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associated anti-tumor immunity is unknown. We studied 
the ability of a rat anti-mouse CD137 mab (2a) to medi-
ate the anti-tumor response against the el4e7 lymphoma 
in Wt and Fcγr−/− strains. 2a-treated Fcrγ−/− mice 
had improved anti-tumor immunity against el4e7, which 
could be completely recapitulated in FcγrIII−/− animals. 
these improved anti-tumor responses were associated 
with increased splenic CD8β t cell and dendritic cell (DC) 
populations. Furthermore, there was an increase in the 
number of DCs expressing high levels of the CD40, CD80, 
and CD86 molecules that are associated with more effec-
tive antigen presentation. Our results demonstrate an unex-
pected inhibitory role for FcγrIII in the anti-tumor func-
tion of anti-CD137 and underscore the need to consider 
antibody isotype when engineering therapeutic mabs.

Keywords CD137 · 4-1BB · Fcγ receptor · Monoclonal 
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Abbreviations
2a  rat anti-mouse CD137 mab
aDCC  antibody-dependent cellular cytotoxicity
Ctla-4  Cytotoxic t-lymphocyte antigen 4
DC  Dendritic cell
Fcrγ  Fc common γ-chain
Fcγr  Fc gamma receptor
gItr  glucocorticoid-induced tnFr-related protein
ItaM  Immune receptor tyrosine-based activating motif
ItIM  Immune receptor tyrosine-based inhibitory 

motif
MHCII  Major histocompatibility II
mabs  Monoclonal antibodies
nK  natural killer
tregs  t regulatory cells
Wt  Wild type

Abstract agonistic monoclonal antibodies (mabs) 
directed against the co-signaling molecule CD137 (4-1BB) 
elicit potent anti-tumor immunity in mice. this anti-tumor 
immunity has traditionally been thought to result from the 
ability of the Fab portion of anti-CD137 to function as an 
analog for CD137l. although binding of CD137 by anti-
CD137 mabs has the potential to cross-link the Fc frag-
ments, enabling Fc engagement of low to moderate affin-
ity Fc gamma receptors (Fcγr), the relative import of 
such Fc–Fcγr interactions in mediating anti-CD137 
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Introduction

CD137 (4-1BB) is an inducible co-signaling molecule 
expressed by t cells, natural killer (nK) cells, dendritic cells 
(DC), B cells, and other cells of the immune system [1]. 
CD137 ligation, by either its ligand (CD137l) or agonistic 
monoclonal antibodies (mabs), mediates cellular activation 
and prevents activation-induced cell death [1]. administra-
tion of agonistic antibodies to CD137 results in tumor reso-
lution in a CD8+ t cell-dependent fashion, with additional 
contributions from CD4+ t cells, nK cells, and/or DCs 
dependent upon the tumor model [2–5]. to date, the major-
ity of the functional responses to anti-CD137 stimulation 
have been attributed to Fab-CD137 interactions. However, 
the contribution of interactions between the Fc fragments of 
anti-CD137 mabs with Fc gamma receptors (Fcγrs) to the 
anti-tumor activity of anti-CD137 mabs remains unknown.

Mice have three activating and one inhibitory Fcγr, 
which are expressed alone or in combination on individ-
ual cell populations [6]. the activating receptors, FcγrI, 
FcγrIII, and FcγrIV, each consists of a unique α-chain 
and a common Fcγ-chain, containing the immune receptor 
tyrosine-based activating motif (ItaM) in the cytoplasmic 
tail. In contrast, the cytoplasmic tail of the inhibitory recep-
tor, FcγrIIB, is comprised of an immune receptor tyrosine-
based inhibitory motif (ItIM) [6]. ItaM signaling results 
in the secretion of pro-inflammatory cytokines, initiation of 
phagocytosis, and other effector functions, whereas ItIM 
signaling abrogates these effector responses [6]. Importantly, 
FcγrIIB and FcγrIII have limited ability to bind to natu-
rally occurring circulating Igg homodimers, but are able to 
bind aggregated Igg complexes, like those formed after Fab 
engagement of polyvalent targets [6]. therefore, Fab-CD137 
interactions have the potential to enhance and localize Fc-
mediated signaling through low-affinity Fcγrs, and possibly 
alter the functional outcomes of CD137 stimulation.

