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Abstract

CDA40, a member of the TNF receptor (TNFR) superfamily, is expressed on antigen presenting
cells (APCs) and is essential for immune activation. While agonistic CD40 antibodies have been
developed for immunotherapy, their clinical efficacy has been limited. We have found that co-
engagement of the Fc domain of agonistic CD40 monoclonal antibodies (mAbs) with the
inhibitory Fcy receptor FcyRIIB is required for immune activation. Direct comparison of anti-
CD40 mAbs enhanced for activating FcyR binding hence capable of cytotoxicity, or FcyRIIB
binding revealed that enhancing FcyRIIB binding conferred immunostimulatory activity and
considerably greater anti-tumor responses. This unexpected requirement for FcyRIIB in enhancing
CD40 mediated immune activation has direct implications for the design of agonistic, anti-TNFR
antibodies as therapeutics.

Recent clinical success in the antigen-independent activation of cytotoxic T cells has
highlighted the potential of immune activation as a therapeutic strategy for the treatment of
neoplastic diseases (1). However, such non-specific activation can result in considerable
toxicity as a consequence of cytokine release from activated T cells (2). Ideally, effective
immunotherapy would capture the specificity of antigen-driven T cell responses through the
T cell receptor (TCR) by activating the APCs responsible for restricted T cell responses
directed at a tumor target. Antigen delivery to APCs will result in antigen processing and
presentation of peptides on MHC molecules to T cells expressing the cognate TCR.
However, activation of those T cells requires that an additional signal be delivered
concurrently. These additional signals can result from the enhanced expression of co-
stimulatory molecules including CD80 and CD86 on APCs triggered by adjuvants, such as
microbial products or CD40 ligation, among others. To determine the requirements for
CD40 ligation that result in optimal T cell activation, we used a dendritic cell targeting
strategy to deliver OVA to DEC205 positive cells (3) together with an agonistic CD40
antibody, 1C10 (4). A chimeric DEC205 antibody with human 1gG1 Fc was constructed, to
which OVA was fused at the carboxy terminus of the Fc. This antibody (DEC-OVA(hlgG1),
ref. (5)) was injected into wild-type (WT) mice along with 1C10. As observed previously
(3), this targeting approach efficiently generated OV A-specific CD8" T cells that could be
activated to express interferon y (IFN-y) (Fig. 1). In mice lacking all FcyRs (FcyR™7),
however, T cell expansion and activation were not observed, implicating a role for the Fc
region of the targeting (DEC-OVA(hlIgG1)) or adjuvant (anti-CD40) antibody (Fig. 1A).
Mutation of DEC-OVA(hIgG1) to eliminate FcyR binding (DEC-OVA(hIgG1)N297A, ref.
(5)), had no effect on the ability to generate OVA-specific T cells (fig. S1). In contrast,
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elimination of FcyR binding activity from 1C10, either by generating F(ab’), or de-
glycosylated Fc (fig. S2), eliminated the ability to generate OV A-specific T cells (Fig. 1B).
Mice express four IgG Fc receptors, activating FcyRlI, 111, 1V, and inhibitory FcyRIIB (6).
FcyRI, 111 and IV require the common y chain (FcRy) for assembly and surface expression
and, upon crosslinking, result in cellular activation. In contrast, FcyRIIB mediates an
inhibitory signal. Mice lacking the common y chain (encoded by Fcerlg) and thus deficient
in FcyRI, 111 and IV were able to generate OVA-specific T cells upon OVA targeting and
1C10 stimulation (Fig. 1C). In contrast, Fcgr2b ™~ (the gene that encodes FcyRIIB) mice
targeted by DEC-OVA(hIgG1)N297A showed no OVA-specific T cells expansion or
activation with 1C10 or with either of two agonistic CD40 mAbs, clone 3/23 and FGK45
(Fig. 1D and fig. S3). Similar results were obtained when wild-type mice were administered
DEC-OVA(hlgG1)N297A and 1C10 in conjunction with 2.4G2 antibody blockade of
FcyRIIB and FeyRINI (fig. S4). Fegr2b ™~ mice were, however, able to generate OVA-
specific T cells when OVA targeting was combined with another adjuvant, poly 1:C (fig.
S5), indicating that the lack of T cell activation was specific to the requirement for agonistic
CD40 mAbs to engage FcyRIIB.

