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Abstract

Background/aims Cancer therapy with agonist anti-
CD137 mAbs has been shown to induce immune-mediated
tumor rejections in mice, and equivalent agents of this kind
are currently being tested in cancer patients. Previous
reports indicated that CD137 stimulation induced poly-
clonal infiltrates of T lymphocytes in the liver. This study
characterizes the liver infiltrates and the target dependency
of the phenomena and addresses the question of whether
tumors nested in the liver are a more favorable target for
CD137-based immunotherapy.

Methods Liver infiltrates were studied with conventional
histology and multiple color flow cytometry of total liver
leukocytes. CD137 '~ mice, mice with a single rearrange-
ment of the TCR (OT-1 mice) and Rag’/ ~ mice were used
to clarify molecular requirements. Mice implanted with

Electronic supplementary material The online version of this
article (doi:10.1007/s00262-010-0846-9) contains supplementary
material, which is available to authorized users.

J. Dubrot - F. Milheiro - C. Alfaro - A. Palazén -

I. Martinez-Forero - A. Morales-Kastresana - J. L. Romero-Trevejo -
M. C. Ochoa - S. Hervds-Stubbs - J. Prieto - I. Melero (B1)
Centro de Investigacién Médica Aplicada (CIMA),

Universidad de Navarra, Av. Pio XII, 55, 31008 Pamplona, Spain
e-mail: imelero@unav.es

J. L. Perez-Gracia - J. Prieto - 1. Melero
Clinica Universitaria, Universidad de Navarra,
Pamplona, Spain

M. Jure-Kunkel
Bristol Myers-Squibb Pharmaceutical Research Institute,
Princeton, NJ, USA

L. Chen
Sidney Kimmel Cancer Center,
Johns Hopkins Medical School, Baltimore, MD, USA

MC38 colon carcinomas either subcutaneously or inside the
liver were used for comparative studies under treatment
with agonist anti-CD137 mAbs.

Results CDI137 treatment caused mononuclear inflamma-
tion in the portal spaces of the liver, which gave rise to mod-
erate increases in transaminases without signs of cholestasis.
Marked increases in the numbers of CD8+ T cells were
observed, including CD8+ T lymphocytes co-expressing
CDl lc. Infiltrates were absent in CD137~'~ mice and miti-
gated in mice harboring a single transgenic TCR on their
CDS8 T cells. Despite the tumor-independent accumulation of
T cells in the liver, immunotherapeutic effects were not more
prominent against tumors located in this organ.

Conclusions Target-dependent effects of CD137 stimula-
tion lead to liver infiltration with T cells, but lymphocyte
enrichment in this organ does not privilege this site for
immunotherapeutic effects against transplanted tumors.

Keywords CD137 (4-1BB) - Liver - Immunostimulatory
monoclonal antibodies

Introduction

CDI137 (4-1BB or TNFR9) is a surface glycoprotein
described on T cells upon activation [1-3]. It is also func-
tionally expressed on various types of leukocytes such as
activated NK [4], NKT cells [5], mature dendritic cells [6,
7] and myeloid precursors [8], interferon-producing killer
dendritic cells (IKDC) [9], mastocytes [10] and endothelial
cells in tumors [11] and atherosclerotic lesions [12]. Ago-
nist moieties such as the natural ligand (CD137-L) [13],
agonist mAbs [14] or RNA aptamers [15] costimulate and
thereby enhance T cell function. However, in vivo there is a
dichotomy under CD137 costimulation, according to which
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CD4 T cell functions tend to be repressed as a consequence
of overactivation-induced cell death [16], while the func-
tions of CD8 T cells are robustly up-regulated in most
instances.

Stimulation of this molecule with monoclonal antibodies
intensifies the antitumor immune response, so a number of
transplanted syngeneic tumors are rejected in mice [17].
The effector mechanism chiefly involves tumor-specific
T lymphocytes mainly induced by cross-presentation of
tumor antigens [18, 19]. An ill-defined immunoregulatory
role for NK cells has been demonstrated in some tumor
models [4, 20-22].