recent studies have characterized the import of Fc–Fcγr 
interactions on the function of immunomodulatory mabs. 
Collectively, these studies indicate that the relative functional 
import of Fc interactions with individual Fcrs is depend-
ent upon the co-signaling moiety targeted by the Fab frag-
ment. For example, anti-CD40 mabs require engagement of 
FcγrIIB for therapeutic efficacy [7, 8]. For other immune 
receptor targets, such as CD152 (Ctla-4) and the anti-glu-
cocorticoid-induced tnFr-related protein (gItr), engage-
ment of FcγrIV and FcγrIII, respectively, are functionally 
relevant. Specifically, these interactions mediate depletion of 
tumor-infiltrating t regulatory cells (tregs), thus increasing 
the ratio of CD8+ t cells to tregs, with a resultant improve-
ment in the anti-tumor immune response [9, 10]. these data 
underscore the need to define how Fc interactions with each 
of the cognate Fcγrs contribute to the biologic function of 
mabs targeting co-signaling pathways.

We have previously demonstrated that ligation of 
FcγrIII on human nK cells results in the up-regulation of 
CD137 with loss of FcγrIII [11]. Based on these findings, 
we hypothesized that Fc–Fcγr interactions would augment 
anti-CD137-mediated anti-tumor immunity. Using an anti-
CD137 mab-sensitive el4e7 lymphoma tumor model, 
in mice deficient for individual Fcγrs, we now show that 
anti-CD137-mediated anti-tumor immunity against el4e7 
is enhanced in FcγrIII−/− mice [2]. this effect is associ-
ated with increases in CD8β+ t cells and CD11c+ major 
histocompatibility II (MHCII)+ populations. these data 
suggest that FcγrIII stimulation impairs anti-CD137-medi-
ated anti-tumor immunity against el4e7.

Methods

Mice, cell lines, and therapeutic antibodies

C57Bl/6 and B6.129P2-Fcgr3tm1Sjv/SjvJ (FcγrIII−/−) were 
purchased from Jackson laboratory. Fcer1g (Fcrγ−/−) and 
Fcgr2b (FcγrIIB−/−) were purchased from taconic Farms. 
CD137−/− and FcγrIV−/− mice were generous gifts 
from Dr. lieping Chen and Dr. Jeffery ravetch, respec-
tively. Breeding colonies for FcγrIII−/−, FcγrIV−/−, and 
CD137−/− were maintained in the animal facility at the 
University of Maryland School of Medicine. Female mice 
from eight to twelve weeks of age were used in the experi-
ments. the Institutional animal Care and Use Committee 
at the University of Maryland School of Medicine approved 
all experiments.

the el4e7 cell line, a gift from Dr. Chen, was pas-
saged in vivo four times to generate a cell line for the 
tumor experiments. B16-F10 cells were a gift from Dr. Paul 
antony. the el4e7 and B16-F10 cells were maintained in 
rPMI 1640 medium supplemented with 10 % FBS, 1 % 
l-glutamine (Invitrogen), 1 % penicillin–streptomycin (Inv-
itrogen), and 1 % HePeS buffer (Corning).

rat anti-mouse CD137 mab clone 2a (Igg2a) and 
clone 3H3 (Igg2a) were gifts from Dr. Chen and Dr. rob-
ert Mittler, respectively. the antibodies were purified from 
hybridoma supernatant using affinity chromatography on a 
protein g Sepharose column (ge Healthcare). antibodies 
were verified to have <1 IU/ml of endotoxin using the lim-
ulus amebocyte lysate test (Charles rivers laboratories). 
rat Igg control was purchased from Sigma or Innovative 
research.

Flow cytometry and antibodies

antibodies against CD8β FItC (ebioH35-17.2), CD103 Pe 
(2e7), CD40 aPC (1C10), CD80 aPC (16-10a1), CD86 
aPC (gl1), CD137l (tKS-1) Pe, armenian hamster 
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Igg Pe, rat Igg2a Pe, and rat Igg2a aPC were purchased 
from eBioscience. antibodies against CD11c PercP-Cy5.5 
(Hl3), hamster Igg PercP-Cy5.5, and mouse Igg aPC 
were purchased from BD Biosciences. antibodies against 
MHCII/I-ab aPC (aF6-120.1), CD137 biotin (17B5), Syr-
ian hamster biotin, and truStain fcX were purchased from 
Biolegend. anti-polyhistidine Pe was purchased from 
r&D systems. recombinant mouse CD137l containing 
a His tag was purchased from r&D systems. Data were 
acquired using an lSrII instrument (BD Biosciences) and 
were analyzed using FlowJo (tree Star).

