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Abstract

Therapeutic regimens for chronic lymphocytic leukemia (CLL) have increasingly utilized
monoclonal antibodies since the chimeric anti-CD20 antibody rituximab was introduced. Despite
improved clinical outcomes, current CLL therapies are not curative. Therefore, antibodies with
greater efficacy and novel targets are desirable. One promising target is CD37, a tetraspanin
protein highly expressed on malignant B-cells in CLL and non-Hodgkin lymphoma. While several
novel CD37-directed therapeutics are emerging, detailed preclinical evaluation of these agents is
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limited by lack of appropriate animal models with spontaneous leukemia expressing the human
CD37 (hCD37) target. To address this, we generated a murine CLL model that develops
transplantable hCD37+ leukemia. Subsequently, we engrafted healthy mice with this leukemia to
evaluate IMGN529, a novel hCD37-targeting antibody-drug conjugate. IMGN529 rapidly
eliminated peripheral blood leukemia and improved overall survival. In contrast, the antibody
component of IMGN529 could not alter disease course despite exhibiting substantial in vitro
cytotoxicity. Furthermore, IMGN529 is directly cytotoxic to human CLL in vitro, depletes B-cells
in patient whole blood, and promotes killing by macrophages and NK cells. Our results
demonstrate the utility of a novel mouse model for evaluating anti-human CD37 therapeutics and
highlight the potential of IMGN529 for treatment of CLL and other CD37-positive B-cell
malignancies.
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Introduction

Following approval of the anti-CD20 antibody rituximab, use of monoclonal antibodies in
cancer therapy has become increasingly common. Rituximab is now a staple of treatment
regimens for chronic lymphocytic leukemia (CLL) and non-Hodgkin lymphoma (NHL),
demonstrating substantial clinical efficacy when combined with traditional
chemotherapeutics.13 While anti-CD20 antibodies represent a major advance, relapse is
virtually inevitable.# Neoplastic B-cells are not reliant upon CD20 for survival and
rituximab resistance is common.> Compounds that target novel surface molecules with
defined oncogenic signaling characteristics could enhance our therapeutic armament,
synergize with existing treatments, and potentially circumvent resistance. One of the most
promising alternative targets is CD37, a tetraspanin protein highly expressed on malignant
B-cells in CLL and NHL.%7 While a natural ligand for CD37 remains unknown, signaling
induced by the anti-CD37 peptide SMIP-016 has implicated this tetraspanin as a mediator of
the PI3K/Akt survival pathway. Through cytoplasmic ITAM and ITIM-like motifs with
opposing functions, CD37 can directly participate in both pro-survival and pro-apoptotic
signaling by facilitating alterations in the phosphorylation state of Akt.8 Furthermore,
CD37-deficient mice exhibit impaired generation of plasma cells as a result of defective Akt
signaling in germinal center B-cells. °

Interest in targeting CD37 has led to the generation of several novel platforms of anti-CD37
therapeutics, including a small modular immunopharmaceutical peptide and an Fc-
engineered 1gG1 antibody that are currently in clinical trials for CLL.19-12 This was recently
expanded to include IMGN529, an antibody-drug conjugate (ADC) in which the cytotoxic
maytansine-derivative DM1 is linked to a CD37-targeting humanized 1gG1 antibody via a
stable SMCC linker.13 This strategy seeks to combine the potent cytotoxicity demonstrated
by anti-CD37 therapeutics with the specific delivery of DM1, which exerts anti-proliferative
effects by disrupting microtubule dynamics during mitosis.1# The clinical viability of DM1-
conjugated antibodies has been demonstrated by ado-trastuzumab emtansine (T-DM1,
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Kadcyla™), now approved by the U.S. Food and Drug Administration for treatment of
HER2+ metastatic breast cancer.1® Brentuximab vedotin, which is indicated for the
treatment of refractory Hodgkins lymphoma and systemic anaplastic large cell lymphoma, is
currently the only other ADC approved for marketing by the FDA.16 However, given that
over 20 ADC:s are currently under evaluation in human trials for a wide variety of
indications, this therapeutic strategy seems poised to become increasingly prominent.

While CLL was once viewed as a malignancy driven by apoptosis resistance, the importance
of a proliferative component and interactions between tumor and the tissue
microenvironment has become increasingly apparent.1’-20 Current evidence suggests that a
subset of transformed B-cells form proliferative centers in lymphoid tissues and are the
source of the malignant cells which slowly accumulate in the peripheral blood.29-22|n vivo
measurements indicate that birth rate of CLL B-cells can exceed 1% of the total malignant
clone per day.® However, it is still unknown whether ADCs carrying anti-mitotic payloads
will have utility in CLL given that proliferation is lower than most subtypes of NHL.23

The in vivo preclinical evaluation of antibodies targeting human CD37 (hCD37) has been
impeded by the lack of cross-reactivity with mouse CD37. There are no animal models
available for evaluating anti-CD37 therapeutics in the context of spontaneous B-cell
malignancy, where complex microenvironment interactions in various disease compartments
could influence therapeutic efficacy. To address this, we have generated a transgenic mouse
which develops hCD37+ B-cell leukemia that is transplantable into syngenic hosts. We then
demonstrate the utility of this unique mouse model by using it to evaluate IMGN529 in vivo.