Anti-tumor efficacy is enhanced by a variety of combina-
tions including cancer vaccines [23, 24], chemotherapy [25,
26], cytokine therapy [27] and other immunostimulatory
mAbs [28], such as those directed at CTLA-4 [29], CD40
[30], OX40 [31] or anti-PD1 [32]. Anti-CD137 mAb is cur-
rently undergoing phase I and II clinical trials for cancer [28].
In preclinical models, immunotherapeutic doses of CD137-
specific mAb have not shown serious deleterious effects.
Described toxic effects include myelosuppression [33] medi-
ated by cytokines released in the bone marrow microenviron-
ment. In addition, three previous studies have reported
increases in intra-liver T lymphocytes [29, 33, 34]. The auto-
immune nature of the infiltrates was ruled out since the T
cells were not oligoclonal, as would have been expected in
the case of a reaction driven by self antigens [33].

This study focuses on the phenomenon of liver infiltra-
tion by lymphocytes. We describe that mononuclear cells
predominantly infiltrate portal spaces and are mainly com-
posed of CD8 T cells, which in mice cause slight biochemi-
cal alterations consisting of mild signs of hepatocyte lysis,
with no biochemical signs of cholestasis. Such liver inflam-
matory infiltrates depend on the CD137 target as evidenced
in CD137 knockout mice. These events are immune-medi-
ated and dependent on the TCR polyclonality of CD8 T
cells. We expected that the increased lymphocyte infiltrate
would facilitate rejections of liver tumors. However, a
rather similar therapeutic activity was observed against
tumors residing in the subcutaneous connective tissue or in
the liver parenchyma.

Materials and methods
Mice

C57BL/6 WT mice (5-6 weeks old) were purchased from
Harlan Laboratories (Barcelona, Spain). OT-I TCR transgenic
mice [C57BL/6-Tg (TcraTcrb) 1100Mjb/J], harboring
OVA-specific CD8+ T cells and Rag 27/~ (C57BL/
6-Rag2tm1Cgn/J) immunodeficient mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). CD1377~
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mice in C57BL/6 background have been reported [34].
Mice were bred in our animal facility under specific patho-
gen-free conditions. All animal procedures were conducted
under the University of Navarra guidelines (study approval
number 003/02) according to our institutional ethics board
regulations that comply with Spanish national laws and
Government of Navarra policies.

Cell lines

The murine colon carcinoma cell line MC38 (H-2°) [35, 36]
was maintained in complete RPMI medium (RPMI 1640)
with Glutamax (Gibco, Invitrogen, Carlsbad, CA, USA)
containing 10% heat-inactivated FBS (Sigma-Aldrich,
Dorset, UK), 100 IU/mL penicillin and 100 g/mL strepto-
mycin (Biowhittaker, Walkersville, MD, USA) and 50 pmol/L
2-mercaptoethanol (Gibco).

CD137 treatment and in vivo tumor growth

For assessment of liver immunological changes and inflam-
matory injury, naive 8 to 10-week-old C57BL/6 mice,
OT-1,Rag™~ and CD137~/~ received intraperitoneal doses
of 150 pg of rat anti-CD137 (clones 1D8 and 2A) or rat IgG
(Sigma—Aldrich) once weekly for 3 weeks. Endotoxin
levels of the treatments were undetectable.

For in vivo antitumoral experiments, 8 to 10-week-old
C57BL/6 mice received a subcutaneous or intrahepatic
injection of 5 x 10° MC38 viable cells on day 0 and on
days 8, 11 and 14 were treated with either anti-CD137 mAb
or with control rat IgG at 100 pg per intraperitoneal dose.
Subcutaneous tumor sizes were measured by electronic cal-
liper every 2—4 days, and were determined by multiplying
perpendicular diameters. To measure intrahepatic tumor
sizes, mice were surgically explored by laparotomy on day
19 after tumor inoculation, and tumors were also measured
using an electronic calliper.