Measurement of mouse Fcγrs binding to rat Igg2a 
Surface Plasmon resonance (SPr)

antibodies (2a, rat Igg2a (eBioscience), and mouse Igg2a 
(eBioscience)) at 10 µg/ml in acetate pH 4.5 were immo-
bilized to a CM5 chip in a BIacore 3000 (ge Health-
care). a response of 600rU was the immobilization target 
level. actual immobilization levels were 680rU, 670rU, 
and 640rU, respectively, on flow cell (FC) 2, FC3 and 
FC4. FC1 was used as a blank reference. Mouse FcγrI, 
FcγrIIB, FcγrIII, and FcγrIV were serially diluted from 
1 μM to less than 1 nM with running buffer (HBS-eP) and 
injected for 120 s at 20 µl/min over all FCs followed by 
a 120 s dissociation step. Full regeneration was achieved 
using a 15–30-s injection of 1 M MgCl at 100 μl/min. FCs 
were washed with a 30-s injection of running buffer at 
20 μl/min. KDs were generated using a 1:1 langmuir bind-
ing model. Kinetics were run in duplicate.

tumor growth models

Mice were inoculated subcutaneously with 8 × 106 el4e7 
tumor cells in the flank. tumor volume was determined by 
measuring the width (w) and length (l) of the tumor and 
using the following formula: (w2*l)*0.5. Mice bearing 
tumors with a length of 5 mm on Day 7 and 8 mm on Day 
10 were randomized into two groups that received a first 
injection of 100 μg of either rat Igg or 2a by intraperi-
toneal injection on Day 7 or Day 10 and a second injec-
tion, 3 days later. tumor growth was monitored until mice 
appeared moribund or the diameter of the tumors reached 
25 mm. Mice were killed, based on these endpoints, and 
this was recorded as the date of death for survival studies. 
Mice with complete tumor resolution were challenged with 
el4e7 and B16-F10 tumor cells. tumor growth was moni-
tored until the combined tumor volume reached approxi-
mately 20 % of the mouse’s total body weight, and then, 
the mice were killed.

to evaluate immune cell kinetics, mice bearing tumors 
with an average length of 5 mm on Day 7 were randomized 
into two groups, which received 100 μg of either rat 

Igg or 2a, by intraperitoneal injection on Days 7 and 10. 
two or three mice per group were euthanized on Day 7, 
Day 12, Day 16, and Day 21, and spleens were processed. 
Cell counts from individual spleens were taken manually 
or with the Countess automated cell counter (Invitrogen) 
using trypan blue exclusion to count live cells. total cell 
numbers were calculated by multiplying the cell count by 
the lymphocyte gate and then by the appropriate gate of the 
cell population of interest.

Competition assay for CD137l binding

HeK-293 cells were stably transfected with mouse CD137 
using lipofectamine (Invitrogen) transfection with a 
pcDna3.3 vector containing CD137. the HeK-mCD137 
cells were incubated with rat Igg or anti-CD137 mab 
(clone 2a or 3H3) at 0.1, 1, 10, or 100 µg/ml, followed 
by incubation with 31 ng/ml of His-tagged recombinant 
mouse CD137l (r&D systems). Finally, cells were incu-
bated with anti-polyhistidine Pe (r&D systems) to deter-
mine CD137l binding. Data were acquired on an lSrII 
instrument (BD Biosciences) and analyzed using FlowJo 
(treeStar).

Statistical analysis

all Kaplan–Meier survival curves were compared using the 
log-rank test. Statistical significance was determined using 
a one-way anOVa with tukey’s multiple comparison test. 
all statistical analyses were performed using graphPad 
(Prism). a p value < 0.05 was considered significant.

Results

rat anti-mouse CD137 binds to mouse FcγrIIB, FcγrIII, 
and FcγrIV

the majority of anti-CD137 mabs used to study the impact 
of CD137 ligation on anti-tumor immunity are of rat origin 
[2, 12, 13]. as a first step in understanding the potential of 
the Fc fragments of these rat mabs to impact the anti-tumor 
immune response in mice, we characterized the interactions 
between rat Igg2a and mouse Fcγrs by surface plasmon 
resonance. We found that mouse FcγrIIB, FcγrIII, and 
FcγrIV, but not FcγrI, bound to immobilized rat anti-
CD137 (clone 2a) (Fig. 1). FcγrIIB and FcγrIII bound 
comparably to both immobilized 2a and control mouse 
Igg2a (anti-CD137 mab: FcγrIIB KD = 528 nM, FcγrIII 
KD = 238 nM; mouse Igg2a: FcγrIIB KD = 501 nM, 
FcγrIII KD = 138 nM). In contrast, the interactions 
between FcγrIV and 2a (KD = 3180 nM) were dramati-
cally weaker than correlate interactions between FcγrIV 
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and control mouse Igg2a (KD = 8.63 nM). these data 
indicate that rat Igg2a, the isotype of the anti-CD137 
mabs used in this study, has the potential to interact with 
select murine Fcγrs.

