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ABSTRACT
◥

Death receptor 5 (DR5) is an attractive target for cancer
therapy due to its broad upregulated expression in multiple
cancers and ability to directly induce apoptosis. Though anti-
DR5 IgG antibodies have been evaluated in clinical trials, limited
efficacy has been attributed to insufficient receptor crosslinking.
IGM-8444 is an engineered, multivalent agonistic IgM antibody
with 10 binding sites to DR5 that induces cancer cell apoptosis
through efficient DR5 multimerization. IGM-8444 bound to
DR5 with high avidity and was substantially more potent than
an IgG with the same binding domains. IGM-8444 induced
cytotoxicity in a broad panel of solid and hematologic cancer

cell lines but did not kill primary human hepatocytes in vitro, a
potential toxicity of DR5 agonists. In multiple xenograft tumor
models, IGM-8444 monotherapy inhibited tumor growth, with
strong and sustained tumor regression observed in a gastric
PDX model. When combined with chemotherapy or the BCL-2
inhibitor ABT-199, IGM-8444 exhibited synergistic in vitro
tumor cytotoxicity and enhanced in vivo efficacy, without
augmenting in vitro hepatotoxicity. These results support the
clinical development of IGM-8444 in solid and hematologic
malignancies as a monotherapy and in combination with che-
motherapy or BCL-2 inhibition.

Introduction
Death receptor 5 (DR5, TNFRSF10B) is a member of the TNF

receptor superfamily that binds TNF-related apoptosis inducing
ligand (TRAIL, TNFSF10), and activates the extrinsic apoptotic path-
way upon receptormultimerization. DR5 clustering enables formation
of the death-inducing signaling complex (DISC) through Fas-
associated death domain recruitment to the DR5 intracellular death
domain, subsequent recruitment and cleavage of procaspase-8 and -10,
and downstream activation of effector caspase-3 and -7 (1). DR5 is
homologous to TRAIL-binding apoptotic death receptor 4 (DR4,
TNFRSF10A) and two decoy receptors, DcR1 (TNFRSF10C) and
DcR2 (TNFRSF10D) that lack or have a truncated death domain.

DR5 is a promising cancer therapeutic target more highly expressed
on cancer cells than normal human tissues, providing selective tumor
killing (2, 3). Recombinant TRAIL and anti-DR5 agonistic IgG anti-
bodies have demonstrated efficacy in preclinical mouse tumor
models (4–9) andwere safe in cynomolgusmonkeys (10, 11). Although
these agents were generally well tolerated in patients, there were select

reports of on-target, off-tumor drug-induced hepatotoxicity (12, 13).
These first-generation DR5 agonists failed to demonstrate significant
clinical efficacy, alone or combined with chemotherapy (reviewed in
ref. 14). For recombinant TRAIL, this was largely attributed to its
very short half-life (<1 hour in humans, ref. 15) and ability to bind
the non-apoptotic signaling decoy receptors. Although the anti-
DR5 agonistic IgG antibodies had good pharmacokinetic properties,
the lack of efficacy was attributed to insufficient DR5 receptor
clustering and suboptimal FcgR-mediated receptor crosslinking (1).
Recent structural data suggest that formation of higher order DR5
clusters, including dimers of trimers, is required for efficient DR5
signaling (16).

To mitigate the need for FcgR-mediated receptor crosslinking, we
have taken the approach to multimerize and agonize DR5 using an
immunoglobulin M (IgM) antibody format. With strong antigen-
binding avidity, IgM is particularly effective at binding repetitive
epitopes and low expressing antigens. We hypothesized that a mul-
tivalent IgM should effectively cluster and agonize TNF receptor
superfamily members, including DR5. We and others have previously
demonstrated that IgM antibodies targeting DR5 and DR4 exhibit
functional activity in the absence of crosslinking (17–21). Here, we
describe the development of our clinical candidate IGM-8444, a novel
pentameric DR5-targeting IgM antibody, which was substantially
more potent than a corresponding agonistic DR5 IgG and induced
apoptosis acrossmultiple solid and hematological cancer types in vitro.
Despite its cytotoxic activity on cancer cell lines, IGM-8444 did not kill
primary human hepatocytes in vitro. IGM-8444 exhibited efficacy in
both cell line and patient-derived xenograft (PDX) mouse tumor
models, accompanied by increased apoptotic biomarkers in circu-
lation and tumor tissue. Combinations of IGM-8444 with standard-
of-care (SOC) chemotherapy or targeted agents induced synergistic
in vitro tumor cytotoxicity and enhanced in vivo efficacy relative to
those therapies alone. Taken together, these data support that
multimerizing DR5 with IGM-8444 is a promising therapeutic
approach for cancer therapy.
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Materials and Methods
Antibody generation

The IGM-8444 VH and VL sequences are shown in Supplemen-
tary Table S1A. The DR5-binding VH domains were cloned into an
IgM or IgG1 backbone and transfected into Chinese hamster ovary
(CHO) cells with the DR5-binding light chain, as well as the joining
(J) chain for IgMs. IgG and IgM antibodies were purified using
Protein A affinity chromatography (GE Healthcare Life Sciences)
and published methods (22), respectively. IGM-8444 characteriza-
tion by SDS-PAGE, size exclusion chromatography (SEC)-HPLC,
and dynamic light scattering (DLS) is described in Supplementary
Methods.