Measurement of serum transaminases

Mice were anesthetized with isoflurane and bled retro-orbi-
tally through heparinized capillary tubes on days 0, 7, 14
and 21. Serum transaminases were analyzed using a
COBAS Integra 400 plus automated analyzer (Roche Diag-
nostics).

Isolation of liver leukocytes and histologic analyses

One week after the third anti-CD137 administration, livers
from treated mice were surgically harvested. They were
incubated in Collagenase D and DNase I (Roche, Basel,
Switzerland) for 15 min at 37°C. Dissociated cells were
passed through a 70-m nylon mesh filter (BD Falcon, BD
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Bioscience, San Jose, CA, USA) and washed. Dead cells,
debris and hepatocytes were then removed with Percoll gra-
dients. Cells were also treated with ACK lysing buffer and
washed before further use. Liver fragments were cut and
fixed in a 4% paraformaldehyde solution in 0.1 M sodium
phosphate, pH 7.2 for conventional H&E stainings.
TUNEL staining [37] and conventional immunohistochem-
istry with anti-CD3 antibodies [38] were performed as pre-
viously reported.

Flow cytometry

The single cell suspension obtained from mice livers was
pre-treated with anti-CD16/32 (clone 2.4G2; BD Biosci-
ences-Pharmingen) to reduce non-specific binding to Fc
receptors. Cells were then stained with the following fluo-
rochrome-conjugated antibodies: anti-CD11c-FITC (clone
HL3); anti-CDS-PECy7 (clone 53-6.7); anti-CD3-APC
(clone 145-2C11); anti-CD4-PECyS5 (clone RM4-5); anti-
NKI1.1-PE (clone PK-136). All antibodies were purchased
from BD Biosciences-Pharmingen. Cells were acquired
using a BD Pharmingen FACSAria flow cytometer. Data
were analyzed using FlowJo software (Tree Star). CD137
was not detected on the surface mouse hepatocytes that
were tested as single cell suspensions by flow cytometry.
These cells were gated on the basis of CD45 negative stain-
ing and FSC/SSC features. Negative staining was con-
firmed with hepatocytes from CD137~/~ as a specificity
control (data not shown).

Statistical analysis

Prism software (Graph Pad Software) was used to analyze
tumor growth and liver infiltration data, and to determine
statistical significance of the differences between groups by
applying unpaired Student’s ? tests or Mann—Whitney U
tests. P values of <0.05 were considered to be significant.

Results

Treatment with antibodies stimulating CD137 causes liver
infiltrates and increases in transaminases that are target
dependent and require a diverse TCR repertoire among
CDS8 T cells

The histologic study of the liver of mice treated with anti-
CD137 revealed the formation of mononuclear infiltrates
surrounding the portal areas of the liver lobules. Necrotic
and apoptotic hepatocytes are seen in these microphoto-
graphs as well as in the areas in which immunohistochemi-
cal staining detected abundant infiltration by CD3+ cells
(Fig. 1). This infiltration is dependent on administration of

anti-CD137 mAbD as seen with 2A mAb (Fig. 1) and other
antibodies directed to different regions of the receptor, such
as 1D8 (data not shown). The inflammatory infiltrates are
not observed in mice treated with polyclonal rat IgG and
fail to form in mice lacking the CD137 molecule. Accord-
ingly, this inflammatory side effect is dependent on the tar-
get of the antibody and thereby unlikely to be dissociated
from the therapeutic effects. As expected, the infiltrates did
not appear in animals lacking T cells, as observed in Rag ™/~
mice. Interestingly, the inflammatory infiltrates are much
milder in mice whose CD8 T lymphocytes bear a single
TCR rearrangement that recognizes a chicken ovalbumin
antigen determinant [18].