anti-CD137 has enhanced activity against el4e7 in mice 
lacking the common Fcγ-chain

We validated the absolute requirement for host expression 
of CD137 on the anti-tumor activity of 2a. as anticipated, 
2a failed to mediate tumor regression in CD137−/− mice, 
while retaining its therapeutic efficacy in wild-type (Wt) 
animals (supplementary Fig. 1a, Wt 2a vs. Wt Igg 
p < 0.0001; Wt 2a vs. CD137−/− 2a p = 0.0013). In 
order to rule out the possibility that el4e7 might express 
CD137 and/or Fcγrs and thus confound our findings, 
we determined the levels of CD137 and Fcγrs on the 
el4e7 tumors. the ex vivo el4e7 tumor samples lacked 

expression of CD137 (supplementary Fig. 1B). Further-
more, the el4e7 tumor cells expressed exceptionally low 
levels of FcγrIII and/or FcγrIIB (supplementary Fig. 1C). 
these data confirm that the el4e7 tumor is an appropri-
ate model for determining the role of Fc–Fcγr interactions 
on the anti-tumor function of anti-CD137, independent of 
direct antibody–tumor interactions.

as an initial step in defining the potential role of Fc–
Fcγr interactions on the anti-tumor activity of anti-CD137, 
we employed Fc common γ-chain (Fcrγ) and FcγrIIB-
deficient mice. the Fcr mice do not express activating 
Fcγrs, yet maintain expression of FcγrIIB, whereas the 
FcγrIIB−/− mice only express the activating Fcγrs [14]. 
the Fcr and FcγrIIB−/− mice were challenged with 
el4e7 tumors and treated with 2a on days 7 and 10 post-
tumor inoculation. Unexpectedly, the both FcγrIIB−/− 
and Wt mice had a similar anti-tumor response to 2a, 
with both experiencing progressive disease (Fig. 2a, 

Fig. 1  2a binds to mouse FcγrIIB, FcγrIII, and FcγrIV but not to 
FcγrI. a Mouse Igg2a, rat Igg2a, and 2a were bound to a SPr chip 
at 10 μg/ml. recombinant mouse Fcγrs were serially diluted from 

1 μM to less than 1nM with running buffer (HBS-eP), injected for 
120 s at 20 μl/min over all FCs, and followed by a 120 s dissociation 
step. b the KD values (nM) and the Chi2 in parenthesis
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FcγrIIB−/− 2a vs. FcγrIIB−/− Igg p = 0.0128; Wt 2a 
vs Wt Igg p < 0.0001). In contrast, the Fcr mice had 
improved survival compared to both Wt animals treated 
with 2a and control mice treated with rat Igg, (Fig. 2b, 
Fcrγ−/− 2a vs. Fcrγ−/− Igg p < 0.0001, Fcrγ−/− 2a 
vs. Wt 2a p = 0.002, Wt 2a vs. Wt Igg p < 0.0001). 
these data indicate FcγrIIB engagement is not involved in 
enhancing the 2a-mediated anti-tumor immune response. 
We further assessed the enhanced anti-tumor response 
in the 2a-treated Fcrγ−/− mice by delaying treatment 
with 2a to days 10 and 13 post-tumor inoculation. the 
2a-treated Fcrγ−/− mice had significantly improved anti-
tumor responses compared to the 2a treated Wt mice 
and Igg controls (Fig. 2c, Fcrγ−/− 2a vs. Fcrγ−/− Igg 
p = 0.0027; Fcrγ−/− 2a vs. Wt 2a p = 0.0161, Wt 
2a vs. Wt Igg p = 0.0063). the Fcrγ−/− mice, which 

enjoyed initial 2a-mediated tumor rejection, were immune 
to distant challenge with el4e7 but not B16 melanoma 
(data not shown). taken in concert, these data indicate 
the expression of the Fcγ chain impairs the 2a-mediated 
immune response against el4e7.

anti-CD137 has enhanced activity against el4e7 
in FcγrIII−/− mice

next, we sought to identify the individual activating Fcγr 
contributing to the improved 2a-mediated anti-tumor 
immunity in Fcrγ−/− mice. We studied the contribution 
of FcγrIII and FcγrIV, excluding FcγrI based on the 
lack of binding to rat Igg2a (Fig. 1). 2a treatment sig-
nificantly improved survival of tumor-bearing FcγrIII−/−, 
but not FcγrIV−/− mice versus Wt controls (Fig. 3a, 