Materials and methods

Human samples

Peripheral blood mononuclear cells (PBMCs) were obtained from normal donors or CLL
patients in accordance with the Declaration of Helsinki. All subjects gave written, informed
consent for their blood products to be used for research under an institutional review board
approved protocol. Blood from CLL patients was collected at The Ohio State University
Wexner Medical Center (Columbus, OH). Normal cells were obtained from Red Cross
partial leukocyte preparations or healthy donor blood. PBMCs were isolated by Ficoll
density-gradient centrifugation (Ficoll-Paque Plus, GE Healthcare, Uppsala, Sweden).
Except when performing whole blood experiments, all CLL samples underwent negative
selection of B-cells with RosetteSep (STEMCELL Technologies, Vancouver, BC, CA)
according to manufacturer’s protocol. Cells were cultured at 37°C and 5% CO5 in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum (Sigma, St. Louis, MO), 2
mM c-glutamine (Invitrogen, Carlsbad, CA), 56 U/mL penicillin and 56 pg/ml streptomycin
(Invitrogen).

Monoclonal antibody therapeutics

Therapeutics used in our studies, which include alemtuzumab, rituximab, ofatumumab, and
trastuzumab, were purchased from the pharmacy at The Ohio State University Wexner
Medical Center. ImmunoGen, Inc. (Waltham, MA) provided several humanized 1gG1
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reagents: IMGN529, K7153A, and a non-binding chKTI-SMCC-DM1 (IgG-DM1) control
ADC.

The human CD37 transgenic mouse (hCD37-Tg) was generated on a C57BL/6 background
at the OSUCCC Transgenic Mouse Facility by conventional methodology we have
previously described.24 B-cell restricted hCD37 expression is driven by immunoglobulin
(19) Vi promoter and Igy-p enhancer elements in the pBH expression vector.24 The
transgenic construct was generated by ligating the cDNA sequence of human CD37 (with an
additional FLAG sequence) into EcoRI and Notl sites within the pBH vector. To generate
our leukemia model, we crossed hemizygous hCD37-Tg mice with homozygous Ep-TCL1
mice (C57BL/6 background) that have been previously described.?>26 Mice were housed in
microisolator cages under controlled temperature and humidity. All animal procedures were
performed in accordance with Federal and Institutional Animal Care and Use Committee
(IACUC) requirements.

Flow cytometry

Flow experiments were performed using Beckman Coulter FC 500 flow cytometers (Brea,
CA). Apoptosis assays were conducted on cells stained with fluorescein isothiocyanate
(FITC) conjugated Annexin V and propidium iodide (PI) in 1X Annexin V binding buffer
(BD Biosciences, San Jose, CA). Other experiments used fluorochrome-labeled monoclonal
antibodies against mouse CD3 (17A2), B220 (RA3-6B2), CD19 (ID3), CD5 (53-7.3), CD4
(RM4-5), CD8 (53-6.7), CD45 (30-F11) (BD Biosciences) and anti-human CD37 (K7153A)
conjugated to R-Phycoerythrin (K7153A-PE) that was provided by ImmunoGen, Inc.
(Waltham, MA). Flow cytometric data was analyzed using Kaluza software (Beckman
Coulter), with the exception of cell cycle experiments which were analyzed with Flowjo
(Tree Star, Ashland, OR). Gating was verified with appropriate Fluorescence Minus One
(FMO) controls. Absolute cell concentrations were obtained by quantitative flow cytometry
using Count Bright absolute counting beads (Invitrogen). Quantification of CD37 surface
expression was performed using the QuantiBRITE PE bead assay (BD Biosciences) and 1:1
conjugated K7153A-PE.

Mouse leukemia engraftment

Splenocytes from a moribund, leukemic hCD37xTCL1 donor were isolated by Ficoll-Paque
density gradient and re-suspended in sterile PBS for injection. Healthy female hCD37-Tg
mice received an intravenous lateral tail vein injection of 200 pl containing 1x107
splenocytes. Age-matched mice were randomly assigned to the following treatment groups
(n=6-7 per group): the IMGN529 ADC, its K7153A antibody component, an IgG-DM1
ADC control, or trastuzumab as an irrelevant humanized 1gG1 antibody control. Mice were
monitored for disease by flow cytometry on a weekly basis. Upon leukemia diagnosis, a 10
mg/kg dose of the appropriate treatment was administered intraperitoneally and repeat doses
were given 2 times per week for 3 weeks (70 mg/kg total). Leukemia onset was defined as
when greater than 20% of CD45+ cells in the peripheral blood consisted of CD5+CD19+
leukemic B-cells or when splenomegaly was evident upon light palpation. To avoid
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unnecessary suffering, mice were euthanized with CO, upon reaching standard IACUC
criteria for early removal (e.g. weight loss >20%, severe lethargy, labored breathing).