In C57Bl/6 mice, liver inflammation at its peak gives
rise only to discrete increases in SGOT and SGPT transam-
inases (Fig. 2a) with no signs of cholestasis (supplementary
Fig. 1). Death of hepatocytes was confirmed by TUNEL
staining for apoptotic nuclei (Fig. 2b). The mild hepatitis
spontaneously resolved within 2 weeks after cessation of
treatment (data not shown). Interestingly, these biochemi-
cal signs of slight liver damage did not occur at all when the
animals were defective in CD137 or when the TCR reper-
toire of CD8 T cells was limited to almost only one speci-
ficity (OT-1 TCR transgenic mice). It is of note that similar
intensity of infiltrates was observed with a range of
repeated MADb doses from 50 to 200 pg per intraperitoneal
injection (data not shown).

Liver infiltrates are mainly composed of CD8 T cells,
containing abundant CD8+CD11c+ cells

Liver leukocytes can be separated by differential gradient
centrifugation providing a tool to estimate the percentage
and absolute numbers of each mononuclear lymphocyte
subpopulation in this organ. We observed marked increases
in liver mononuclear cellularity (total lymphocytes) as
studied by automatic counting of recovered mononuclear
leukocytes (Fig. 3a). These dramatic increases were not
observed in mice deficient in CD137 or in mice deficient in
T cells. In OT-1 TCR transgenic mice, such increases were
less prominent regardless of the normal numbers of CD§ T
cells in the spleen [18]. The increased populations of lym-
phocytes were dominated by CD3+CD8+ T cells (Fig. 3b)
with a moderate increase of CD4 T cells in absolute num-
bers that resulted in a reduction in terms of percentage due
to their dilution among the vastly increased CD8 T cell sub-
set (Fig. 3¢). Such changes did not occur in CD137~'~ mice
and were reduced in OT-1 mice in accordance with the liver
histology data.

A conspicuous feature of the effects of anti-CD137 mAb
on CD8 T cells is that it induces the expression of CD11c on
their plasma membrane. Such CD11c+CD3+CD8+ T cells
accumulate in the liver under anti-CD137 mAb treatment
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Fig. 1 Treatment of mice with
anti-CD137 mAD gives rise to
liver inflammation in a
CD137-dependent fashion.
Representative microphoto-
graphs of H&E-stained paraffin-
embedded sections from the
liver of C57BL/6 mice at differ-
ent magnifications from the
indicated mice treated with three
weekly doses of 150 ng of 2A
anti-CD137 mAD or rat IgG as
indicated in each figure (5 mice
per group were analyzed). The
right column of the microphoto-
graphs shows CD3 immunohis-
tochemistry stainings with
anti-CD3 mAD of the same
samples at x 200 magnification.
Livers were collected 1 week
following the last dose

of antibody

(Fig. 4c). On the contrary, the numbers of NK (CD3-
NKI1.1+) cells and NKT cells (CD3+NKl1.1+) are not
increased on treatment with anti-CD137 mAb in any of the
experimental groups of mice (Fig. 4b, ¢). The prominent NK
numbers in Rag ™'~ livers represent a compensatory increase
in the absence of the adaptive populations of lymphocytes.

Tumors nested in the liver are not a preferred target
for immunotherapy with anti-CD137 mAbs, in spite

of the accumulation of T lymphocytes in this organ

The appearance of increased numbers of CD8 T cells in the
liver suggested that they could exert their therapeutic func-
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tions more effectively in the neighborhood of tumors
grafted inside the liver.

To ascertain if this hypothesis was correct, comparisons
were made on the antitumor effects of anti-CD137 mAb in
mice bearing tumors at different locations, as derived from
the transplant of syngeneic MC38 colon carcinoma cells.
The reason behind the choice of MC38-derived tumors was
that subcutaneous tumors from such a cell line are fre-
quently resistant to CD137 treatment. If the liver-located
tumors were amenable to a more efficacious outcome under
treatment with anti-CD137 mAb, the improvement should
be observable. Treatment of the subcutaneous tumors with
a three-dose regimen of anti-CD137 mAb 2A was started
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on day 9 after tumor engraftment and resulted in complete
tumor regression in a small fraction of cases (2 out of 8). To
our surprise, the rate of response in liver tumors was com-
parable, with complete rejections in two out of eight cases.
To confirm these data, the1D8 anti-CD137 mAb monoclo-