Fig. 2  2a treatment preferentially enhances survival of el4e7 
tumor-bearing Fcrγ−/− mice. Mice were inoculated with 8 × 106 
el4e7 tumor cells on Day 0. Survival and growth curves for mice, a 
FcγrIIB−/−*Wt 2a versus Wt Igg p < 0.0001 and †FcγrIIB−/− 2a 
versus FcγrIIB−/− Igg p = 0.0128, and b Fcγ−/−*Wt 2a versus Wt 
Igg p < 0.0001, †Fcrγ−/− 2a versus Fcrγ−/− Igg p < 0.0001, and 
‡Fcrγ−/− 2a versus Wt 2a p = 0.002, treated with 100 μg of either 

rat Igg or 2a on Day 7 and Day 10. c Survival and growth curves 
for Fcrγ−/− mice treated with 100 μg of either rat Igg or 2a on 
Day 10 and Day 13, *Wt 2a versus Wt Igg p = 0.0063, †Fcrγ−/− 
2a versus Fcrγ−/− Igg p = 0.0027, and ‡Fcrγ−/− 2a versus Wt 
2a p = 0.0161. Numbers in parentheses indicate the number of mice. 
Statistical significance determined by log-rank test
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FcγrIII−/− 2a vs. FcγrIII−/− Igg p < 0.0001; Wt 2a 
vs. Wt Igg p = 0.0023; FcγrIII−/− Igg vs. Wt Igg 
p = 0.0311, and FcγrIII−/− 2a vs. Wt 2a p = 0.0006 
and, 3B, FcγrIV−/− 2a vs. FcγrIV−/− Igg p = 0.0217; 
Wt 2a vs. Wt Igg p = 0.0484; and FcγrIV−/− 2a vs. 
Wt 2a p = 0.1062). FcγrIII−/− mice, which enjoyed ini-
tial 2a-mediated tumor rejection, were immune to second 
challenge with el4e7 but not B16-F10 melanoma (data 
not shown). these data identify FcγrIII as the receptor 
involved in the modulation of the anti-CD137-mediated 
anti-tumor response against el4e7.

to exclude the possibility that our observations were 
2a specific, we evaluated a second clone of anti-CD137 
mab, 3H3 (rat Igg2a), in FcγrIII−/− mice. 3H3 pref-
erentially prolonged survival of el4e7 tumor-bearing 

FcγrIII−/− mice, but, unlike 2a, did not result in com-
plete tumor resolution (Fig. 4a, FcγrIII−/− 3H3 vs. 
FcγrIII−/− Igg p = 0.015 and FcγrIII−/− 3H3 vs. Wt 
3H3 p = 0.0010). Differences in the absolute efficacy 
of these individual mabs may relate to the fact that at 
higher doses, 3H3, but not 2a, blocks naturally occurring 
CD137–CD137l interactions (Fig. 4b and c). these data 
demonstrate that FcγrIII impairs anti-CD137-mediated 
anti-tumor immunity with antibody-dependent variation in 
therapeutic benefit.

to determine whether the modulation of the 2a-medi-
ated anti-tumor response in the FcγrIII−/− mice could be 
recapitulated in another tumor type, we utilized the MC38 
colon cancer model, which has a weak therapeutic response 
to 2a treatment [15]. Both Wt and FcγrIII−/− mice 

Fig. 3  2a treatment preferentially enhances survival of el4e7 
tumor-bearing FcγrIII−/− mice. Mice were inoculated with 8 × 106 
el4e7 tumor cells on Day 0. On Day 10 and Day 13 mice were 
treated with either 100 μg of 2a or rat Igg. A FcγrIII−/−; *Wt Igg 
versus Wt 2a p = 0.0023, †FcγrIII−/− Igg versus FcγrIII−/− 2a 
p < 0.0001, ‡Wt Igg versus FcγrIII−/− Igg p = 0.0311, and §Wt 

2a versus FcγrIII−/− 2a p = 0.0006. b FcγrIV−/−; *Wt Igg ver-
sus Wt 2a p = 0.0484 and †FcγrIV−/− Igg versus FcγrIV−/− 2a 
p = 0.0217. Number in parenthesis indicates the number of mice. 
Both figures are the results of two pooled experiments. Statistical sig-
nificance was determined by the log-rank test
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experienced equivalent MC38 tumor growth in response 
to 2a (data not shown). this result suggests that FcγrIII 
deficiency is not sufficient for further enhancement of the 
2a-mediated anti-tumor response in the MC38 model.

