 agonist mAbs in vivo. (A)

Scheme of the experiment: human CD8 T cells or

CEM cells were activated to induce CD137 expres-

sion, and then 1 3 106 cells were injected in the

peritoneum of Rag2/2IL-2Rg2/2 mice. At the same

time, 100 mg human anti-CD137 mAb (clone 6B4)

labeled with Alexa Fluor 594 was i.v. inoculated, and 2

h later, cells were retrieved by peritoneal lavage, fixed,

permeabilized, stained, and visualized by confocal

microscopy. Nuclei were counterstained with DRAQ5

and plasma membranes with Alexa 488–labeled WGA.

(B) Confocal analysis of a representative preactivated

CEM cell retrieved from the peritoneum of mice

treated with control mouse IgG or with anti-human

CD137 mAb. (C) Confocal analysis of a representative

preactivated primary peripheral blood CD8 lympho-

blast retrieved from the peritoneum of mice treated

with mouse IgG or with anti-mouse CD137 mAb. For

(B) and (C), original magnification 3400. (D) Quan-

tification of cells containing endosomes with anti-

CD137 mAb in preactivated primary peripheral blood

CD8 lymphoblasts or preactivated CEM T cells re-

trieved from the peritoneum of mice treated with either

mouse IgG or anti-CD137 mAb. The percentage of

cells containing anti-CD137 endosomes was quantified

at the indicated time points. For each experiment,

a total of 30 cells was analyzed per field in three dif-

ferent fields of confocal microscopy images. ***p ,
0.0001.
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were cultured at 4˚C or when treated with an isotype control mAb
(data not shown). Loss of membrane immunostaining because of
internalization was more rapid and efficient when cross-linking
was enforced with a secondary anti-mouse IgG1 mAb (Fig. 1C).
Primary CD4 and CD8 human T lymphocytes preincubated for

48 h with plate-bound anti-CD3ε to induce CD137 expression also
showed rapid CD137 internalization upon Ab binding (Fig. 2A,
2B). This effect was not restricted to human T cells because TCR-tg
OT-1 CD8+ T cells prestimulated with the cognate OVA peptide Ag
also experienced internalization of a red-labeled anti-mouse CD137
mAb (Fig. 2C). Internalization vesicles containing the anti-CD137
mAbs were readily observed in a majority of cultured cells (Fig.
2D). Furthermore, immunostaining experiments showed that inter-
nalized CD137 codistributed with clathrin enrichments (data not
shown), thus suggesting the involvement of the clathrin internali-
zation machinery in CD137 endocytosis. In contrast, endocytosed
CD137 failed to colocalize with caveolin vesicles (data not shown).
The CD137-containing vesicles were derived from the plasma
membrane because a fraction of cell-surface glycoproteins pre-
stained with the Alexa 488–labeled WGA lectin were cointernalized
with CD137 toward the same vesicular compartment (Supplemental
Fig. 2). In further support of the endosomal localization of inter-
nalized CD137, we found that CD137 also codistributed with the
endosomal marker EEA1 (Supplemental Fig. 3).
The mechanism of action of CD137-targeted cancer immuno-

therapy requires that T cells recognize and get activated by tumor

Ags, thus inducing CD137 expression on the surface of the best
responding T lymphocytes (30). Once properly primed, these
T cells become CD137 positive and responsive to artificial co-
stimulation by an injected multivalent CD137 agonist mAb. To
model such a therapeutic setting, we injected CD137-expressing
PMA plus ionomycin–activated CEM human T lymphocytes in
the peritoneal cavity of IL-2Rg2/2Rag2/2 mice and i.v. admin-
istered the agonist 6B4 anti-CD137 mAb or a control IgG (Fig.
3A). Two hours later, i.p. T cells were recovered by peritoneal
lavage. Confocal microscopy of these cells clearly shows the
internalization of Alexa 594–labeled 6B4 anti-CD137 mAb to
endosomes (Fig. 3B). Furthermore, when primary human CD8+

preactivated lymphoblasts were injected in the peritoneum of such
immunodeficient mice, Alexa-conjugated 6B4 internalization was
also readily observed in the activated CD8+ T lymphoblasts (Fig.
3C). Similar results were observed with the rest of our anti-human
CD137 mAb panel (data not shown). As a result of internalization,
most lymphocytes showed CD137-containing endosomes within
45 min after injection (Fig. 3D). These results suggest that CD137
internalization takes place in vivo in situations resembling the
context of CD137-targeted stimulation for immunotherapy.