Cell lines and reagents
Colo205 and MV-411 cells were obtained from the ATCC,

H-EMC-SS cells from ECACC, HCT15 and NCI-H2228 cells
from Crown Bioscience. Cells were cultured according to the
source recommendations, authenticated by STR profiling and con-
firmed negative for Mycoplasma by PCR (IDEXX Bioanalytics). For
screening, cell lines were provided and cultured as per Crown
Bioscience protocols. Human IgG and IgM isotype controls were
from Jackson ImmunoResearch. Chemotherapeutic agents and
BCL-2 inhibitor ABT-199 were from MedChemExpress and Selleck
Chemicals. For animal studies, irinotecan and 5-FU were obtained
from Fresenius Kabi, paclitaxel from Phyton Biotech, and ABT-199
from Selleck.

Binding assays
Antibody affinity and avidity were measured using surface

plasmon resonance (SPR) and DR5 specificity by ELISA (Supple-
mentary Methods). Colo205 and H-EMC-SS (50,000 cells/well)
were incubated with IGM-8444 or anti-DR5 IgG for 35 minutes
at 4�C. IgG and IgM isotype controls were used at 10 mg/mL. Cells
were washed with FACS stain buffer (BD Biosciences), incubated
with 1 mg/mL of goat anti-human kappa-Alexa Fluor 647 (Southern
Biotech #2060–31) for 30 minutes at 4�C, washed, resuspended with
100 mL/well of 7-AAD (BD Biosciences) diluted in FACS stain
buffer and analyzed using a Beckman Coulter CytoFLEX flow
cytometer.

Cytotoxicity assays
Colo205 and H-EMC-SS (3,000 cells/well) were seeded in half-area

96-well plates, incubated overnight at 37�C, then treated with IGM-
8444 or anti-DR5 IgG for 24 hours at 37�C. For combination
studies, HCT-15 (2,000 cells/well) and NCI-H2228 (8,000 cells/well)
were seeded in 96-well plates, incubated overnight, and treated with
IGM-8444 and chemotherapy or ABT-199 for 72 hours. MV-411
(3,000 cells/well) were seeded in half-area 96-well plates and treated
with combined therapy as above. Cell viability was measured using
CellTiter-Glo (Promega) and read on an EnVision luminometer
(PerkinElmer). IC50 values were calculated in GraphPad Prism using
a 4-parameter curve fit.

Primary human hepatocytes from mixed gender, 10-donor pools
(BioIVT) were plated in INVITROGROCPmedia supplemented with
1x Torpedo antibiotic mix (BioIVT). Hepatocytes (56,000 cells/well)
were seeded in 96-well collagen-coated plates and incubated at 37�C
overnight, then treatedwith IGM-8444 or recombinant humanTRAIL
ligand (R&DSystems #375-TL-010/CF) for 24 hours. For combination
studies, IGM-8444 and chemotherapeutic agents or ABT-199 were
incubated for 72 hours. Cell viability wasmeasured as described above.

Apoptosis assays
3,000 cells/well were seeded in half-area 96-well plates, incubated

overnight at 37�C, then treated with 1 mg/mL antibody for indicated
times. At endpoint, Caspase-Glo 3/7, Caspase-Glo 8 plus MG-132
inhibitor, or Caspase-Glo 9 plus MG-132 inhibitor (Promega) was
added then read on an EnVision luminometer.

Annexin V/propidium iodide (PI) staining was measured by flow
cytometry. 3000 cells/well were treated with 1 mg/mL antibody as
indicated. Cells were washed with DPBS, resuspended in binding
buffer containingAnnexin V-APC and PI (BDBiosciences), incubated
for 15 minutes at 25�C protected from light, and analyzed using a
CytoFLEX flow cytometer.

In vitro cytotoxicity assay transformation and expression
analysis

Luminescence data were processed with GRcalculator (23) to fit
growth-rate-normalized dose–response curves. Secondary measure-
ments were calculated from the GR curve to assess IGM-8444 sensi-
tivity and efficacy (GRAOC and GRmax, respectively). Samples were
clustered into high, medium, and low responders based on these
features, and correlated with DR5 expression data (RPKM) from the
CCLE (Broad Institute). A Welch’s t test was performed between the
high and low response groups to assess differences in average DR5
expression. For details, see Supplementary Methods.

Synergy evaluation
Synergy for each cell line was computed with viability data from

IGM-8444 and chemotherapy combinations analyzed for Bliss Inde-
pendence (24, 25). Synergy scores were calculated and visualized in 3D
surface plots with valleys of antagonism (Bliss <0) and hills of synergy
(Bliss >0) over the continuum of dose combinations. For details, see
Supplementary Methods.