Direct cytotoxicity assays

Freshly isolated CLL B-cells from patient blood or mouse splenic B-cells were purified
using RosetteSep or EasySep kits respectively (STEMCELL Technologies). Cell viability
was assessed by Annexin V-FITC and propidium iodide (BD Biosciences) staining after 24
hour incubation at 37°C with 10 pg/ml antibody +/- 50 pg/ml goat anti-human Fc
crosslinking antibody (Jackson ImmunoResearch, West Grove, PA). For cell line
experiments, Raji cells were incubated with 1 ug/ml antibody for 72 hours. Data are reported
as the percentage of remaining viable cells (those that were both Annexin V and PI negative)
normalized to untreated control. Samples were analyzed by flow cytometry and at least
20,000 events collected.

Antibody dependent cellular cytotoxicity (ADCC)

The degree of ADCC was assessed using a standard °1Cr release assay, as described
previously.10 After 30 minutes of treatment with 10 ug/ml antibody, a total of 5x104 CLL
target cells labeled with 51Cr were co-incubated with NK cells obtained from healthy donors
for 4 hours at 37°C in 96-well plates at effector-to-target ratios of 25:1, 6.25:1, or without
effectors. Following this incubation, supernatants were harvested and chromium release was
measured with a Perkin Elmer Wizard 2 gamma counter (Waltham, MA). Maximum
chromium release was determined using targets lysed with sodium dodecyl sulfate (SDS).
Cytotoxicity was calculated as follows: %Specific lysis = (Experimental 51Cr release —
Spontaneous °1Cr release) + (Maximum 51Cr release — Spontaneous ®1Cr release) x 100. NK
cells for this assay were enriched from Red Cross partial leukocyte preparations and healthy
donor blood using RosetteSep kits (STEMCELL Technologies).

Antibody dependent cellular phagocytosis (ADCP)

Monocytes were isolated from Red Cross partial leukocyte preparations using MACS
CD14+ selection kit (Miltenyi Biotec, Auburn, CA) according to manufacturer protocols.
Monocytes were cultured in 10 cm? dishes using RPMI 1640/10% FBS containing 20 ng/ml
monocyte-colony stimulating factor (M-CSF; R&D Systems, Minneapolis, MN) to promote
differentiation into monocyte-derived macrophages (MDMs). Fresh media containing M-
CSF was provided every 2 days. After 7-10 days of incubation, adherent macrophages were
harvested and labeled with Claret dye (Sigma). CLL cells were labeled with PKH67
fluorescent dye (Sigma), then treated with 10 pg/ml antibody for 1 hour on ice and washed
twice. Labeled cells were co-incubated at an effector-to-target ratio of 1:5 (1x10% MDMs
and 5x108 CLL cells) for 30 minutes at 37°C. Samples were fixed with 1%
paraformaldehyde prior to analysis by flow cytometry. Relative phagocytosis = (%Claret-
positive MDMs becoming PKH67+ in the treatment condition) — (%Claret-positive MDMs
becoming PKH67+ in the untreated control). At least 10,000 Claret-positive (MDM) events
were collected per sample. Gating strategy and representative example data can be found in
the supplemental material.
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Complement dependent cytotoxicity (CDC)

RosetteSep purified B-cells and plasma were isolated from the blood of CLL patients. In a
final volume of 500 pl, a total of 5x10° CLL B-cells were combined with 150 pl of
autologous plasma (+/- heat-inactivation for 30 minutes at 57°C),10 pg/ml antibody, and
incubated for 1 hour at 37°C. Following this incubation, samples were washed once and
dead cells stained with LIVE/DEAD Fixable near-IR (Invitrogen). Cells were then fixed
with 1% paraformaldahyde until analysis by flow cytometry. The percentage of lysed cells
was calculated by subtracting the percentage of dead cells in the corresponding untreated
control. At least 20,000 events were collected per sample.

CLL B-cell depletion in whole blood

Whole blood from CLL patients (90 ul) was incubated with 10 pg/ml antibody for 1 hour at
37°C. 27 After this treatment, blood was stained with anti-CD3 FITC (UCHT1) and CD19
PE (HIB19) from BD Biosciences. Cal-lyse (Invitrogen) was used to simultaneously lyse
RBCs while fixing the leukocytes. Count Bright absolute counting beads were added just
prior to analysis by flow cytometry in order to calculate absolute concentrations of cells. To
adjust for differences in initial leukemia counts between patients, data was normalized as
follows: Percent depletion = 100 x (1 — [concentration of cells in treated sample] +
[concentration of cells in untreated control]). Additional details are provided in the
supplemental materials.