Internalized CD137 codistributes with K63–polyubiquitin
chains

CD137 signaling has been shown to involve TRAF2 (19–21) and
TRAF1 complexes (37, 38). In fact, TRAF2 KO mice signal

FIGURE 4. K63–polyubiquitin colocalized with

CD137 and K63 polyubiquitination is required for ef-

ficient CD137 endocytosis. (A) HEK293T cells stably

expressing CD137-GFP were stimulated with agonist

6B4 anti-CD137 (10 mg/ml) mAb for the indicated

time and then fixed in 4% paraformaldehyde, per-

meabilized with Triton X-100, and stained with an Ab

specific for K63–polyubiquitin (PolyubK63) chains

(clone Apu3, 1:40). Samples were analyzed by con-

focal microscopy with a 403 oil immersion objective.

Images are representative of two independent experi-

ments similarly performed. Colocalization pixel maps

were obtained using the coloc_2 module from FIJI.

Primary human CD8 T cells (B) or mouse T cells

isolated from the spleen of OT-1 mice (C) were acti-

vated with anti-CD3 mAb or cognate peptide Ag, re-

spectively, for 48 h to induce CD137 surface expression.

Cells were then stimulated with biotinylated agonist 6B4

(10 mg/ml) anti-CD137 mAb or with 17B5 biotinylated

anti-mouse CD137 (10 mg/ml) cross-linked with strep-

tavidin-Alexa Fluor 488 (10 mg/ml) (B) for 20 min and

then fixed in 4% paraformaldehyde, permeabilized with

Triton X-100, blocked, and stained with an Ab specific

for K63–polyubiquitin chains (PolyubK63; clone Apu3,

1:40). Samples were analyzed by confocal microscopy

with a 403 oil immersion objective. Cells shown are

representative of the results obtained in at least three

independent experiments. The insets in (B) and (C) rep-

resent a colocalization pixel map obtained with the

coloc_2 module of FIJI. For (A)–(C), original magnifi-

cation 3400. (D) Time to internalization after anti-

CD137 mAb treatment in HEK293T-CD137-GFP cells

transfected with WT or mutant K63R ubiquitin as quan-

tified by sequential confocal microscopy. Additional in-

formation is presented as Supplemental Video 2. ***p,
0.0001.
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poorly via CD137 (21). TRAF2 can ubiquitinate substrates with
K63–polyubiquitin chains that act as docking sites for TAB2/3
adapters and lead to canonical NF-kB pathway activation via
TAK1 and also to the activation of MAPKs (39, 40). No evidence
of CD137 triggering ubiquitination-dependent signaling events
has been ever described, but previous evidence with other TNFR
members such as CD40 and TNFR1 is available (41–43).
We performed experiments of CD137 internalization on

HEK293T cells stably transfected with CD137-GFP. Upon binding
with the agonist mAb 6B4, CD137-GFP, and K63–polyubiquitin
chains [immunostained with an anti-K63–polyubiquitin-specific
rabbit mAb (34)] showed an overlapping distribution pattern in-
volving intracellular endosomes in the majority of examined cells
(Fig. 4A). These results suggest that the anti-CD137 agonist mAb
and CD137 remain as an active signaling complex, thus consti-
tuting signaling endosomes.
Consistent with these results, CD137-induced K63 poly-

ubiquitination was also detected on activated CD8+ T lymphoblasts
from human donors upon activation with an agonist anti-CD137
mAb. As shown in Fig. 4B, 20 min after ligation, internalized
CD137 codistributed with K63–polyubiquitin chains upon staining
with the mAb specific for K63–polyubiquitin chains. A similar
result was achieved in mouse OT-1–tg T cells prestimulated with
cognate Ag and exposed for 20 min to the fluorescence-labeled
anti-mouse CD137 mAb and subsequent labeling with anti-K63–
polyubiquitin mAb (Fig. 4C).
Furthermore, transfection of HEK293T cells expressing CD137-