anti-CD137 therapy preferentially enhances CD8β+ t cell 
and CD11c+ dendritic cell populations in FcγrIII−/− mice

to understand the mechanisms underlying the improved 
anti-tumor efficacy of anti-CD137 in FcγrIII−/− mice, we 
performed a detailed kinetic analysis of CD8β+CD11c+ t 
cells and DCs, both of which are implicated in 2a-medi-
ated tumor rejection [5, 16]. as anticipated, anti-CD137 
treatment resulted in expansion of the CD8β+ t cell popu-
lation in Wt and FcγrIII−/− mice (Fig. 5a). However, the 
increase of the CD8β+ cell population began at an ear-
lier time point and was dramatically more pronounced in 

the spleens of FcγrIII−/− mice (Fig. 5a). next, based on 
reports that anti-CD137 treatment mediates CD103 up-
regulation on CD8β+CD11c+ cells and that CD103 expres-
sion is associated with CD8+ regulatory t cell function, 
we employed CD103 as a phenotypic marker of suppres-
sor activity [17–19]. remarkably, in anti-CD137-treated 
FcγrIII−/− mice, while the ratio of CD103 negative to 
positive t cells remained stable, there was almost a 1 log 
order difference in absolute numbers of CD103 negative 
to positive t cells in the spleen (Fig. 5a). Direct com-
parison of the number of CD8β+CD11c+CD103− t cells 
to tumor volume using Pearson’s correlation coefficient 
suggested that the CD8β+CD11c+CD103− t cells were 
involved in tumor resolution (Fig. 5b). Importantly, the 
expansion of the CD8β+ t cells and tumor resolution were 
not due to differences in expression of CD137 or CD137l 
in the Wt and FcγrIII−/− mice (Fig. 5c). Finally, there 

Fig. 4  the 3H3-mediated anti-el4e7 response is enhanced in 
FcγrIII−/− mice. a Mice were inoculated with 8 × 106 el4e7 
tumor cells on Day 0. On Day 10 and Day 13, mice were treated with 
either 100 μg of anti-CD137 mab or rat Igg. Numbers in parenthe-
ses indicate the number of mice. Statistical significance was deter-
mined by the log-rank test: *p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 
****p ≤ 0.0001. Survival curve and growth curves represent the 

sum of two experiments. b HeK-mCD137l expressing cells incu-
bated with anti-CD137 mab clone 2a or 3H3. c HeK-mCD137l 
expressing cells incubated with recombinant mCD137l at 31 ng/ml 
(2nd panel). Cells were initially incubated with anti-CD137 mab at 
concentrations listed in a, followed by secondary incubation with 
mCD137l at 31 ng/ml
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was no antibody-dependent cellular cytotoxicity (aDCC) 
detected using either Wt or FcγrIII−/− nK incubated 
with 2a-opsonized Cona-stimulated t cells, suggesting 
the enhanced CD8β+ t cells in the 2a-treated FcγrIII−/− 
mice was not due to aDCC mediated t cell depletion in 
the Wt mice (Supplementary Fig. 2). these data indicate 
the FcγrIII−/− mice produce a more rapid and robust 
CD8β+CD11c+ t cell response after 2a treatment in the 
el4e7 tumor model.

DCs have been implicated in the anti-tumor function 
of anti-CD137 treatment [6]. FcγrIII is not expressed on 
CD8β+ t cells, suggesting Fcγr+ DCs are likely respon-
sible for the regulation of the CD8β+ t cell response. 
Interestingly, the CD11c+MHCII+ cell population was 
preferentially expanded in the spleens of 2a-treated 

FcγrIII−/− mice (Fig. 6a). three lines of evidence sup-
port the role of these CD11c+MHCII+ cells in mediating 
the enhanced anti-tumor function of 2a in FcγrIII−/− 
mice. First, these FcγrIII−/− CD11c+MHCII+ cells evi-
denced increased expression of CD40, CD80, and CD86, 
suggesting their potential for enhanced antigen presenta-
tion (Fig. 6b). From a functional perspective, the enhanced 
antigen presentation capacity of these cells was indirectly 
supported by observed increases in the numbers of Ot-I 
transferred t cells in 2a-treated FcγrIII−/− mice (data 
not shown). Second, similar to our t cell data, a signifi-
cant positive Pearson’s correlation was found between 
the CD11c+MHCII+ cell population and the tumor vol-
ume in the 2a-treated FcγrIII−/− mice (Fig. 6c). third, 
the increased numbers of CD11c+MHCII+ cells in 