Cell cycle analysis

Raji cells were synchronized with 2 pg/ml aphidicolin (Sigma) for 24 hours, transferred to
fresh media, and treated with 1 pug/ml antibody for an additional 24 hours. Following
incubation, 1x108 cells (re-suspended in 1 ml PBS) were fixed by addition of 3 ml absolute
ethanol. After fixation for at least 24 hours, these samples were stained in a PBS solution of
0.1% (v/v) Triton X-100, 200 ug/ml DNase-free RNase, and 30 pg/ml propidium iodide
(Sigma). The proportion of singlet cells in G1, S, and G2 were obtained with Flowjo
analysis software (Tree Star) using the Dean-Jett-Fox model and the assumption that the G2
coefficient of variance (CV) is equal to the G1 CV.

In vivo cell proliferation assay

To assess whether IMGN529 could inhibit in vivo proliferation, we engrafted healthy
hCD37-Tg mice with CD37xTCL1 leukemia. After detection of peripheral blood leukemia
(Day 0), mice were randomized to groups that would receive either IMGN529 or 1gG-DM1
control in a blinded fashion. On Day 3 and Day 5 these mice received 10 mg/kg i.p.
antibody, followed by 100 pg ethynyl-2’deoxyuridine (EdU) on Day 6. Tissues were
collected 24 hours later and incorporation of EdU was detected using Click-it EDU Alexa
Fluor 647 Flow Cytometery kit (Life Technologies) according to manufacturer
recommendations. Gating for EAU positivity was determined using a control mouse which
did not receive EdU.
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Statistical analysis

Results

For Raji cell line experiments, analysis of variance (ANOVA) was performed. For patient
sample data which involved repeated measures, mixed effect models were utilized to
account for dependencies across different treatment groups. For the in vivo study, log-rank
tests were used to compare the survival probabilities between mouse groups. Holm’s method
was used to adjust multiplicities. SAS 9.3 software was used for data analysis (SAS, Inc;
Cary, NC).

The CD37-targeting IMGN529 directly induces apoptosis of CLL B-cells and maintains Fc-
dependent killing by innate immune cells in vitro

Addressing whether ADCs may be capable of targeting the proliferative component of CLL
is complex and ultimately requires a suitable in vivo model. However, we initially
characterized the antibody-derived activity of the IMGN529 ADC against primary human
CLL, which does not proliferate ex vivo in the absence of stimulation. Treatment with
IMGN529 or its antibody component alone (K7153A) demonstrated significant in vitro
cytotoxicity against peripheral blood CLL B-cells (Figure 1A and Supplemental Figure S1).
This effect was further augmented by the addition of anti-Fc crosslinking antibody, but did
not require its presence to induce cellular apoptosis. The ability for these therapies to induce
apoptosis of CLL B-cells was not dependent on IgVVH mutational status (Supplemental
Figure S2). Interestingly, B-cells isolated from healthy donor blood were less susceptible to
direct killing by these antibodies (Supplemental Figure S3). IMGN529 and its antibody
component K7153A also mediated antibody-dependent cellular cytotoxicity (ADCC) against
CLL by healthy donor NK cells (Figure 1B). We observed no significant difference between
IMGN529 and K7153A with respect to their ability to mediate ADCC. Furthermore, both
agents equally promoted phagocytosis of CLL by monocyte-derived macrophages (Figure
1C and Supplemental Figure S4). Neither K7153A nor IMGN529 exhibited complement-
dependent cytotoxicity when CLL B-cells were incubated with autologous plasma (Figure
1D).

While the above experiments are informative, we sought to further evaluate these reagents in
a context where the collective impact of multiple potential mechanisms could be
appreciated. Therefore, we performed B-cell depletion assays in CLL patient whole blood,
where various innate immune components that may contribute to the therapeutic efficacy of
antibodies (complement, NK cells, monocytes, and granulocytes) are present in
physiologically relevant proportions to leukemia cells. One hour treatment of CLL patient
whole blood with IMGN529 or K7153A resulted in significantly greater malignant B-cell
depletion than rituximab or alemtuzumab (Figure 1E and Supplemental Figure S5). In
addition, CD37-targeted therapeutics avoided the undesirable T-cell depletion that is
observed with anti-CD52 alemtuzumab (Figure 1F). A limited analysis suggests that activity
in whole blood does not vary on the basis of cytogenetic abnormalities, although a much
larger sample size would be required to achieve greater certainty (Supplemental Figure S6).
Likewise, IgVH mutational status did not significantly alter activity. (Supplemental Figure
S7).
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Given the lack of invitro proliferation associated with CLL B-cells, we sought to determine
whether delivery of DM1 by IMGN529 would have an impact on actively dividing
transformed B-cell lines. Raji cells were treated with K7153A, IMGN529, or control
antibodies for 72 hours. In contrast to what was observed with non-dividing CLL B-cells,
IMGN529 demonstrated superior cytotoxicity against Raji cells compared to its K7153A
antibody component (Figure 2A). Additional testing with the Mec-1 cell line yielded similar
results (data not shown). DM1 is known to kill cells through disruption of microtubules,
resulting in G2/M arrest and mitotic catastrophe.14 Consistent with this mechanism, cell
cycle analysis of IMGN529-treated Raji cells revealed that a substantial proportion were
arrested at the G2/M checkpoint (Figure 2B).