In vivo tumor xenograft models
All animal studies were conducted according to approved

Institutional Animal Care and Use Committee (IACUC) protocols
at Charles River Laboratories (CRL). Colo205 and NCI-H2122
models were performed in female athymic nude mice [Crl:NU
(Ncr)-Foxn1nu, 8–12-weeks-old; CRL]. Colo205 (2 � 106 cells) or
NCI-H2122 (107 cells) in 50% Matrigel were implanted subcutane-
ously in the flank and dosing initiated when mean tumor volume
(MTV) reached 100–150mm3 or 80–120mm3, respectively. DOHH-2
(107 cells) were implanted subcutaneously in the flanks of female SCID
mice (Fox Chase SCID, CB17/Icr-Prkdcscid/IcrIcoCrl, 9-weeks-old;
CRL) and dosing initiated when MTV reached 100–150 mm3.

GXF251 PDX tumor fragments 3–4 mm in diameter were
implanted subcutaneously in the flanks of female NMRI nude mice
(5–7-weeks-old; CRL, Germany). Treatment began when MTV
reached 50–250 mm3. In studies evaluating larger tumors, dosing
initiated when MTV reached approximately 100, 300, or 500 mm3.

Tumor volume was determined by caliper measurement and tumor
growth inhibition (TGI) and relative tumor volume calculations
are described in Supplementary Methods. Mice were euthanized
when individual tumor volumes exceeded 1,000 mm3 for Colo205,
1,500 mm3 for NCI-H2122, or 2,000 mm3 for the DOHH-2 and
GXF251 models. Tumor volume results are shown as mean � SEM
with 8–10 animals per group. A partial response (PR) was achieved if
tumor volume was 50% or less than the starting tumor volume for 3
consecutive measurements. A complete response (CR) was achieved if
tumor volume was undetectable for 3 consecutive measurements.
Animals with a CR at study end were classified as tumor-free survivors
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(TFS). For survival analyses, an event was defined as a tumor volume
4 times that of the initial volume.

IHC
NCI-H2122 tumors were implanted as described above and dosing

was initiated when MTV reached 200–250 mm3. Tumors were
extracted 24 hours later, fixed with 10% neutral buffered formalin for
48 hours, transferred to 70% ethanol, and paraffin embedded. IHC
staining was performed using protocols and reagents from Biocare
Medical using an intelliPATH FLX instrument. Sections were cut and
deparaffinized, then blocked. For cleaved caspase-3 (CC3) staining,
CC3 (Asp175) antibody (0.2 mg/mL, Cell Signaling Technology #9661)
was diluted in Da Vinci Green diluent and incubated for 30 minutes at
25�C. After washing with TBS, slides were incubated with MACH2
Rabbit HRP-Polymer for 30 minutes. Slides were washed and devel-
oped with intelliPATH FLX DAB Chromogen for 5 minutes, rinsed
with distilled water, and lightly counterstained with hematoxylin for
20 seconds. For DR5 staining, tumor sections were stained for human
DR5 (1 mg/mL, LSBio #LS-C340229) followed by detection with
MACH2 Mouse HRP-Polymer, then processed as described above.

M30 and M65 ELISA
Caspase-cleaved cytokeratin 18 (CK18-Asp396) exposed during

apoptosis in mouse sera was quantitated byM30-Apoptosense ELISA,
and total CK18was quantitated byM65ELISA (PEVIVA) according to
the manufacturer’s protocol. Plates were read on a Spectra Max340
microplate reader using SoftMax Pro V5 (Molecular Devices).

Statistical analysis
TGI was calculated on the last day that all control animals were on

study. Mann–Whitney U tests were used for pairwise tumor volume
comparisons between treated versus control groups. Kruskal–Wallis
analysis with Dunn’s post-test was used to compare tumor volumes
across multiple treatment groups. Log-rank (Mantel–Cox) tests were
used to compare Kaplan–Meier survival curves. For multiple compar-
isons, log-rank test P values were adjusted using Bonferroni–Holm
correction. Statistical analyses were performed using GraphPad Prism
software. A two-tailed value of P ≤ 0.05 was considered statistically
significant.

Results
Multivalent IGM-8444 binds strongly and specifically to DR5

IGM-8444 has 10 DR5-binding sites and assembles into a pen-
tamer through a J chain. CHO-expressed IGM-8444 (�900 kDa)
yielded a homogeneous population with >95% purity and hydro-
dynamic radius of 13.9 nm as determined by SDS-PAGE, SEC, and
DLS (Supplementary Fig. S1A–S1D). The affinity and avidity of
multivalent IGM-8444 versus bivalent anti-DR5 IgG (with same
binding domains) were measured using SPR. At low DR5 densities,
IGM-8444 and anti-DR5 IgG had similar monovalent binding
affinities (85 and 107 nmol/L, respectively). However, at higher
densities of DR5, IGM-8444 had slower dissociation kinetics with
an apparent avidity of <11 pmol/L compared with 7 nmol/L for
anti-DR5 IgG, supporting higher IGM-8444 DR5–binding avidity
(Supplementary Fig. S1E). Furthermore, in Octet binding studies,
IGM-8444 out-competed anti-DR5 IgG for receptor binding, with
17 nmol/L of IGM-8444 almost completely blocking binding of 67
nmol/L anti-DR5 IgG (Supplementary Fig. S1F).