Fig. 5  2a-treated tumor-bearing FcγrIII−/− mice have an increase 
in CD8β+CD11c+ t cells. a Mice were inoculated with 8 × 106 
el4e7 tumor cells on Day 0. On Day 7 and Day 10, mice received 
either 100 μg of 2a or rat Igg. Spleens were harvested from 2 to 
3 mice per group on Days 7, 12, 16, and 21. representative data 
from one experiment repeated three times. b Pearson’s correlation of 

CD8β+CD11c+CD103− absolute cell number versus tumor volume. 
Data are combined from two experiments for a final n = 6 or 7. c 
Cells isolated by positive selection from spleens of naïve Wt and 
FcγrIII−/− mice and stimulated with anti-CD3 and anti-CD28 at 
1 μg/ml for 48 h. CD137 expression was determined by flow cytom-
etry. representative data from one experiment repeated four times
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FcγrIII−/− treated mice corresponded with the presence of 
disease, suggesting that CD11c+MHCII+ cells are involved 
in tumor regression. Importantly, the expansion of the 
CD11c+MHCII+ cell population was not due to differences 
in the expression of CD137 or CD137l in the Wt and 
FcγrIII−/− mice (Fig. 6d). taken together with the increase 
in the CD8β t cell population, our data suggest a paradigm 
in which 2a treatment preferentially enhances DC numbers 
and function in FcγrIII−/− mice, with resultant secondary 
expansion of effector t cells, at least in the el4e7 tumor 
model.

Discussion

In this study, we investigated the contributions of Fc–Fcγr 
interactions to the anti-tumor activity of anti-CD137. Our 
data indicate that anti-CD137-treated FcγrIII−/− mice 

have improved responses against el4e7, which are associ-
ated with an increase in CD8β+ t cells and phenotypically 
activated DCs in the spleen. Our results suggest a paradigm 
in which anti-CD137 treatment preferentially enhances DC 
function in tumor-bearing FcγrIII−/− mice, with resultant 
increases in effector t cell activity against el4e7.

the anti-tumor function of anti-CD137 was defined in 
preclinical mouse models using rat–anti-mouse abs [2, 4, 
13]. Despite the recognized cross-reactivity between mouse 
Fcγrs and rat Igg, little is known about the binding affinity 
and kinetics of rat Fc–mouse Fcγr interactions. Our data 
indicate that mouse FcγrIIB and FcγrIII interact with rat 
Igg2a in a manner similar to control mouse Igg2a, whereas 
FcγrI and FcγrIV, the high-affinity receptors, have differ-
ent binding affinities and kinetics for rat and mouse Igg2a 
(Fig. 1). Our binding prolife for rat Igg2a to mouse Fcγrs 
is similar that of mouse Igg1 [7]. this similarity in binding 
profiles between rat Igg2a and mouse Igg1 is anticipated 

Fig. 6  2a-treated tumor-bearing FcγrIII−/− mice have an increase in 
CD11c+ MHCII+ cells with an aPC phenotype due to the FcγrIII 
deficiency. a Mice were inoculated with 8 × 106 el4e7 tumor cells 
on Day 0. On Day 7 and Day 10, mice received either 100 μg of 2a 
or rat Igg. Spleens were harvested from 2 to 3 mice per group on 
Days 7, 12, 16, and 21. representative data from one experiment 
repeated three times. b the expression of CD40, CD80, and CD86 
on CD11c+ MHCII+ cells from spleen on Day 16. Data combined 
from two experiments for a final n = 6 or 7. a significance differ-

ence determined by one way anOVa and tukey’s multiple compari-
son test * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. c 
Pearson’s correlation of CD11c+MHCII+ absolute cell number versus 
tumor volume. Data combined from two experiments for a final n = 6 
or 7. d Cells were isolated by positive selection from spleens of naïve 
Wt and FcγrIII−/− mice. CD11c+ cells were stimulated with 5 μg/
ml of lPS for 48 h. CD137 and CD137l expression were determined 
by flow cytometry. representative data from one experiment repeated 
four times
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based on their structural homology [20]. Collectively, these 
data and findings from other investigators suggest that rat 
Igg2a has the potential to interact with mouse Fcγrs in a 
manner similar to mouse Igg1.