The absolute requirement for FcyRIIB raised the possibility that the adjuvant effect of anti-
CDA40 could be modulated by altering the binding affinity of the anti-CD40 Fc to FcyRIIB.
We generated both mouse and human Fc variants of 1C10 with different binding affinities to
their respective FcyRs (fig. S6) and confirmed that the CD40 binding specificity and affinity
were unchanged from 1C10, the parental rat IgG2a mAb (fig. S7). Mouse 1gG1 has a tenfold
higher affinity for mouse FcyRIIB as compared to mouse 1gG2a (7-8). Introducing these
two variants of 1C10 (aCD40:mIgG1 and aCD40:mlIgG2a, respectively) or a D265A mutant
of the mouse 1gG1 variant that lacks FcyR binding affinity («CD40:mlgG1(D265A), ref. (8—
9)) with DEC-OVA(hlgG1)N297A into wild-type mice resulted in expansion and activation
of OVA-specific CD8* T cells only when aCD40:mlIgG1 was used (Fig. 2A). Similarly, a
chimeric anti-CD40 antibody with either an unmutated human 1gG1 Fc (aCD40:higG1l), its
S267E variant with 30-fold higher binding affinity for human FcyRIIB
(«CD40:h1gG1(S267E), ref. (10)), or a human Fc null variant for FcyR binding
(«CD40:h1gG1(N297A), ref. (8, 11)) was introduced into mice deleted for murine FcyRs
and expressing human FcyRIIA and 11B (encoded by hFCGR2A and hFCGR2B,
respectively) in a cell appropriate pattern (fig. S8 and ref. (12-13)) together with DEC-
OVA(hlgG1)N297A. aCD40:hlgG1(S267E) showed approximately a tenfold enhancement
of OVA-specific CD8* T cells over aCD40:hlgG1, as measured by both tetramer staining
and intracellular IFN-y expression (Fig. 2B). Dose dependent enhancement of OV A-specific
T cell responses was observed in Fcgr2b ™~ mice expressing a human FCGR2B transgene
(fig. S9). This enhanced T cell response was dependent upon the expression of human
FcyRIIB in these mice; human FcyRIIA expression could not compensate for this
requirement (Fig. 2C and fig. S9). CD40 co-engagement with FcyRIIB resulted in increased
DC maturation as measured by enhanced CD80 and CD86 expression (Fig. 2D), supporting
its role in inducing T cell activation through APCs.

Mouse 1gG1 preferentially binds to FcyRIIB and displays minimal antibody-dependent
cellular cytotoxicity (ADCC) activity in vivo by virtue of the inhibitory effect of FcyRIIB
binding, whereas mouse 1gG2a efficiently engages FcyRIV and is the most potent mouse
IgG subclass in mediating ADCC (7-8). The lack of the adjuvant effects by aCD40:mlgG2a
could be the result of depletion of CD40* APCs. To test this possibility, aCD40:mIgG2a
was injected with DEC-OVA(hlgG1)N297A into NK cell depleted wild-type mice or
FcyRIV-deficient (Fcgrd ) mice. As shown in fig. S10, neither NK cell depletion nor
FcyRIV-deficiency restored T cell responses. In addition, no attenuation of T cell activation
was seen when the combination of aCD40:mIgG1 and aCD40:mlIgG2a was injected with
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DEC-OVA(hlgG1)N297A, supporting a dominant role for the FcyRIIB pathway in the
adjuvant effect of agonistic CD40 mADbs.