Generation of a human CD37 transgenic mouse model of leukemia

It is unknown whether antibody-targeted delivery of anti-mitotic therapies will have benefits
in CLL. To evaluate CD37-directed IMGN529 in this capacity, we required a model
accurately recapitulating the characteristics of human CLL while expressing the human
CD37 (hCD37) target protein. As an initial step to address this need, we generated a hCD37
transgenic mouse (hCD37-Tg), which would eventually be crossed with an existing mouse
model of CLL. The hCD37-Tg was created using an expression vector that contained IgVH
promoter and Igy- enhancer elements to achieve B-cell specific hCD37 expression (Figure
3A). Presence of the transgene in founder lines was determined by PCR and copy number by
southern blot analysis (Figure 3B and Supplemental Figure S8). B-cell specific hCD37
expression was confirmed by flow cytometry performed on samples from spleen and
peripheral blood (Figure 3C-D). These results also demonstrated that hCD37 is not
expressed on T-cells in the hCD37-Tg mouse. To determine whether transgenic B-cells were
sensitive to anti-CD37 therapeutics in vitro, we purified splenic B-cells and incubated them
with the anti-CD37 antibody K7153A. This agent demonstrated in vitro cytotoxicity against
hCD37-Tg B-cells but did not decrease the viability of hCD37-negative B-cells from non-
transgenic littermates (Figure 3E-F). The observed cytotoxicity with K7153A prompted us
to cross the hCD37-Tg line with the Ep-TCL1 mouse, an established model of IgVH
unmutated CLL which has been extensively characterized as a drug development

tool 25:26.28-30 B_ce|ls from these hCD37xTCL1 offspring retained expression of both
transgenes (Figure 4A-B). As expected, elderly mice developed the CD5+CD19+ leukemia
previously described in the original Ep-TCL1 mouse.2%:26 We then confirmed expression of
hCD37 on this CD5+CD19+ cell population in the blood, spleen, and lymph nodes of a
leukemic hCD37xTCL1 animal (Figure 4C).

IMGN529 selectively depletes leukemic B-cells in vivo and improves overall survival of
mice with hCD37xTCL1 leukemia

To evaluate the therapeutic potential of IMGN529 in vivo, we engrafted splenocytes from a
leukemic hCD37xTCL1 donor into healthy hCD37-Tg recipients and monitored these mice
for disease. Upon leukemia development, mice were treated with the IMGN529 ADC, its
antibody component K7153A, an 1gG-DM1 ADC control, or trastuzumab as a non-specific
humanized IgG1 control (Figure 5A). In contrast with our in vitro cytotoxicity studies using
human CLL cells, which showed no significant difference between IMGN529 and its
antibody component K7153A alone (see Figure 1), improved overall survival was only
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observed in mice treated with IMGN529 (Figure 5B). One week of IMGN529 treatment was
sufficient to eliminate peripheral blood leukemia, while the disease continued to progress in
other groups (Figure 5C-D). In addition, previously detected splenomegaly disappeared with
IMGN529 treatment (Supplemental Figure S9). Depletion of hCD37-negative T-cells did
not occur with IMGN529 (Figure 5E). Only a transient reduction of peripheral CD19+CD5+
B-cells was observed on day 21 after treatment with the K7153A antibody (Figure 5D). To
exclude the possibility that transgene overexpression had promoted an exaggerated response
to the IMGN529, we quantified the hCD37 surface antigen density on transgenic B-cells.
This analysis revealed that the protein was expressed at lower levels than in human CLL,
suggesting that transgene overexpression could not account for our results (Supplemental
Figure S10).

IMGN529 eliminates proliferating hCD37xTCL1 leukemia cells in vivo

To better characterize the in vivo activity of IMGN529, we sought to track the effects on the
proliferating subset of leukemia cells within lymphoid tissues. Mice were engrafted with
hCD37xTCL1 leukemia and randomly assigned to treatment groups upon development of
disease (day 0). On days 3 and 5, mice received 10 mg/kg i.p. doses of IMGN529 or IgG-
DML control, followed by EdU injection on day 6 to monitor in vivo cell proliferation. At
the beginning of the study, the proportions of peripheral blood CD5+CD19+ leukemia were
similar, but IMGN529 therapy eliminated most leukemia 48 hours after the second dose
(Figure 6A). Leukemia cells were present in the blood, spleen, and bone marrow of mice
injected with 1gG-DML1, but those receiving IMGN529 demonstrated significantly less
tumor burden in these tissues (Figure 6B-C). By visual inspection, spleens from all mice
treated with IMGN529 were much smaller than those from control mice. Although it is an
underestimate of actual size difference, this is also evident when spleen length is quantified
(Figure 6D). Moreover, incorporation of EAU was significantly lower among CD5+CD19+
cells remaining in the spleens of IMGN529 treated mice (Figure 6E).