GFP with either WT or K63R ubiquitin showed that, upon ligation
with agonist anti-CD137 mAb, CD137-GFP internalization was
significantly delayed in cells transfected with the plasmid encoding
the K63R ubiquitin mutant when compared with that of cells
transfected with the plasmid encoding WT ubiquitin (Fig. 4D,
Supplemental Video 2). This result indicates that CD137 endo-
cytosis and K63 polyubiquitination are tightly linked events,

similar to what has been previously described for other surface
receptors. Indeed, K63-linked polyubiquitination has been asso-
ciated with clathrin-dependent endocytosis of several surface
receptors (44–46).
To further recapitulate the in vivo immunotherapy settings, we

took advantage of the expression of CD137 in tumor-infiltrating
T lymphocytes responding to colon CT26 cells transplanted onto
BALB/c mice (47). As shown in Supplemental Fig. 4, i.v. injection
of Alexa 594–labeled 17B5 anti-mouse CD137 mAb resulted in
internalization of CD137 in tumor-infiltrating lymphocytes after
2 h, and anti-CD137 mAb-containing endosomes were costained
with K63–polyubiquitin chains.

CD137-mediated NF-kB activation requires K63
polyubiquitination and is partially dependent on TRAF2

To ascertain the role of TRAF2 and K63 polyubiquitination in
CD137-mediated NF-kB activation, transient transfections in
HEK293T cells were performed with expression plasmids en-
coding CD137, a mutant TRAF2 lacking the RING and zinc
finger domains (TRAF2DN), and an NF-kB reporter system
controlling the expression of luciferase (Fig. 5A). As expected,
CD137 overexpression in HEK293T cells induced NF-kB–de-
pendent luciferase activity, which was further increased by liga-
tion with anti-CD137 mAb. Expression of the TRAF2DN mutant
significantly reduced NF-kB activation, which was drastically
inhibited by expressing the K63R ubiquitin construct (Fig. 5A).
Similar results were obtained with the human T cell lines CEM
and MOLT4 (Fig. 6). The role of TRAF2 and K63-ubiquitination
in CD137-mediated NF-kB activation was further demonstrated
assessing the nuclear translocation of the p65 NF-kB1 subunit by
cell immunostaining and immunoblotting of nuclear extracts. In-
deed, CD137 expression in HEK293T cells efficiently induced
p65–NF-kB1 nuclear translocation, and this translocation was sig-
nificantly prevented by enforced coexpression of either TRAF2DN

FIGURE 5. CD137 activation of NF-kB signaling is

dependent on K63 polyubiquitination and TRAF2. (A)

HEK293T cells were transfected with the indicated

plasmids, and 4 h after transfection, cells were treated

with anti-CD137 agonist mAb (clone 6B4) for 6 h, and

luciferase expression was assessed. (B) HEK293T cells

were transiently transfected with the indicated plas-

mids. After 30 min, cells were fixed, permeabilized,

and stained with anti-p65–NF-kB Ab to assess its cy-

tosolic or nuclear location. Nuclei were counterstained

with DAPI. Samples were mounted in SlowFade Anti-

fade Kit (Invitrogen) and evaluated using an epifluor-

escence microscope, Zeiss AxioImager (Zeiss). Original

magnification 3400. (C) Cumulative data for the ex-

periments displayed in (B). Data represent analysis of

30 cells/field. (D) Nuclear extracts from HEK293T cells

transfected with CD137, TRAF2DRING, or K63R

ubiquitin were evaluated by immunoblot for p65 NF-kB

translocation. The nuclear protein lamin A used as

loading control. Densitometry data are provided in each

lane. ***p , 0.0001. EV, Empty vector.
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or K63R ubiquitin (Fig. 5B–D). Altogether, these data indicate
that TRAF2-associated E3 ubiquitin ligase activity and K63
polyubiquitination are required for CD137-mediated NF-kB ac-
tivation.

K63 polyubiquitination of TRAF2 in response to CD137
ligation

TRAF2 has been shown to interact with the cytoplasmic tail of
CD137 (19). We confirmed this interaction by bidirectional
coprecipitation of TRAF2-GST and human CD137 in cotrans-
fected HEK293T cells (Fig. 7A). To study whether CD137 en-
gagement with agonist mAbs elicits K63 polyubiquitination of
TRAF2, we performed experiments in HEK293T cells, which
were transfected with plasmids encoding human TRAF2-GST
and HA-tagged WT, K48R, or K63R ubiquitin. Cells were then
stimulated with 6B4 anti-CD137 mAb and lysed at the indicated
time points. TRAF2-GST was subsequently pulled down, and the
precipitates were then probed with anti-HA Abs in Western blots
to detect polyubiquitinated TRAF2. As shown in Fig. 7B, an in-
crease in HA–polyubiquitin was found covalently bound to TRAF2
as early as 2 min after CD137 stimulation. TRAF2 polyubiquitination
was also observed when cells were transfected with mutant K48R
ubiquitin, but this effect was completely lost upon transfection

with mutant K63R ubiquitin, hence indicating that K63 poly-
ubiquitination of TRAF2 is triggered by CD137. In addition, Fig.
8 shows that CD137, TRAF2, and K63 polyubiquitin codis-
tributed in the signaling endosomes, hence further supporting the
interplay of these molecules in the endosomal compartment.