Next, the ability of DEC-OVA(hlgG1)N297A targeted DCs stimulated by anti-CD40
enhanced for FcyRIIB binding to generate OVA restricted CD8* cells was tested for their
ability to translate into an anti-tumor response against MO4, a CD40-negative melanoma
tumor line engineered to express OVA (3). MO4 tumor cells were implanted subcutaneously
in wild-type or human FcyRIIB transgenic mice (FcyR/"hFCGR2B™) and then treated with
DEC-OVA(hlgG1)N297A and either anti-CD40 engineered to express Fc’s that
preferentially engaged mouse (aCD40:mIgG1) or human (aCD40:higG1(S267E)) FcyRIIB,
or anti-CD40 engineered to express mouse 1gG2a Fc (a«CD40:mlgG2a) or human 1gG1 Fc
(«CD40:hlgG1) thus preferentially engaging activating FcyR, or anti-CD40 with Fc’s unable
to engage FcgRs such as aCD40:mlgG1(D265A) and aCD40:hlgG1(N297A). Anti-tumor
activity was significantly greater for the DEC-OVA(hlgG1)N297A targeted mice when
treated with CD40 antibodies engineered to selectively engage FcyRIIB (Fig. 3, A and B).
The anti-tumor activity of these antibodies required FcyRI1B as Fcgr2b™'~ and FeyR ™~
mice showed no anti-tumor activity with these treatments (fig. S11). Anti-CD40 engineered
with either a mouse 1gG2a Fc or human IgG1 Fc showed no («CD40:mlgG2a) or reduced
(«CD40:hlgG1) anti-tumor activity (Fig. 3A, B). The FcyR null binding variants
aCD40:mIgG1(D265A) or aCD40:hlgG1(N297A) had no anti-tumor effects in these studies
(Fig. 3A, B). These data, taken together with previous studies (3), indicates that the
enhancement of tumor killing we observe likely results from enhanced T cell dependent
mechanisms.

Because previous studies have shown that high doses of agonistic CD40 antibodies alone
can induce cytotoxic T cells against lymphoma cells (14), we further tested whether
agonistic CD40 antibodies engineered to co-engage FcyRIIB have enhanced anti-tumor
activity in the absence of immunization with a tumor expressed antigen. A CD40-negative B
cell lymphoma line (B6BL, fig. S12, ref. (5, 15)) was studied with our engineered CD40
antibodies. The enhanced adjuvant effect of co-engagement of CD40 antibodies to FcyRIIB
was sufficient to mediate anti-tumor activity against B6BL tumor (Figure 3C, D, E). The
lack of anti-tumor activity of aCD40:hIgG1(N297A) in FcyRIIB-humanized mice
(Fcgr2b='"hFCGR2B*) and «CD40:hIgG1(S267E) in Fcgr2b™'~ mice, suggest that
FcyRIIB-engagement is necessary and sufficient for anti-tumor activity (Fig. 3E). This anti-
tumor effect was mediated by CD8* T cells as T cell deficiency (Tcrb ™ ~Tcrd 7~ mice, ref.
(5)) or CD8™ cell depletion (a«CD8) abrogated the anti-tumor effect of a«CD40:mlIgG1
(Figure 3D). Re-challenge of the B6BL-surviving animals at 10 weeks with B6BL tumor
cells resulted in resistance, indicating the presence of a memory response.