nal antibody was used and in a separate set of experiments
yielded very comparable results (Fig. 5b). In addition,
experiments with other tumor cell lines grafted in the liver
(RENCA and B16-OVA) show a similar tendency (J Dubrot
et al. unpublished observations).
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Fig. 3 Liver infiltrates depen-
dent on CD137 stimulation are
composed mainly of CD8+ T
lymphocytes, while the intensity
of the infiltrates is mitigated in
transgenic animals with a single
TCR (OT-1 mice). The indicated
groups of mice (6 per group)
were treated with three weekly
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The infiltration of T cells in the tumor-bearing mice was
comparable with the infiltration in healthy animals under
CD137 treatment and no differences were substantiated
between tumor-bearing liver lobes and tumor-free liver
lobes (Supplemental Fig. 3).

Therefore, contrary to our expectations, the liver was not
the site for most effective antitumor effects of anti-CD137
mADb therapy, at least in this model. In addition, in animals
bearing simultaneously subcutaneous and liver tumors, the
efficacy of the treatment was also in the same range (sup-
plementary Fig. 2).

Discussion
Metastatic and primary liver cancers are frequently lethal

conditions. Previous reports of liver lymphocyte infiltrates
induced by anti-CD137 mAbD treatment in tumor-free mice
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have been encouraging [29, 33]. We reasoned that CD137-
based immunotherapy would be especially efficacious in
this organ as a result of effector lymphocyte accumulation
[39]. On the other hand, all these findings raise the possibil-
ity that serious liver-associated toxicity could occur in
some patients exposed to CD137 agonist agents, especially
those with pre-existing liver conditions. According to our
results, these liver side effects would be completely target
related and therefore less easy to dissociate from the thera-
peutic effects than if they had been off-target side effects.
Indeed, studies on the dose dependency of therapeutic and
side effects are warranted.

An interesting mechanistic insight comes from the fact
that OT-1 mice do not show or show much milder signs of
liver toxicity. The CD8 TCR repertoire in such mice is
almost narrowed down to the transgenic TCR, albeit some
residual TCR arrangements exist in a minority of cells [34].
This shows that the integrity of the CD8 T cell repertoire is
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needed for liver inflammation and suggests a certain degree
of self-limited autoreactivity.

We ruled out direct expression of CD137 on mouse
hepatocytes with sensitive flow cytometry assays (data not
shown). This, in conjunction with the observed lack of any
liver damage in immunodeficient mice, conclusively points
to an indirect immune-mediated mechanism of action
underpinning these pro-inflammatory side effects.

Liver infiltrates seem largely confined to the portal
spaces. The reasons for this tissue distribution, also fre-
quently observed in active chronic viral hepatitis, are

unknown and worthy of much more detailed study of the
homing of lymphocytes into the liver. In spite of the close
proximity of the lymphoid infiltrate and the upper biliary
tract, no biochemical signs of cholestasis were found in
sequential serum samples.

The number of CD8 T lymphocytes expressing CD11c
integrins was increased up to one-fourth of the total CD8+T
cell infiltrate. This subset conspicuously induced on CD137-
mediated systemic stimulation has been reported as a strong
IFNy producer [40] that is derived from overactivated CD8
T cells [40, 41].
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Fig. 5 Transplanted tumors in
the liver and in subcutaneous
tissue respond similarly to
CD137-mediated immunother-
apy with agonist monoclonal
antibodies. Independent groups
of mice were implanted subcuta-
neously in the right flank or in
the left liver lobe under laparot-
omy. Mice were treated with 2A
anti-CD137 mAb (a) or 1D8
anti-CD137 mAb (b) at 100 pg/
mL doses given on days 8, 11
and 14 following tumor cell
inoculation in separate experi-
ments. Polyclonal rat IgG-treat-
ed mice at the same doses are
included in each of the experi-
ments as a control. Subcutane-
ous tumors are represented as
individual follow-up of the
tumor sizes and the fraction of
mice that actually rejected the
tumor is provided in each graph.
Liver tumors were inspected and
measured by laparotomy on day
19 and individual sizes on the
surface of the liver are given.
The fraction of mice that
completely rejected the tumor is
given in each case
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Other authors have reported that liver-infiltrating lym-
phocytes under CD137 treatment actively proliferate in situ
[33, 34]. The question of whether this is antigen-driven pro-
liferation or TCR-independent proliferation, as recently
reported in the memory T cell compartment of mice under
treatment with anti-CD137 mAb [34], remains an open
question. The fact that the infiltrates are diminished in OT-1
TCR transgenic mice advocates in the sense that certain
TCR diversity exerts a clear influence. Our observations in
OT-1 mice complement the observations on the polyclonal
TCR nature of the infiltrates elegantly demonstrated by the
group of Robert Mittler [33], whose experiments strongly
indicate that there are not dominant autoreactive clones
suggestive of autoimmunity.