In specificity analyses, IGM-8444 bound to human DR5, but not to
related receptors DR4, DcR1, or DcR2 (58%, 52%, and 56% identity,

respectively; Supplementary Fig. S2A; refs. 26–28). IGM-8444 also did
not bind to HEK293T cells with DR5 knocked out (Supplementary
Fig. S2B and S2C). Epitope mapping studies revealed that IGM-8444
binds a membrane distal domain on DR5 within cysteine-rich domain
1 (CRD1; ref. 29).

IGM-8444 potently induces cancer cell cytotoxicity in vitro
compared with IgG

Cell binding and cytotoxicity studies were performed to understand
whether the high IGM-8444 binding avidity couldmultimerize DR5 to
induce cancer cell apoptosis. IGM-8444 bound strongly to DR5-
expressing Colo205 colorectal cells (EC50 170 ng/mL; 200 pmol/L)
and H-EMC-SS chondrosarcoma cells (EC50 64 ng/mL; 73 pmol/L)
compared with anti-DR5 IgG [EC50 >10,000 ng/mL (>70 nmol/L)] on
both cell lines (Fig. 1A). Though anti-DR5 IgG bound weakly on
Colo205 and H-EMC-SS, it bound similarly to IGM-8444 on a
recombinant QT6 cell line overexpressing human DR5, suggesting
an IGM-8444 binding advantage on lower antigen-expressing cells
(Supplementary Fig. S2D). In cytotoxicity assays, IGM-8444 was
>10,000-fold more potent than anti-DR5 IgG on Colo205 cells [IC50

1.1 ng/mL vs. >10,000 ng/mL (1.3 pmol/L vs. >70 nmol/L),
respectively] and >1,000-fold more potent on H-EMC-SS cells [IC50

0.32 ng/mL vs. 330 ng/mL (0.37 pmol/L vs. 2.3 nmol/L),
respectively; Fig. 1B]. These results suggest that potent IGM-8444
cytotoxicity is achieved with <1% maximal DR5 binding on these cell
lines, and similar observations have been made with other multivalent
DR5 agonists (30, 31).

The mechanism of IGM-8444–mediated cell death was also inves-
tigated. Previous studies confirmed caspase-8 cleavage at the DISC,
supporting the ability of IGM-8444 to induce receptor clustering (29).
Caspase-3/7, caspase-8, and caspase-9 activity increased over time
in IGM-8444–treated cells, reaching a maximum of 8.7-, 5.2-, and
3.5-fold, respectively, in 6 hours in Colo205 and 43-, 5.0-, and 8.7-
fold, respectively, in 4–6 hours in H-EMC-SS compared with
untreated cells (Fig. 1C). The kinetics of anti-DR5 IgG were slower
and less in magnitude compared with IGM-8444. Annexin V and PI
staining were used to identify early and late apoptotic cells. After
6-hour IGM-8444 treatment, 23% of Colo205 and 15% of H-EMC-
SS cells were Annexin V positive, compared with only 4% and 2%,
respectively, after anti-DR5 IgG treatment, similar to isotype con-
trols (Fig. 1D). These data demonstrate IGM-8444 more potently
and rapidly induce apoptosis compared with anti-DR5 IgG.

IGM-8444 has a favorable in vitro and in vivo safety profile
The potential for IGM-8444 to induce hepatotoxicity was evaluated

in vitro using primary human hepatocytes. IGM-8444 did not induce
killing of pooled primary human hepatocytes at concentrations up to
500 mg/mL, more than 5 orders of magnitude higher than concentra-
tions required to kill Colo205 cells in vitro (Fig. 1E). In comparison,
recombinant TRAIL killed 58% of pooled primary human hepatocytes
with an IC50 of 0.04 mg/mL, only approximately 5-fold above con-
centrations required to kill Colo205 tumor cells. In cynomolgus
monkeys, repeat dosing of IGM-8444 up to 30 mg/kg did not show
significant elevation of serum liver enzymes compared with control
animals (Supplementary Table S1B).

IGM-8444 is potent across multiple cancer indications
IGM-8444–mediated cytotoxicity was evaluated across a panel of

cell lines from 20 different cancer indications, with 177 cell lines from
15 solid tumors and 13 cell lines from 5 hematologic malignancies. Of
190 cell lines, 25 were high, 75 were moderate, and 90 were low
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Figure 1.