K63 polyubiquitination is required for CD137 signaling in vivo

To ascertain the functional relevance of anti-CD137 agonist mAb
in vivo, first we carried out hydrodynamic liver gene transfer of the
plasmid encoding the luciferase reporter system for NF-kB acti-
vation and a combination of the aforementioned expression
plasmids. NF-kB activation in mouse hepatocytes was read as
luciferase-dependent light emission from the epigastric region in
a luminometric chamber. As can be seen in Fig. 9A, CD137 gene
transfer led to slight NF-kB–dependent light emission over control
levels that was dramatically upregulated when the mice were
treated i.p. with the 6B4 human anti-CD137 mAb. Importantly,
gene cotransfer of plasmids encoding K63R-ubiquitin abrogated
luciferase-dependent light emission (Fig. 9A, 9B), indicating that
K63 ubiquitination is critical for CD137 signaling under these
conditions.

TRAF2 is involved in CD137-mediated antitumor activity

As indicated earlier, CD137 stimulation in tumor-bearing mice
elicits a potent, often curative, immune response mediated mainly
by CTLs (11). To address the role of the CD137/TRAF2 axis in the
immune rejection of tumors as elicited by agonist anti-CD137
mAb, we performed experiments in tg mice (Traf2DN-tg) ex-
pressing a mutant TRAF2 lacking the RING and zinc finger
domains specifically in lymphocytes (29). We have recently shown
in these mice that expression in B lymphocytes of TRAF2DN
abrogates endogenous TRAF2 expression, thus turning Traf2DN-tg
B lymphocytes into bona fide TRAF2-deficient lymphocytes (48).
We have extended these results to Traf2DN-tg T lymphocytes,
which also lacked significant WT TRAF2 expression (Fig. 9C). As
shown in Fig. 9D, CT26 tumors that aggressively grow in both
Traf2DN-tg and WT littermates were rejected upon treatment with
anti-CD137 mAb. However, there was a significant delay (of ∼1
wk) in the rejection of CT26 tumors induced by CD137 mAb
treatment in Traf2DN-tg mice when compared with that of WT
littermates. Because CD137-mediated tumor rejection was delayed
but still achieved in mice functionally deficient for TRAF2, other
proteins, particularly other TRAF family members such as TRAF1
(20, 37) or even TRAF5, that could substitute TRAF2 in regulating
signaling from certain TNFR family members (49) might also
participate in CD137-mediated tumor rejection. Of note is that both
the Traf2DN-tg mice and WT littermates, which attained complete
rejection upon treatment with anti-CD137 mAb, were able to
efficiently reject a second inoculation of CT26 cells performed 2
mo later, thus indicating that TRAF2 does not seem to be required
to render tumor-protective T cell memory in mice that had pre-
viously rejected a tumor upon anti-CD137 mAb therapy (data not
shown).

Discussion
Immunotherapy based on agonist mAbs that engage surface re-
ceptors of the TNFR superfamily on cells of the immune system is
still in its infancy in terms of clinical trials and with regard to the
precise elucidation of the mechanisms of action (17, 50, 51). In this
report, we have addressed the study of the early signaling events
triggered by the engagement of CD137 with specific agonist mAbs
that elicit a therapeutic response.
We have observed a rapid internalization of CD137 following

the exposure to agonistic Abs both in vitro and, more importantly,

FIGURE 6. CD137 activates NF-kB in T cell lines through a K63-

ubiquitin–dependent mechanism. CEM and MOLT4 cells were electro-

porated with plasmids encoding CD137 (10 mg), K63R (20 mg), kB-firefly

luciferase reporter (10 mg), pRL-TK (10 mg), or empty vector (EV; 20–30

mg as needed to control electroporated DNA). After 24 h, live cells were

isolated using Ficoll density gradient separation, washed, and stimulated

with 10 mg/ml anti-CD137 mAb (clone 6B4) or control Ab (Mouse IgG).