In our hands, liver damage is mild and short. It would be
interesting to study if the toxicity is enhanced in combina-
tion with other damaging agents or pre-existing liver condi-
tions that may cause comorbidity, i.e., pre-existing chronic
viral or autoimmune inflammation, liver-toxic drugs or
alcohol consumption. The information could be very valu-
able for patient eligibility in clinical trials. It is curious that
the liver is the only organ where CD137 stimulation seems
to cause inflammatory side effects. On the contrary, CD137
systemic stimulation has been reported to ameliorate exper-
imental autoimmune conditions in mice through various
mechanisms that ultimately involve the control of self-reac-
tive CD4 T cells [40, 42, 43]. An interesting alternative to
avoid inflammatory side effects in the liver is confining
CD137 ligands to the tumor tissue [44, 45]. Particular
membrane-attached expression of a single chain anti-
CD137 mAb on the malignant cells has offered excellent
experimental results [46, 47].

The negative data on selective liver efficacy against
tumors is counterintuitive and the underlying explanation
for the paradox remains obscure. It could be that the liver-
infiltrating lymphocytes are harnessed by immunoregula-
tory mechanisms [48] that restrain their function in spite of
their abundance. For instance, tampering with regulatory T
cells may be advisable since these cells will be abundant in
the tumors as observed recently by other authors. Depletion
of regulatory T cells with selective monoclonal antibodies
[22] or cyclophosphamide [26] enhances CD137 mAbD ther-
apy. The ability of CD8+CDl1l1c+ T cells to up-regulate
indoleamine dioxygenase (IDO) [40] activity should be
also taken into account as a local immunosuppressive fac-
tor. As an aside, we observe that tumor-bearing mice show
similar infiltrates in tumor-bearing and tumor-free lobes of
the liver, perhaps indicating that there is no obstacle to the
number of T cells reaching the organ. Our research is now
focused on functional T cell repression that the tumor may
exert on T cells in such a microenvironment.

Alternatively, or additionally, it could be that the T lym-
phocyte homing to the portal spaces and the homing to the

tumor tissue are independently compartmentalized, in such
a way that liver tumors are as accessible as the subcutane-
ous tumors. It should also be kept in mind that the artificial
liver metastasis attained by intra-liver injection of tumor
cells may be different from the natural counterparts arriving
via the portal circulation.

2A [23] and 1D8 [14, 17] represent a ligand-blocking
and a non-blocking mAb, respectively. Both behave simi-
larly in terms of liver inflammation and antitumor efficacy
against liver tumors. Therefore, epitope differences seem
not to determine different outcomes.

Our studies should not necessarily exclude the possibility of
performing clinical trials in patients harboring liver metastasis
or suffering from chronic viral infections of the liver, but our
results call for caution. The situation can clearly change once
anti-CD137 mAb are employed in synergistic combinations
with other agents, which may result in dose reduction and
higher efficacy with fewer risks. As mentioned, we are cur-
rently working to see if CD137 can exacerbate toxicity caused
by concomitant liver damage in mouse models.

Our study defines target-dependent liver inflammation
mainly mediated by CD8 T lymphocytes, which in our
hands does not result in higher therapeutic efficacy toward
liver-located tumors.
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