IGM-8444 rapidly and potently induces apoptosis in Colo205 and H-EMC-SS tumor cells compared with anti-DR5 IgG while sparing hepatocytes. A, Cell
binding was measured by flow cytometry. B, Cell viability was measured after 24-hour antibody treatment. C, Kinetics of caspase-3/7, caspase-8, and
caspase-9 activation. D, The kinetics of apoptotic induction was determined as a percentage of Annexin V–positive and PI-negative cells by flow
cytometry. E, Viability of primary human hepatocytes and Colo205 cells treated with IGM-8444 or recombinant TRAIL for 24 hours. A representative of
two independent experiments is shown.
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responders (Fig. 2A; Supplementary Fig. S3). The high responder
group hadmore potent IC50 values (<2 ng/mL; <2 pmol/L) and greater
maximal cytotoxicity (GRAOC,min > 0.28, GRmaxmin > �0.87), and
included colorectal, sarcoma, lung, lymphoma, gastric and pancreatic
cell lines. Maximum responses were observed in colorectal, lung,

gastric and lymphoma cell lines (Fig. 2B). Squamous non–small
cell lung cancer (NSCLC) was the most sensitive lung subtype
(GRAOC,max ¼ 1.2, n¼ 9), with 33% having a high cytotoxic response.
The high responder group had higher average DR5 RNA expression
compared with low responders (t ¼ 2.5, P ¼ 0.015; Fig. 2C).

Figure 2.

IGM-8444demonstrates cytotoxicity acrossmultiple tumor lines fromdifferent cancer indications. Tumor cell lines (n¼ 190)were treatedwith IGM-8444 for 96hours
and viability was normalized for growth rate. A, Distribution of area over the curve (AOC) for the growth rate normalized dose response curve of 157 solid and 53
hematological cancer cell lines. B, Indications are sorted and scaled by the distribution of maximal AOC in order of sensitive to insensitive. C, DR5 expression
associateswith tiers of cytotoxic response. CCLE cell lineswith a highly sensitive cytotoxic response, blue, had higher averageRNAexpression of DR5 comparedwith
cell lines exhibiting low sensitivity and cytostatic growth, red (t ¼ 2.5; P ¼ 0.015).
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IGM-8444 synergizes with chemotherapy and a BCL-2 inhibitor
in cancer cells without hepatotoxicity

Partially sensitive cell lines were selected to evaluate IGM-8444 in
combination with chemotherapeutic agents or the BCL-2 inhibitor,
ABT-199. Synergy was evaluated by Bliss Independence where a
Bliss score >5 indicates synergistic cytotoxicity. IGM-8444 syner-
gized with irinotecan or oxaliplatin on HCT15 colorectal cells,
with the highest average synergy in combination with irinotecan
(Blissavg ¼ 13.2; Fig. 3A). Combination of IGM-8444 with irino-
tecan at maximal synergy (Blissmax ¼ 30.2) showed 89.3% cytotox-
icity, compared with 35.3% and 36.7% cytotoxicity for IGM-8444
and irinotecan, respectively, as single agents (Supplementary
Table S2A). In NCI-H2228 NSCLC cells, IGM-8444 with paclitaxel
or gemcitabine induced synergistic cytotoxicity, with highest aver-
age synergy seen with paclitaxel (Blissavg ¼ 14.7; Fig. 3B). IGM-
8444 and paclitaxel single agents, respectively, showed 17.3% and
52.0% cytotoxicity at concentrations of maximal synergy (Blissmax

¼ 25.6), whereas the combination showed 85.9% cytotoxicity
(Supplementary Table S2A). In MV-411 AML cells, IGM-8444
synergized with cytarabine, doxorubicin, or ABT-199 (Fig. 3C),
with the highest average synergy in combination with ABT-199
(Blissavg ¼ 22.5). At maximal synergy (Blissmax ¼ 53.4), IGM-8444
and ABT-199 combined showed 63.1% cytotoxicity, compared with
16.5% and 0% cytotoxicity for ABT-199 and IGM-8444, respec-
tively, as single agents (Supplementary Table S2A).

To evaluate safety, IGM-8444 was also tested in combination with
each of these agents on primary human hepatocytes. Though some
modest cytotoxicity was observed with chemotherapeutic agents,
combination with IGM-8444 did not enhance hepatocyte toxicity
(Fig. 3D–F).

IGM-8444 inhibits tumor growth in cell line xenografts
Sensitive tumor cell lines, Colo205 and NCI-H2122, identified from

in vitro assays were evaluated in vivo. Colo205 andNCI-H2122 tumors

Figure 3.

IGM-8444 has cytotoxic synergy in combination with chemotherapeutic and targeted agents in vitro. HCT15 (A), NCI-H2228 (B), and MV-411 (C) cell lines were
incubatedwith IGM-8444 and chemotherapy or ABT-199 alone and in combination for 72 hours, and synergywas plotted. Average andmaximal Bliss scores for each
combination are shown. Thepercentageof viable cells is shownat concentrations ofmaximal synergy for theHCT15 (D), NCI-H2228 (E), andMV-411 (F) cell lines (red),
comparedwith viability at the corresponding concentrationswhen tested in normal human hepatocytes (green). Synergistic cytotoxicitywas seen in cancer cell lines,
whereas normal human hepatocytes generally maintained high viability even at concentrations of maximal synergy.
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expressed high levels of DR5 by IHC (Supplementary Fig. S4A). In
a pilot Colo205 study, a single dose of anti-DR5 IgG was admin-
istered at 3 mg/kg and IGM-8444 at 3 mg/kg daily for 5 days
to approximately match serum exposure levels 24 hours after
last IGM-8444 dose (Supplementary Fig. S4B). Despite 2.5-fold
lower drug exposure, IGM-8444 significantly reduced tumor
volumes by day 7 compared with vehicle control (P ≤ 0.01),
whereas anti-DR5 IgG did not. In subsequent studies, IGM-8444
was administered every other day to maintain serum exposures
near or greater than 1 mg/mL throughout the dosing period
(Supplementary Table S2B). IGM-8444 dose dependently inhibited
Colo205 tumor growth during the dosing period (Fig. 4A). On day
22, the 0.3, 1, 3, and 10 mg/kg treatment groups exhibited 23%,
29%, 75% (P ≤ 0.01) and 84% (P ≤ 0.001) TGI, respectively,
compared with vehicle treatment. CK18 cleavage products M30