Sixteen to 18 h after Ab stimulation, cells were harvested and lysed in dual

reporter lysis buffer. Firefly luciferase values were normalized using

Renilla luciferase values. Experiments were done in quadruplicate. *p ,
0.05. mIgG, Murine IgG; RLU, relative light units.
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in vivo. Internalization and recycling has been observed with many
surface receptors of cells of the immune system (52) but its sig-
nificance for immunotherapy with immunostimulatory mAbs
remains unclear. Transient disappearance of the activated receptor
from the membrane would hamper rapid restimulation of the
pathway until the receptor surface expression is regained. How-
ever, in the case of CD137, our results indicate that internalized
CD137 molecules remain associated to the agonist cross-linking
ligand, forming an endosomal depot organelle that keeps CD137-
mediated signaling activated. We have previously referred to such
organelles as CD137-signalsomes (53), and we postulate that they
are important to understand the immunotherapeutic effects.
Furthermore, CD137 internalization in vivo upon its activation

with agonist mAb would have important therapeutic consequences.
First, it would preclude Ab-dependent complement activation
through the classical pathway. Indeed, CD137 internalization might
explain why no CD137-depleting Abs have ever been described.
Second, removal of the circulating pool of anti-CD137 mAb might
also prevent or, at least, delay development by the host of Abs
against the immunotherapeutic CD137 mAb, a common downfall
event that has been reported even for fully humanized mAb used in
therapy (54).
Further research is necessary to ascertain whether the formation

of such CD137-signaling endosomes in T lymphocytes might be
dependent on the type and amount of the agonistic ligand available.
In this regard, it remains to be elucidated whether CD137 inter-
nalization would take place when the anti-CD137 mAb or CD137L
is attached to the plasma membrane of tumor cells. This is par-
ticularly relevant to therapy because it has been shown that tumor
membrane-bound anti-CD137 mAbs efficiently trigger an immu-
notherapeutic response (55). It will be also important to assess the
role of internalization upon CD137–CD137L interaction at phys-
iological immune synapses.
The intimate mode of action of the anti-CD137 mAbs is not well

understood (53). It is known that the natural ligand forms trimers
that constitute the active form of the receptor (56, 57). Interest-

ingly, five different anti-CD137 mAbs defining three separate epi-
topes on the molecule, including one interfering with CD137L,
produce similar, if not identical, agonistic effects on CD137 sig-
naling. These results suggest that triggering efficient signal trans-
duction from CD137 simply requires receptor multimerization
by multivalent ligands, rather than ligand-specific conformational
changes in the receptor. Whether further cross-linking events of
CD137 by FcR engagement acting from neighboring cells would
strengthen CD137 signaling, as has been reported with anti-CD40
mAb (58, 59), is a question under investigation. The cross-linking
role of FcRs could also foster internalization.
Our findings might help to understand pharmacodynamics and

receptor expression/occupancy upon treatment with CD137 ago-
nists. For instance, given our observations of in vivo internalization,
it is open to debate whether it is more convenient to maintain serum
levels of anti-CD137 mAb constant, or it would rather be advisable
to allow CD137 surface re-expression before administering another
round of treatment to the patient. In addition, the cytoplasmic tail of
CD137 in tandem with those of CD3z and CD28 have been in-
cluded in chimeric Ag receptors used in a few cases of adoptive
T cell therapy with unprecedented clinical success (60, 61). Our
results may provide the basis to understand early signaling events
from these successful chimeric Ag receptors.
Mechanisms involving endocytosis should be expected for other

TNFR superfamily members (i.e., GITR, OX40, and CD27 in
T cells), and it would be important to take endocytosis into con-
sideration when interpreting the immunotherapeutic effects elicited
through the corresponding immunostimulatory mAbs (56). Inter-
nalization to endosomes of CD137 (or other relatives of the TNFR
superfamily) with specific cross-linking agents could be envi-
sioned as a tool to build endosomal pools continuously signaling
inside the cell. Costimulation with CD137 in cis has been previ-
ously described in T cells cotransfected with CD137 and CD137L
(62).
We have also performed in vitro studies using transfected