Previous studies have documented the importance of ADCC, mediated by activating FcyRs,
as an anti-tumor mechanism (67, 9). Correlation of ADCC activity to patient survival has
been observed for the therapeutic antibodies anti-CD20 for non-Hodgkin lymphoma (NHL)
or anti-Her2/Neu for metastatic breast carcinoma (16-18). In contrast, the anti-tumor
activities we have observed for agonistic CD40 antibodies require the co-engagement of the
inhibitory FcyRIIB, leading to the maturation of dendritic cells promoting the expansion and
activation of cytotoxic CD8* T cells. We therefore set out to compare the relative potencies
of antibodies enhanced for ADCC with those enhanced for adjuvancy in two different
CD40™" tumor models, the BALB/c-derived A20 lymphoma and B6-derived B6BL
engineered to express CD40 (B6BL-CD40, fig. S12, (5)). Animals were challenged with
either A20 or B6BL-CD40 tumors and treated with agonistic CD40 mAbs enhanced for
either ADCC (aCD40:mIgG2a) or FcyRIIB-binding («CD40:mlgG1) (Fig. 4A and B).
aCD40:mIgG2a treatment showed no effect on A20 growth and a small, but significant
improvement in survival in B6BL-CD40 challenged mice at the dose indicated, while
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treatment at the same dose of aCD40:mIgG1 resulted in arrest of tumor growth for A20
(Fig. 4A) or long-term survival for B6BL-CD40 challenged mice (Fig. 4B). The lack of anti-
tumor activity for aCD40:mIgG2a was not due to defects in ADCC activity since the
antibody displayed robust depletion of peripheral CD40* cells in treated mice (Fig. 4C). In
contrast, aCD40:mIgG1 treated mice displayed marked expansion of CD8" cells in the
periphery (Fig. 4C). Thus, the adjuvant effects of agonistic CD40 mAbs (activation of
cytotoxic T cells through CD40 mediated stimulation of APCs) results in a more potent anti-
tumor effect than cytotoxicity triggered through effector cell activation through FcyR
crosslinking. Indeed, the anti-tumor effect of aCD40:mIgG1 in prolonging survival of
B6BL-CD40 challenged mice was not affected by deficiency in FcRy chain (required for all
activating FcyRs) (Fig. 4D), supporting an ADCC-independent mechanism for this anti-
tumor effect. In addition, depleting CD8" cells abrogated the anti-tumor effect of
aCD40:mlgG1, confirming that CD8* T cells were required for this response (Fig. 4B).

The FcyRIIB pathway required for agonistic CD40 antibody activities may be general to
other TNFR family members. For example, Fas mediated toxicity, triggered by agonistic Fas
antibodies, requires FcyRIIB (19). Similarly, DR4, DR5, and CD30 agonistic antibodies
show greater anti-tumor activity in vivo when their Fc’s are capable of FcyRIIB engagement
(20-22). Finally, the recent results showing that an agonistic CD40 antibody (clone FGK45)
has anti-tumor activity in a mouse model of pancreatic ductal adenocarcinoma and can
enhance the characteristic APC indicators such as MHC class Il, CD80 and CD86
expression of stromal macrophages support an immune stimulatory component in its anti-
tumor activity (23). Thus, the results presented here establish a new paradigm for immune
activation of agonistic TNFR antibodies through FcyRIIB co-engagement that will inform
the rational design of novel therapeutic antibodies.
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FcyRIIB-engagement is required for the adjuvant activity of agonistic CD40 antibodies. (A)
WT and FeyR™~ (Fcgr2b @ Fcerlg -, deficient in all FcyRs) mice were injected i.p. with
DEC-OVA(hlgG1) in the presence or absence of 1C10. Spleen cells were harvested 7 days
later and analyzed by flow cytometry for OVA-specific CD8" T cells, detected by OVA
tetramer staining or IFN-y expression upon in vitro OVA peptide stimulation as described in
“Materials of methods” (5). (B-D) WT, Fcerlg ™~ (FcRy-deficient), and Fcgr2b 7~
(FcyRI1IB-deficient) mice were immunized with DEC-OVA(hIgG1)N297A (the N297A
variant of DEC-OVA(hlgG1), null for FcyR binding) in the presence or absence of 1C10, or
deglycosylated 1C10, or 1C10 F(ab’), fragment, and analyzed as in (A). Shown are
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representative contour plots gated on CD4~CD8a™* cells, with gate and percentage (mean +