(cleaved CK18, apoptosis biomarker) and M65 (cleaved and intact
CK18, biomarker of apoptosis and necrosis) were also evaluated in
serum 24 hours after the first dose. Dose-dependent increases were
observed up to 10-fold with M30 and 5-fold with M65 compared
with control (Fig. 4B).

In the NCI-H2122 xenograft model, IGM-8444 induced tumor
regressions, with half the animals achieving a PR. On day 26,
IGM-8444 induced 101% TGI compared with the control group
(P ≤ 0.0001; Fig. 4C). IGM-8444 treatment also extended median
event-free survival (EFS) by 40 days (P ≤ 0.0001; Fig. 4D). In
NCI-H2122 pharmacodynamic studies, CC3 was significantly
elevated in tumor tissue 24 hours after a single dose of IGM-
8444, confirming apoptotic mechanism of action in vivo (Fig. 4E).
Strong staining observed throughout each tumor indicates deep
IGM-8444 tumor penetration.

Figure 4.

IGM-8444 antitumor efficacy in CDX mouse tumor models. Efficacy and pharmacodynamic biomarkers were evaluated in a Colo205 tumor xenograft model.
A, Animals were treated with vehicle or 0.3, 1, 3, or 10 mg/kg IGM-8444 i.v. every other day for 11 doses. B, A single intravenous dose of IGM-8444
was administered at 0.3, 1, 3, 10, or 20 mg/kg, serum was collected after 24 hours, and M30 and M65 levels were quantitated. C, Antitumor efficacy and (D)
event-free survival in an NCI-H2122 lung model treated with vehicle or 5 mg/kg IGM-8444 i.v. every other day for 11 doses. E, NCI-H2122 tumor-bearing mice
were dosed once with 5 mg/kg IGM-8444 or vehicle, and after 24 hours tumors were stained for CC3. Shown are representative tumors from 5 mice/group.
Tumor volumes represent mean � SEM, 10 mice/group. �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001; ns, not significant.
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IGM-8444 induced complete regression in a gastric PDX tumor
model

IGM-8444 in vivo efficacy was evaluated in a gastric PDX model,
GXF251, established from a 60-year-old male patient with gastric
adenocarcinoma. IGM-8444, dosed 5 mg/kg every other day for
7 doses, induced strong and sustained tumor regressions and
showed 112% TGI compared with the control group on day
46 (P ≤ 0.0001; Fig. 5A). Eight out of 10 animals in the IGM-
8444–treated group exhibited CRs, with the remaining 2 animals
showing a PR. At study end (day 99), 7/10 animals were event-free
and 6/10 were tumor-free (Fig. 5B). Serum analyses 24 hours after
IGM-8444 treatment indicated 10- and 6-fold increased M30 and
M65, respectively, compared with vehicle (Fig. 5C).

IGM-8444 demonstrated dose-dependent efficacy in the GXF251
tumor model (Supplementary Fig. S5A). On day 59, the 0.3, 1, 3, and
10 mg/kg treatment groups showed 30%, 55%, 101% (P ≤ 0.001), and
99% (P ≤ 0.001) TGI, respectively, compared with vehicle. On day 100,
no animals in the 10 mg/kg dose group had reached study endpoint
and 2/7 animals were tumor-free.

IGM-8444 also exhibited dose-dependent efficacy when adminis-
tered weekly, with 10 mg/kg IGM-8444 maintaining tumor stasis

during the dosing period (Supplementary Fig. S5B). On day 28, the
1 and 10 mg/kg treatment groups showed 58% and 102% (P ≤ 0.0001)
TGI, respectively, compared with the control group. Both weekly and
every other day IGM-8444 dosing did not cause body weight loss or
other toxicities in mice.

Efficacy of IGM-8444 was observed even in large, established
tumors. IGM-8444 was dosed 5 mg/kg every other day for 7 doses
when MTV reached 100, 300, or 500 mm3 (small, medium, and large
tumors). In all cases, IGM-8444 induced significant and comparable
levels of tumor regression, measured by absolute and relative tumor
volumes (Supplementary Fig. S5C; Fig. 5D). On day 32, the small,
medium, and large tumors showed 112%, 103%, and 101% TGI,
respectively, compared with vehicle (P ≤ 0.001).