HEK293T cells and the T cell lines CEM and MOLT4. Our results

FIGURE 7. TRAF2 is ubiquitinated with K63-

linked polyubiquitins following stimulation of the

cells with anti-CD137 mAb. (A) CD137 copreci-

pitates with TRAF2. Lysates from HEK293T cells

transiently transfected with CD137 or TRAF2-GST

were precipitated with anti-CD137 mAb or gluta-

thione-coated beads. TRAF2 or CD137 were as-

sessed by SDS-PAGE and immunoblot using an

anti-GST (rabbit polyclonal) or anti-CD137 (clone

6B4) Ab as indicated in the figure. (B) HEK293T

cells were transfected with plasmids encoding CD137,

TRAF2-GST, and HA-ubiquitin, HA-K63R–ubiquitin,

or HA-K48R–ubiquitin. After 16 h, cells were treated

with 6B4 anti-CD137 mAb for the indicated times.

Then, cells were lysed, and GST-TRAF2 was pre-

cipitated with glutathione sepharose beads. TRAF2

ubiquitination was assessed by SDS-PAGE and

immunoblot using an anti-HA Ab.
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show a key role of K63 ubiquitination in CD137 endocytosis and
also in CD137-mediated NF-kB induction. To assess the activity
and signaling pathways triggered by the agonist anti-CD137 mAb
in vivo, we have performed hydrodynamic injection of different
combinations of expression plasmids encoding human CD137, a
K63R ubiquitin mutant, and an NF-kB reporter system. This rel-
atively easy in vivo technique takes advantage of the fact that
hepatocytes efficiently take up all the coinjected expression cas-
settes. Hepatocytes will attain coexpression of all of the encoded
proteins, thus allowing the study of the activity of the different
Abs against CD137 in vivo in hepatocytes expressing CD137
and the different regulatory proteins. Our results clearly show that
K63-linked polyubiquitination is required for efficient NF-kB
induction in vivo triggered by anti-CD137 mAb as used in im-
munotherapy.
Elucidation of the downstream ubiquitination targets leading to

NF-kB and MAPK activation would need additional biochemical
studies. Unfortunately, the APU anti-K63–polyubiquitin Ab did not
work in our hands for immunochemical studies such as immuno-
precipitation, thus precluding a direct approach to identify K63-
ubiquitinated polypeptides in response to CD137 activation. How-
ever, using pulldown experiments of cells transfected with plasmids
encoding HA-tagged ubiquitin or its K48R and K63R mutants, we
have shown that TRAF2 is specifically polyubiquitinated in K63 in

response to CD137 engagement. This result is consistent with a role
for TRAF2 in the regulation of CD137 signaling, as demonstrated
by the significant inhibition, both in vivo and in vitro, of CD137-
mediated NF-kB activation by enforced expression of a TRAF2
deletion mutant lacking the RING and zinc finger domains.
The involvement of TRAF2 and TRAF1 in the activation of NF-

kB and MAPK by CD137 has been previously shown (37, 63). Our
results illustrate that there exists a CD137 signaling pathway de-
pendent on K63-linked polyubiquitination of substrates, including
TRAF2, which is critical for CD137 biological functions. TRAF2
is considered an E3 ubiquitin ligase that uses armed Ubc13 as the
E2 enzyme to catalyze K63-linked polyubiquitination (22, 23),
and therefore, TRAF2 may self-ubiquitinate or be ubiquitinated
by neighboring sister TRAF2 molecules. However, it is worth
noting that recent structural data argue that TRAF2’s RING do-
main might not interact with Ubc13 and other related E2 proteins
and hence could not catalyze K63 polyubiquitination (64, 65). In
this regard, TRAF2 also physically interacts with cIAP1 and -2,
which are E3 ubiquitin ligases described to produce both K48–
and K63–polyubiquitin chains (66, 67). Therefore, cIAP1 and/
or -2 might be responsible for the CD137-induced K63 ubiq-
uitination of TRAF2. However, we could not rule out the involve-
ment of other TRAF family members, such as TRAF5, in this
process (49).

FIGURE 8. CD137, TRAF2, and K63–polyubiquitin

(PolyubK63) codistribution. (A) HEK293T cells were

transfected with CD137 (2.25 mg) and TRAF2-HA

(2.25 mg) for 16 h. Cells were stimulated, and cross-

linking was induced with biotinylated human anti-

CD137 Ab (clone 6B4) and Alexa 488-streptavidin for

the indicated time (0 and 20 min). After fixation (4%

paraformaldehyde) and permeabilization (0.1% Triton

X-100 in PBS), TRAF2 was stained with rat anti-HA

mAb (1:400). K63-polyubiquitin chains (PolyubK63)

were detected with clone Apu3 (1:40). Images were

acquired with LSM 510 Zeiss confocal microscope

(Zeiss) using 403 or 633 oil immersion objectives.