S.D) of tet-OVA™* or IFN-y* cells, of two or more independent experiments with 4-5 mice
per group with similar results.
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The adjuvant effect of agonistic CD40 antibodies can be modulated by manipulating their
binding affinities to FcyRIIB. (A-C) WT, Fcgr2b ™~ FcyR™'~, and FcyR™~ mice with
human FCGR2A and/or FCGR2B transgenes (FcyR/"hFCGR2A*, FcyR/"hFCGR2B™, or
FcyR™/"hFCGR2A*hFCGR2B™*) were immunized with DEC-OVA(hIgG1)N297A in the
presence or absence of CD40 antibodies with the indicated Fc’s, and analyzed for OVA-
specific CD8" T cells in peripheral blood (A) or spleen (B—C) as in Fig. 1. Shown are
representative contour plots gated on CD4~CD8a™* cells, with gate and percentage (mean +
S.D) of tet-OVA™* or IFN-y* cells, of two or more independent experiments with 4~5 mice
per group with similar results. (D) Increased in vivo DC maturation induced by anti-CD40
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with enhanced hFcyRI1B-binding affinity. FcyR/"hFCGR2B* mice (3 per group) were
either untreated or injected i.p. with 100ug of the indicated CD40 antibodies. Three days
later, CD80 and CD86 expression were analyzed on splenic dendritic cells by flow
cytometry. Presented is a bar-graph showing mean fluorescence intensity (MFI) values with
S.D. * p<0.05; ** p<0.01; *** p <0.001. One-way ANOVA with Dunnett post hoc test
was used to compare: all groups to the untreated control group; and the «aCD40:hlgG1 and
aCD40:hlgG1(S267E) treated groups.
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Fig. 3.

Anti-tumor activities of CD40 antibodies correlate with their adjuvant effects in CD40™
tumor models. (A-B) WT and FcyR™/"hFCGR2B* mice were inoculated with MO4 tumor
cells subcutaneously, and treated with DEC-OVA(hIgG1)N297A plus low doses (30pg) of
control 1gG or the indicated CD40 antibodies with either mouse (A) or human (B) 1gG Fc’s
after tumor establishment. Tumor growth curves (3-5 mice per group) are shown. (C) WT
mice were inoculated intravenously with B6BL tumor cells and treated with high doses of
control 1gG or the indicated CD40 antibodies (d3: 200ug; d4; 200ug). (D) WT and T cell
deficient mice (Tcrb™~ Terd ™ ) were inoculated with B6BL as in (C) and treated with
control 1gG or the indicated CD40 antibodies (d3: 200ug) with or without aCD4 or aCD8
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depleting antibodies; (E) Fcgr2b ™ <(Tg™) and Fegr2b ' hFCGR2B* (Tg*) mice were
inoculated with B6BL as in (C) and treated with high doses (d3: 200ug; d4: 200pg) or lower
doses (d3: 40ug; d4: 40ug) of the indicated CD40 antibodies or control 1gG. Long-term
survivors were re-challenged at 10 weeks with B6BL tumor cells. (C-E) Survival curves of
4-5 mice are shown. Error bars are S.D. *p<0.05, **p<0.01, ***p<0.001. One-way
ANOVA with Dunnett post hoc test (A-B) or Logrank test (C-E) was used to compare: all
groups to the control groups (“*mlIgG” in (A), “hlgG” in (B), “mIgG” in (C), “WT:mIgG” in
(D), or Tg*:hlgG(400ug) in (E), respectively); or “aCD40:hlgG1” to
“aCD40:hlgG1(S267E)” in (B); or between Tg* mice treated with same doses of
aCD40:h1gG1 or aCD40:hlgG1(S267E) in (E).
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Fig. 4.

Anti-CD40 enhanced for FcyRIIB-binding has greater anti-tumor activities than anti-CD40
enhanced for activating FcyR-binding in CD40* tumor models. (A) BALB/c mice were
treated with the indicated CD40 antibodies or control 1gG (200ug) 1h before the
subcutaneous inoculation of A20 tumor cells. Tumor growth curves of 5 mice per group are
shown. WT (B) and Fcerlg~/~ (D) mice were inoculated with B6BL-CD40 tumor cells and
treated with the indicated CD40 antibodies or control 1gG (d3: 200ug; d6: 200pg) with or
without aCD8 depleting antibodies. Survival curves of 4-6 mice per group are shown in (B,
D). (C) WT mice (3 per group) were treated with 200pg of the indicated CD40 antibodies or
control 1gG. Six days later, the percentage of CD40™" cells and the ratio of CD8* to CD4* T
cells were analyzed in peripheral blood and presented in the bar-graph. Error bars are S.D.
**p<0.01, ***p<0.001. One-way ANOVA with Dunnett post hoc test (A, C) or Logrank test
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(B, D) was used to compare: all groups to the “mlgG” control groups; “aCD40:mlIgG1” to
“aCD40:mlgG2a” in (C).
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