Discussion

Herein we have described the generation of a human CD37 transgenic (hCD37-Tg) and its
subsequent cross with the EY-TCL1 mouse to develop a model of spontaneous hCD37+
leukemia. This hCD37xTCL1 model addresses the need for improved platforms to
preclinically evaluate anti-human CD37 therapeutics. Specifically, it provides the first
model of a low-grade B-cell lymphoproliferative disorder that expresses human CD37. We
then utilize this model to demonstrate the potent in vivo activity of IMGN529, which to our
knowledge is the first ADC shown to effectively target the proliferative component of CLL
invivo.

Existing models for evaluating anti-CD37 therapeutics are limited by their inability to
reproduce the full spectrum of disease associated with B-cell malignancies. The most
commonly used approach involves xenografts of human cells into immunodeficient mice,
but these models fail to demonstrate the same tumor behavior or typical interactions with the
tissue microenvironment.3! In CLL xenografts the injected cells largely remain in the
peritoneal cavity, demonstrating a small presence of leukemic cells in the spleen and bone
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marrow while virtually no cells circulate in the peripheral blood.32:33 Models of spontaneous
leukemia such as the Eu-TCL1 mouse produce a phenotype that more accurately portrays
the compartmental distribution seen in human disease.2>31 The leukemia developed by the
Ep-TCL1 model closely resembles the more aggressive subtype of IgVH unmutated CLL,
exhibiting similar behavior, immunodeficiencies, and epigenetic changes as those observed
in the human disease.2°:26.28-30 The major disadvantage of this model, however, is that it
cannot be utilized for preclinical evaluation of most therapeutic antibodies as they lack
cross-reactivity with the mouse proteins. Expressing the human target protein in transgenic
mice is an alternative, as when Heider et al did so to evaluate their Fc-engineered CD37
antibody in vivo.1! However, this does not permit evaluation in the context of malignancy,
where therapeutic efficacy may be dramatically altered. The hurdle for evaluating anti-CD37
therapies is overcome with the generation of our hCD37xTCL1 mouse model. In addition,
the hCD37-Tg we used to generate this CLL model could be crossed with other models of
spontaneous leukemia/lymphoma for testing CD37 targeted therapeutics in the context of
different hematological malignancies.

Our invitro studies of IMGN529 show that conjugation of the CD37-targeting K7153A
antibody to DM1 does not diminish its ability to promote effector-mediated killing of CLL
by NK cells and macrophages. Furthermore, both IMGN529 and K7153A greatly surpass
rituximab in their ability to deplete malignant B-cells in CLL patient whole blood. We also
observed direct cytotoxicity against CLL in the absence of crosslinker, similar to what has
been reported with another recently developed anti-CD37 therapeutic (mAb 37.1) but unlike
the CD37-directed peptide TRU-016.1011 |nterestingly, healthy donor B-cells were less
sensitive to anti-CD37 induced apoptosis than human CLL B-cells or splenic B-cells from
hCD37-Tg mice. This cannot be explained by decreased expression of the target protein, as
normal B-cells do not have less surface CD37.34 Both murine splenic B-cells and human
CLL B-cells display high degrees of spontaneous apoptosis during in vitro culture.
Therefore, observed differences in direct cytotoxicity could be a result of normal human B-
cells exhibiting decreased priming to undergo apoptosis, thus reducing their sensitivity to
anti-CD37 therapeutics (which are expected to induce expression of pro-apoptotic
mitochondrial protein BIM following CD37 ligation).8

IMGN529 and K7153A were able to mediate cytotoxicity against human CLL cells to the
same level in our in vitro studies. This is in sharp contrast to what was observed during our
in vivo studies, where K7153A produced only modest depletion of leukemic B-cells and was
unable to significantly alter the disease course in our hCD37xTCL1 model. While its
antibody alone was not effective, the full IMGN529 ADC rapidly eliminated peripheral
blood leukemia, reversed splenomegaly and improved overall survival. The different in vitro
and in vivo activity we observed with these agents is not entirely surprising given that CLL
cells do not proliferate in culture, which would make the delivery of anti-mitotic DM1
largely irrelevant in these short-term in vitro studies. When tested against proliferating Raji
cells in vitro, IMGN529 possessed a distinct advantage over its antibody component with
enhanced cytotoxic activity resulting in G2/M cell cycle arrest. We hypothesized that
IMGN529 eliminated dividing leukemia cells within the proliferative centers via targeted
delivery of DM1 in vivo, thus resulting in a greater therapeutic benefit than the antibody
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alone. This is supported by the observation that peripheral leukemia depletion with
IMGN529 was accompanied by a rapid decrease in splenomegaly. To further investigate the
in vivo activity of IMGN529, we monitored its effects on leukemia cells within various
compartments of disease and examined those from lymphoid tissues for signs of
proliferation using EdU. In doing so, we demonstrated that IMGN529 is effective at
targeting leukemia in both peripheral blood and the lymphoid compartment. EdU
incorporation was largely absent among the few CD5+CD19+ cells that remained after 2
doses, suggesting that IMGN529 was indeed eliminating this proliferative subset of cells.
Additionally, the splenomegaly observed with IgG-DM1 controls was not present in mice
receiving IMGN529. While a small number of leukemia cells remained after 2 doses, it is
evident that IMGN529 is highly active across multiple compartments of disease in this CLL
mouse model. Given that the expression of hCD37 was suboptimal compared to human
CLL, it is unlikely that antigen density has lead to an exaggerated response in the mouse
model. For this reason, delivery of the cytotoxic DM1 payload is likely even more efficient
on human CLL cells.