For images shown, original magnification 3630. (B)

Triple colocalization was quantified using a custom-

developed FIJI plug-in that defines a mask in the green

channel and calculates the colocalization coefficient of

blue and red channels inside the mask. ***p , 0.0001.
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CD137-signaling pathways mediated by TRAF2 are important
for T cell functions (63), and, according to our data, they are in-
volved in eliciting efficient CD137-mediated antitumor immunity.
Indeed, we have performed experiments in tg mice expressing
in lymphocytes the TRAF2DN. Interestingly, in this mouse model,
the expression of the TRAF2DN mutant in lymphocytes causes
proteasome-dependent degradation of endogenous TRAF2, turn-
ing these traf2DN-tg mice into bona fide TRAF2-deficient mice
(48) (Fig. 9C). Our results show that CT26 tumors s.c. implanted
in the Traf2DN-tg mice were rejected as a result of anti-CD137
mAb treatment, although rejection was significantly delayed when
compared with WT mice. However, it was surprising to observe
that tumor rejection was still quite efficacious despite the virtual
absence of TRAF2 in T lymphocytes. Furthermore, development
of protective antitumor T cell memory was not significantly af-
fected by the absence of TRAF2. These results suggest that the
antitumor effect of CD137, at least under these therapeutic con-
ditions, might also rely on other members of the TRAF family that
might substitute TRAF2 in the tg T cells. As an alternative ex-
planation, it is worth noting that NF-kB2 signaling pathways are
deregulated in the Traf2DN-tg lymphocytes. Indeed, there is
constitutive activation of the alternative NF-kB route as evidenced
by p52 accumulation detected by Western blot on lysates from
purified T cells (Fig. 9C). Constitutive alternative NF-kB activa-
tion might, at least partially, compensate for the reduced CD137-
mediated canonical NF-kB induction as a result of TRAF2 defi-
ciency. In any case, our results in the tg mice only link biologic
activity(ies) of TRAF2 to CD137-triggered immunotherapy, but

the role of K63-ubiquitination in this process remains to be de-
termined.
All considered, CD137 in vivo internalization and K63–poly-

ubiquitin signaling offer new perspectives for the study and de-
velopment of CD137-based immunotherapy, as well as the search
for much needed efficacy correlates and biomarkers.
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FIGURE 9. Triggering of NF-kB signaling by

CD137 is dependent on K63 polyubiquitination, and

TRAF2 is involved in efficient CD137-elicited tumor

rejection in mice. (A) CD137-deficient mice were

subjected to hydrodynamic gene transfer of the liver

using plasmids encoding the same proteins detailed in

Fig. 6 and a kB-firefly luciferase reporter. Forty-eight

hours later, 100 mg 6B4 anti-CD137 mAb was i.p.

administered. Bioluminescence measurements were per-

formed 2 h after Ab injection. Data show representative

images of liver luciferase expression after anti-CD137

mAb treatment. (B) Cumulative data for the experiments

represented in (A). Data represent analyses of five mice

per group. This set of experiments is representative of at

least three similarly performed. (C) TRAF2 and p52 NF-

кB protein content in T cells from WT and Traf2DN-tg

(T2DN) mice. Each immunoblot lane represents one in-

dividual mouse of each genotype. (D) TRAF2 is required

for efficient CD137-dependent tumor rejection in mice.

Traf2DN-tg mice (♦ and n) and WT littermates (: and

d) (6–8 wk old) were s.c. implanted with colon carci-

noma CT26 cells and 7 d later were treated with 100 mg

1D8 anti-CD137 mAb (n and d) or isotype control (♦

and :). Treatment was repeated twice (3 and 6 d after

the first treatment). Figure shows the volume of CT26

tumors at the indicated days. Statistical analysis shows

mean 6 SEM (n = 8/genotype and treatment condition).

Unpaired t tests were used for statistical analysis of the

effect of anti-CD137 mAb on tumor rejection. *p =

0.053, **p = 0.015, ***p , 0.0001. EV, Empty vector.
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