the import of Fc–Fcγr interactions in mediating the 
anti-tumor activity of immunomodulatory mabs has been 
acknowledged in recent publications. For example, engage-
ment of activating Fcγrs is required for the anti-tumor 
function of anti-gItr and anti-Ctla-4 mabs [9, 10]. 
Interestingly, agonistic mabs against CD40 are function-
ally dependent on interactions with FcγrIIB [7, 8]. Our 
data add to this growing body of literature, showing that 
Fc–FcγrIII interactions dampen the anti-CD137-mediated 
anti-tumor response against el4e7.

the exact mechanism by which FcγrIII attenuates anti-
CD137 immunity against el4e7 is uncertain. FcγrIII is 
associated with both pro- and anti-inflammatory responses 
[21–25]. For example, FcγrIII is associated with inhibitory 
ItaM signaling resulting from tonic Fc–Fcγr interactions 
that initiate inhibisome formation [21, 26]. a recent pub-
lication demonstrates anti-CD137 mab is rapidly internal-
ized after Fab-CD137 interactions, which would limit Fc 
exposure to FcγrIII [27]. therefore, the combined tonic 
Fc interaction with FcγrIII may inhibit the nF-κB signal-
ing induced by anti-CD137 mab interactions resulting in a 
reduction of CD137 stimulation [27]. Besides the induction 
of inhibitory signaling, FcγrIII is involved in the clear-
ance of apoptotic cells [25]. the reduction in the clear-
ance of apoptotic cells would allow for enhanced tumor 
antigen exposure. taken in concert with our data, these 
published findings suggest that the improved anti-tumor 
activity of anti-CD137 in FcγrIII−/− is likely a result of 
several non-mutually exclusive and potentially overlapping 
mechanisms.

Our data do not rule out the potential role of FcγrIV 
in modulating anti-CD137 mab tumor responses. FcγrIV 
expression is limited to ly6Clo monocytes, macrophages, 
and neutrophils, which are common tumor-infiltrating leu-
kocytes [29, 30]. CD137 expression is highest on tumor-
infiltrating lymphocytes, potentially enabling enhanced 
localization of Fc–FcγrIV interactions at the tumor site 
[28]. these expression patterns of CD137 and FcγrIV in 
vivo may surmount the weaker interaction of FcγrIV to rat 
Igg2a by increasing the concentration of 2a at the tumor 
and may explain the trend toward improvement of the anti-
tumor response in 2a-treated FcγrIV−/− mice.

to understand the mechanisms underlying the improved 
anti-tumor efficacy of anti-CD137 mab in FcγrIII−/− 
mice, we performed detailed kinetic analysis of CD8+ t 
cells and DCs, which are implicated in 2a-mediated tumor 
rejection [4, 5, 31–36]. Following anti-CD137 therapy, 
we observed a profound increase in the CD8β+ t cell and 
DC populations, which was dramatically enhanced in the 

FcγrIII−/− mice. CD8β+ t cells do not express Fcγrs 
suggesting a model in which FcγrIII deficiency on DCs 
is modulating the anti-tumor immune response elicited by 
anti-CD137 in the el4e7 tumor model [6].

DCs are considered professional antigen-presenting 
cells, and improved antigen presentation would result in 
an enhanced CD8β+ t cell response [37]. the 2a-treated 
FcγrIII−/− mice had increases in numbers of DCs express-
ing costimulatory molecules associated with antigen pres-
entation. CD137 stimulation likely contributed to this phe-
notype as: (1) FcγrIII−/− DCs have comparable antigen 
presentation capabilities as Wt DCs and (2) anti-CD137 
stimulation enhances CD40 stimulation of DCs corre-
sponding to an increase in tumor-infiltrating t cells [38, 
39]. the lack of potential Fc–FcγrIII interactions is also 
functionally relevant as the loss of ItaM signaling on 
DCs is recognized to improve toll-like receptor stimula-
tion by increasing costimulatory molecule expression and 
the production of pro-inflammatory cytokines [40]. When 
taken in combination with our findings, these studies imply 
that antibody binding to CD137, in the absence of FcγrIII 
interactions, results in enhanced antigen presentation capa-
bilities that promote the secondary expansion of CD8β+ t 
cells against el4e7.

Our data suggest that anti-CD137 mab interactions with 
FcγrIII inhibit anti-tumor immune responses to el4e7 
tumors. When taken in combination with the rapidly evolv-
ing literature in this field, our studies lend credence to the 
idea that the functional role of Fc–Fcγr interactions on 
antibody-mediated immune modulatory therapy is defined 
by both patterns of receptor and relevant Fcr expression. 
these data suggest that Fc–Fcγr interactions play a criti-
cal role in the biology of antibodies targeting co-signaling 
molecules and that manipulation of these interactions may 
allow for improved therapeutic efficacy.
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