As clinical study of IMGN529 moves forward, it would be worthwhile to explore potential
combination therapies that may take advantage of the unique therapeutic properties of this
ADC. Given that IMGN529 maintains the Fc-mediated effector functions of the antibody
from which it was generated, combination with immunomodulatory drugs (such as
lenalidomide) could prove effective. The anti-CD37 peptide TRU-016 previously
demonstrated in vitro synergy with PI3K inhibitors.® Therefore, it may also be worthwhile
to explore combinations with inhibitors of PI3K5 such as GS-1101 and IP1-145, which are
both currently under evaluation in Phase 111 clinical trials for CLL. The newly generated
hCD37xTCL1 mouse model provides a unique tool that will enable the evaluation of
combination strategies for IMGN529 and other CD37-targeted therapeutics in an
immunocompetent model of spontaneous CLL.

To summarize, we have generated a mouse model which develops a transplantable
CD5+CD19+hCD37+ leukemia and demonstrated its utility for the evaluation of anti-CD37
therapeutics. This model facilitated improved preclinical studies of IMGN529, elucidating
its robust anti-leukemic effects in vivo. This is impressive in the context of the Ep-TCL1
leukemia that is somewhat resistant to treatment.26:35.36 Gjven the significant benefits we
observed with IMGN529, despite relatively low hCD37 expression, we propose that this
therapeutic could exhibit efficacy in a wide range of CD37-positive human B-cell
malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The anti-CD37 antibody-drug conjugate | MGN529 demonstratesin vitro activity
against neoplastic B-cellsfrom human CLL patients

(A) Viability of freshly isolated CLL patient B-cells (n=16) following 24 hour treatment
with 10 pg/ml IMGN529 or its antibody component K7153A +/— 50 pg/ml crosslinking
antibody (aFc). Anti-HER2/neu antibody trastuzumab included as an additional negative
control for n=11 patients. Data are normalized to untreated controls. Significance is
indicated by asterisks (*p<0.05, ***p<0.0001, or NS if p>0.05).(B) NK cell mediated
antibody-dependent cytotoxicity as measured by °1Cr release assay. CLL target cells (n=7)
were incubated with 10 ug/ml antibody for 30 minutes, followed by incubation with healthy
donor NK cells (n=8) for 4 hours. Mean specific lysis displayed for n=18 NK/CLL
combinations with error bars indicating standard error of the mean (SEM). (C) Induced
phagocytosis of CLL cells by monocyte-derived macrophages (MDMSs) following 1 hour
incubation with 10 pg/ml antibody. Relative phagocytosis displayed for a total of n=10
MDMY/CLL combinations (7 MDMs, 5 CLL) with error bars indicating SEM. (D)
Complement-dependent cytotoxicity assay for B-CLL incubated with 10 pg/ml antibody and
autologous plasma (+/- heat inactivation) for 1 hour. Mean values displayed for n=9 CLL
patients with error bars indicating SEM. (E,F) CLL patient whole blood was treated with 10
pg/ml antibody for 1 hour at 37°C. B-cells and T-cells were stained with anti-CD19 and
CD3 antibodies respectively. Counts were obtained using CountBright absolute counting
beads and normalized to untreated control. Mean percent depletion of B-cells (E) and T-cells
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(F) are displayed for n=23 CLL patients with error bars indicating SEM. Greater than 97%
of the CD19+ cells in these patients were confirmed to be malignant CD5+ B-cells.
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Figure 2. IMGN529 exhibits superior cytotoxicity compared to K7153A and induces mitotic

arrest in aproliferating B-cell linein vitro

(A) Raji cells were treated with 1 pg/ml K7153A, IMGN529, or relevant controls for 72

hours and viability assayed by Annexin V and propidium iodide staining. Data are

normalized to untreated control and reported as mean with error bars indicating SEM for
n=5 replicate cultures from two independent experiments. (B) Cell cycle analysis of Raji
cells that were synchronized with the DNA polymerase inhibitor aphidicolin for 24 hours,
released from this inhibition, and then treated with 1 pug/ml antibody for 24 hours.
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Figure 3. Generation and characterization of the human CD37 transgenic mouse
(A) Schematic representation of the construct used to generate the hCD37-Tg mouse. (B)