IGM-8444 enhanced antitumor efficacy in combination with
chemotherapy or ABT-199

IGM-8444 was tested in combination with SOC chemotherapy
in vivo. Irinotecan and 5-FU were evaluated in the Colo205 model
because they are widely used in FOLFIRI treatment of patients with
colorectal carcinoma. IGM-8444 dosed at 5 mg/kg induced 70%–76%
TGI (P ≤ 0.05) compared with vehicle (Fig. 6A–C), consistent with
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previous data (Fig. 4A). Irinotecan alone partially reduced tumor
volume compared with vehicle (57% TGI, P > 0.05), whereas combi-
nation of IGM-8444with irinotecan resulted in tumor stasis during the
dosing period (103%TGI, P ≤ 0.0001) and 2/10 PRs (Fig. 6A). Relative
to vehicle, combination extended median EFS by 42 days (P ≤ 0.001;
Supplementary Fig. S6A). IGM-8444 and irinotecan combination was
significantly more efficacious than irinotecan alone, for both TGI (P ≤
0.01) and EFS (P ≤ 0.01).

5-FU alone partially reduced tumor burden (56% TGI, P > 0.05) but
also caused toxicity indicated by body weight loss (8.7%� 6.9% by day
19; Fig. 6B). Combination of IGM-8444 with 5-FU significantly
enhanced antitumor efficacy compared with vehicle (104% TGI,
P ≤ 0.0001) and 5-FU alone (P ≤ 0.01) without additional weight loss
(5.7%� 4.2% by day 19). The combination also significantly extended
EFS comparedwith vehicle (P≤ 0.05), though not comparedwith 5-FU
alone (Supplementary Fig. S6B). IGM-8444 and 5-FU combined
treatment resulted in 3/10 PRs and 1/10 CR that was tumor-free
at study end.

Paclitaxel combination with IGM-8444 also exhibited increased
activity in vivo. Paclitaxel alone induced strong tumor regressions in
all 10 animals, with 7 PRs and 3 CRs (Fig. 6C). Combination with
IGM-8444 increased the CR rate from 30% to 100% and improved EFS

(Supplementary Fig. S6C).When the studywas terminated on day 100,
2/10 animals in the paclitaxel-treated group had no visible tumors,
whereas 8/10 animals in the combined treatment armwere tumor-free.

Finally, IGM-8444 was evaluated in combination with ABT-199, a
BCL-2 inhibitor targeting the intrinsic apoptotic pathway, in the NHL
model DOHH-2. Over 21 days, IGM-8444 was administered every
other day andABT-199was given daily. By day 16, both IGM-8444 and
ABT-199 showed modest single-agent efficacy compared with vehicle
with 45% and 60% TGI (P ≤ 0.01), respectively (Fig. 6D). Com-
bination of IGM-8444 with ABT-199 induced 102% TGI compared
with control (P ≤ 0.0001), with 3/10 PRs and 2/10 CRs. Combined
treatment significantly extended median EFS compared with vehicle
(P ≤ 0.001) or ABT-199 alone (P ≤ 0.001; Supplementary Fig. S6D).
In summary, these results suggest that antitumor efficacy may be
significantly enhanced by combining IGM-8444 with SOC chemo-
therapy or targeted agents such as BCL-2 inhibitors.

Discussion
DR5 has been a long sought-after cancer target; however, ago-

nistic DR5 IgG antibodies have failed clinically likely due to
insufficient crosslinking by FcgR-expressing cells necessary to
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induce apoptosis (1). Currently, only one anti-DR5 IgG antibody
remains under clinical evaluation, DS-8273a in combination
with nivolumab (anti–PD-1; ref. 32). A new generation of DR5
superagonists capable of enhanced receptor multimerization is
now under investigation. Clinical trials of tetravalent nanobody
TAS266 were terminated due to acute hepatic toxicity associated
with anti-drug antibodies (30, 33). RG7386, a tetravalent bispecific
antibody targeting DR5 and fibroblast activation protein (FAP)
expressed on tumor fibroblasts, was developed with the goal of
localizing antibody to tumor and crosslinking DR5 via FAP bind-
ing (34). Antitumor activity was observed in 1/32 patients, although
it is unclear whether FAP binding mediated sufficient DR5 clus-
tering to induce tumor cytotoxicity (35). Current clinical trials are
evaluating four multivalent DR5-targeting molecules: ABBV-621, a
hexavalent TRAIL–Fc fusion protein (36, 37), GEN1029, a hexam-
erizing IgG (38, 39), INBRX-109, a tetravalent single-domain
antibody, and BI 905711, a tetravalent bispecific antibody targeting
DR5 and cadherin 17 (CDH17; ref. 31). Some of these agonists have
shown signs of clinical efficacy, but liver toxicity has also been
reported (36).

IgM antibodies are the first antibodies to appear in response to a
foreign antigen. Natural IgM antibodies are characterized by high-
avidity, low-affinity binding to repetitive carbohydrate and lipid
antigens (40). Because of its multivalent structure, IgM effectively
binds complement component 1q (C1q) and eliminates pathogens
through complement-dependent cytotoxicity. Consequently, IgM
antibodies have been investigated in infectious disease, oncology, and
autoimmune disease clinical trials though no therapeutic IgM anti-
bodies have been FDA approved (reviewed in ref. 41). A potential
reason is that most clinically evaluated IgM antibodies were originally
isolated from patients and, therefore, had strong avidity but low
affinity and specificity.

Here, we demonstrate the preclinical efficacy of IGM-8444, an
engineered DR5 IgM agonistic antibody with high avidity, affinity,
and specificity capable of clustering DR5 to induce cancer cell
cytotoxicity. IGM-8444 exhibited stronger binding and induced
more rapid and potent tumor cell apoptosis compared with an
IgG with the same binding domain. The faster kinetics of caspase
induction are consistent with crosslinking-independent receptor
clustering by IgM, as has been observed with other multivalent
agonists (30, 38, 42). IGM-8444 demonstrated low picomolar
potency across multiple solid and hematologic cancer cell lines,
induced tumor regressions or stasis in mouse xenograft tumor
models and caused dose-dependent increases in apoptotic biomar-
kers. Notably, IGM-8444 induced tumor regressions in large estab-
lished tumors.

One theoretical concern is that the large molecular weight of IgM
antibodies may hinder tumor penetration compared with IgGs.
However, on the basis of the substantial tumor regressions observed
in large established gastric PDX tumors upon IGM-8444 treatment,
the increased size and molecular radius of an IgM does not appear
to prevent tumor penetration and these results are encouraging
for treatment of advanced carcinomas. The IgM format structurally
differentiates IGM-8444 from other multivalent DR5 agonists
and enables it to more efficiently multimerize DR5 to overcome
limitations of IgG agonists, which require FcgR engagement for
crosslinking. The multivalency of IGM-8444 may also provide
benefit over IgG agonists in terms of retaining activity in the
presence of soluble DR5 (sDR5), which can act as a sink and limit
clinical efficacy.

Historically, the predominant safety concern for DR5 agonists has
been liver toxicity. A key feature of IGM-8444 is its lack of cytotoxicity
on primary human hepatocytes in vitro, either as a single agent or in
combination with several SOC agents. The results of our combination
studies are consistent with previous reports that TRAIL may be
combined with several chemotherapies without causing hepatotoxic-
ity (43). IGM-8444 was also safe in cynomolgus monkey studies with
no evidence of hepatotoxicity. Collectively, the favorable preclinical
safety profile of IGM-8444may enable combination opportunities that
would otherwise be unviable.

Some studies have reported no association between DR5 expres-
sion and sensitivity to DR5 agonists, whereas others have observed a
correlation (8, 9, 31, 34, 37, 44), In a screen of 190 cancer cell lines,
IGM-8444 response was associated with higher DR5 expression
levels. Incomplete cytotoxicity was seen in some cell lines even
at saturating concentrations of IGM-8444, suggesting tumor het-
erogeneity, DR5 downregulation, or upregulation of apoptotic
resistance mechanisms. Regulators in the extrinsic and intrinsic
(mitochondrial) apoptotic pathways such as CASP8, BID, and
cFLIP have been reported to contribute to anti-DR5 sensitivity (45),
and our ongoing studies aim to understand the genes and pathways
that influence IGM-8444 sensitivity. Partially sensitive models are
ideal candidates for combination treatment, and we have demon-
strated enhanced antitumor efficacy in Colo205 models treated with
IGM-8444 in combination with irinotecan, 5-FU, or paclitaxel. The
combinatorial effects may be due to mRNA upregulation of DR5,
upregulation of pro-apoptotic regulators such as BAX and CASP9,
or downregulation of anti-apoptotic regulators such as cFLIP and
Survivin (46–49). Moreover, combination of IGM-8444 with BCL-2
inhibitor ABT-199 in an NHL model resulted in tumor regressions
and improved efficacy compared with either single agent. BCL-2
inhibitors are among several therapeutic approaches currently in
development targeting the intrinsic apoptotic pathway, and thus far
ABT-199 has been approved in AML, CLL, and SLL and is under
investigation in NHL and other hematologic malignancies (50). Our
results provide a strong rationale for simultaneously targeting the
extrinsic and intrinsic apoptotic pathways to overcome apoptotic
resistance mechanisms and improve efficacy.

In summary, we have generated a novel engineered multivalent
agonistic DR5 IgM antibody IGM-8444, which effectively clusters
DR5 to potently induce tumor cell apoptosis in vitro and in vivo
with minimal to no in vitro hepatotoxicity. IGM-8444 induced
tumor regressions in xenograft models, including large established
tumors, and potently combined with chemotherapy or a BCL-2
inhibitor. These data support clinical development of IGM-8444
with potential to treat both solid and hematologic malignancies and
a Phase 1 study is currently ongoing (NCT04553692). Recombinant,
high-affinity, high-avidity IgM antibodies are a promising thera-
peutic modality with potential clinical advantages over traditional
IgG antibodies.
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