PCR genotyping of founder lines with human CD37 specific primers. (C) Surface expression
of human CD37 on transgenic (TG; top) and non-transgenic (NTG; bottom) splenocytes.
Cells stained for B220 and CD3 to analyze B and T lymphocytes, respectively. (D) Surface
expression of human CD37 on transgenic (TG; top) and non-transgenic (NTG; bottom)
peripheral blood leukocytes. Whole blood stained for CD19, CD4, CD8, and human CD37.
After staining, RBCs were lysed and samples analyzed by flow cytometry. (E) Example of
flow cytometry performed on purified splenic B-cells stained with Annexin V and
propidium iodide to assess viability after 24 hour treatment with 10 pg/ml anti-CD37
antibody (K7153A) in the presence of 50 pug/ml goat anti-human Fc antibody (aFc) for
crosslinking. (F) Average viability of purified B-cells from transgenic or non-transgenic
spleens (n=7/group) after 24 hour treatment with 10 pg/ml anti-CD37 antibody (K7153A) in
the presence of 50 pg/ml goat anti-human Fc antibody (aFc) for crosslinking. Mean
percentage of viable cells is displayed with error bars indicating SEM.
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Figure 4. CD37xTCL 1 double transgenic mice retain transgene expression and develop
hCD37+CD19+CD5+ leukemia

(A) Flow cytometry performed on peripheral blood from a CD37xTCL1 double transgenic
mouse and a TCL1 littermate. Cells were stained with antibodies against mouse B220 to
label B-cells and human CD37. (B) Western blot using protein lysates from purified B-cells
obtained from spleens of CD37xTCL1 mice or TCL1 littermates. Western blot is probed
with anti-human TCL1 antibody. Lysates from C57BL/6 and leukemic TCL1 mice are
included as controls in the first two lanes. (C) Flow cytometry performed on samples
obtained from peripheral blood, spleen, and lymph nodes of a leukemic CD37xTCL1 mouse.
Cells were stained for CD5, CD19, and human CD37. The right side of the panel
demonstrates staining with K7153A-PE antibody and is gated on either CD5+CD19+ B-
cells (dark gray histogram) or hCD37-negative T-cells (light gray histogram).
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Figure 5. IMGN529 demonstratesin vivo efficacy against hCD37+ mouse leukemia
(A) Schematic outline of the hCD37xTCL1 engraftment experiment. Healthy hCD37-Tg

recipients were injected i.v. with 1x107 splenocytes from a leukemic hCD37xTCL1 donor.
Mice were randomly assigned (n=6-7/group) for treatment with 10 mg/kg IMGN529 ADC,
its K7153A antibody component, IgG-DM1 ADC control, or trastuzumab control. Treatment
began following leukemia development, which was defined as when >20% of CD45+ events
were CD5+CD19+ B-cells. Animals received a 10 mg/kg i.p. treatment on the day of
leukemia diagnosis and repeat doses twice weekly for three weeks (70 mg/kg total). (B)
Kaplan-Meier plot comparing the overall survival of engrafted mice. IMGN529 significantly
improved survival relative to its IgG-DM1 control (p=0.042), while parent antibody
K7153A had no survival benefit compared with trastuzumab control (p=0.94). Log-rank
tests were used for statistical analysis. Arrow indicates day 20, when mice received their last
injection. (C) Representative examples of flow cytometry performed on mice 24h after
receiving their third dose. Whole blood was stained for CD45/CD19/CD5 and plots are
gated on singlet CD45+ events. (D) Absolute concentration of the CD5+CD19+ B-cell
population to which the leukemia belongs. Data expressed as mean +/— SEM. Arrow
indicates day 20, when mice received their last injection. (E) Concentration of T-cells in the
IMGN529 treated group. Mean T-cell concentration for n=6 mice is displayed with error
bars indicating SEM.
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Figure 6. IMGN529 targets proliferating mouse leukemia cells within lymphoid tissues
(A-E) Healthy hCD37-Tg mice engrafted with hCD37xTCL1 leukemia. Upon leukemia

development (day 0), mice were randomized (n=5 mice/group) to receive 10 mg/kg i.p.
doses of IMGN529 or 1IgG-DML1 control on days 3 and 5. To detect in vivo proliferation 100
ug EdU was administered on day 6 and mice were euthanized on day 7. (Mean is displayed
for n=5 mice/group with error bars indicating SEM. ***p<0.0001, **p<0.01, *p<0.05) (A)
Percentage CD5+CD19+ leukemia cells (of total CD45+ events) in peripheral blood on day
0 and day 7. (***p<0.0001 for change in cell percentage). (B) Percentage CD5+CD19+
leukemia cells (of total CD45+ events) in the blood, spleen, and bone marrow on day 7. (C)
Examples of flow cytometry performed on peripheral blood, spleen, and bone marrow from
mice treated with IMGN529 or IgG-DML. Plots are gated on singlet, live, CD45+ cells. (D)
Examples of spleens removed from mice receiving IMGN529 or IlgG-DM1 (left panel) and
average spleen length of all mice in the study (n=5/group; right panel). (E) Percentage of
EdU+ cells among CD5+CD19+ events in the spleen and bone marrow.
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