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Abstract

CD37 is a tetraspanin expressed on malignant B cells. Recently, CD37 has gained interest as a 

therapeutic target. We developed AGS67E, an antibody–drug conjugate that targets CD37 for the 

potential treatment of B/T-cell malignancies. It is a fully human monoclonal IgG2 antibody 
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(AGS67C) conjugated, via a protease-cleavable linker, to the microtubule-disrupting agent mono-

methyl auristatin E (MMAE). AGS67E induces potent cytotoxicity, apoptosis, and cell-cycle 

alterations in many non-Hodgkin lymphoma (NHL) and chronic lymphocytic leukemia (CLL) cell 

lines and patient-derived samples in vitro. It also shows potent antitumor activity in NHL and CLL 

xenografts, including Rituxan-refractory models. During profiling studies to confirm the reported 

expression of CD37 in normal tissues and B-cell malignancies, we made the novel discovery that 

the CD37 protein was expressed in T-cell lymphomas and in AML. AGS67E bound to >80% of 

NHL and T-cell lymphomas, 100% of CLL and 100% of AML patient-derived samples, including 

CD34+CD38− leukemic stem cells. It also induced cytotoxicity, apoptosis, and cell-cycle 

alterations in AML cell lines and antitumor efficacy in orthotopic AML xenografts. Taken 

together, this study shows not only that AGS67E may serve as a potential therapeutic for B/T-cell 

malignancies, but it also demonstrates, for the first time, that CD37 is well expressed and a 

potential drug target in AML.

Introduction

The CD37 antigen is a transmembrane protein of the tetraspanin superfamily that is highly 

expressed on B cells during the pre-B to peripheral mature B-cell stages, but is absent on 

early B progenitor cells or terminally differentiated plasma cells (1, 2). It is weakly 

expressed in a subset of peripheral blood mononuclear cells (PBMC) and in tissues where 

lymphocytes reside/infiltrate (1). Although the exact physiologic role of CD37 is unclear, it 

has been implicated as a signaling death receptor (3), and observations from knockout mice 

suggest that it is not essential for B-cell development, but may function to regulate B/T-cell 

interactions/proliferation as well as aspects of humoral and cellular immune responses (4, 5). 

With respect to cancer, CD37 is highly expressed on malignant B cells in non-Hodgkin 

lymphoma (NHL) and chronic lymphocytic leukemia (CLL; ref. 6). Consequently, CD37 

represents a promising therapeutic target for B-cell malignancies.

Anti-CD20 antibodies, such as rituximab, of a tumumab, and obinutuzamab, have proven to 

be effective for the treatment of NHL and CLL, either as single agents or in combination 

therapy (7, 8). The intrinsic anticancer activities of these antibodies include direct signaling/

proapoptotic activity, antibody-dependent cell-mediated cytotoxicity (ADCC), and 

complement-dependent cytotoxicity. However, many patients eventually relapse or 

experience resistance to available treatments, creating a need for additional therapeutic 

options. The clinical experience with CD37 targeted agents is still in its infancy and is as 

follows: (i) radioimmunotherapy with 131I-MB-1 in patients with NHL who experienced 

relapse resulted in some limited clinical responses, but this agent was not further developed 

as a therapeutic drug (9, 10); (ii) a CD37-binding small modular immunopharmaceutical 

protein (TRU-016) with apoptosis and ADCC-inducing abilities has advanced into clinical 

testing as a treatment for B-cell malignancies (11); (iii) an Fc-engineered antibody to CD37 

(BI836826), also with ADCC and apoptosis-inducing functionality, is in early development 

(12); (iv) IMGN-529, an antibody–drug conjugate that combines the intrinsic proapoptotic 

and immune effector activities of its anti-CD37 antibody component with the cytotoxic 

potency of its DM1 maytansinoid payload, is also in development (13).
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Encouraged by the clinical successes of ADCETRIS (brentuximab vedotin; ref. 14) and 

KADCYLA (ado-trastuzumab emtansine; ref. 15), the currently approved ADCs targeting 

cancer, we have developed AGS67E, a fully human anti-CD37 IgG2 antibody conjugated to 

the potent microtubule-disrupting agent monomethyl auristatin E (MMAE) via reduced 

cysteines and the protease-cleavable linker maleimidocaproyl-valine-citrulline-p-

aminobenzyloxycarbonyl. Unlike all other reported therapeutic CD37 antibodies, including 

the recently reported IMGN-529 ADC (13), the unconjugated antibody component of our 

ADC does not exhibit intrinsic apoptotic or ADCC activity. The activity of AGS67E derives 

from its MMAE payload, which is selectively delivered by a highly specific antibody 

(AGS67C). Once delivered, AGS67E induces apoptosis, cell-cycle alterations, and 

cytotoxicity in vitro as well as antitumor efficacy in vivo. Because the preclinical potency of 

our agent is similar or superior to the reported preclinical efficacy of other CD37 antibodies 

in similar models of B-cell malignancies (11–13), we postulated that adding ADCC and 

apoptosis-inducing capabilities to our unconjugated antibody was unnecessary, and further 

that it could prove to be a liability from a toxicology or pharmacokinetic perspective.

Aside from a novel CD37 ADC that we report here, we also report, for the first time, that 

CD37 is well expressed in T-cell lymphomas and AML and that AGS67E exhibits potent 

antitumor efficacy in preclinical models of AML, including patient-derived models. 

Moreover, we show that CD37 is differentially expressed in CD34+CD38− AML versus 

normal stem cells.

Taken together, our findings suggest that AGS67E may serve as a potential therapeutic for 

B/T-cell malignancies as well as AML. To our knowledge, this body of work is the first 

demonstrating that CD37 is well expressed and a potential drug target in AML.

Materials and Methods

IHC

IHC was used to evaluate CD37 expression in human lymphoma microarray samples (US 

Biomax) of formalin-fixed and paraffin-embedded (FFPE) tissue sections. Briefly, FFPE 

sections were deparaffinized, rehydrated, treated for antigen retrieval, and incubated with 

VCD37–9a73.1 (1 µg/mL), an in-house developed mouse anti-CD37 antibody or control IgG 

(1 µg/mL). Immunoreactivity was detected using a Super-Sensitive Polymer-HRP IHC 

Detection Kit (Biogenex Laboratories). Positivity was calculated by summing the percentage 

of tumor cells stained at a given staining intensity (0, negative; 1, weak; 2, moderate; 3, 

strong) multiplied by the weighted intensity to yield: high (201–300), moderate (101–200), 

low (1–100), and negative (0) H-scores.

Antibody generation, purification, and conjugation

Anti-CD37 antibodies were generated using standard hybridoma technology in genetically 

engineered VelocImmune mice humanized for the Ig locus (Regeneron Pharmaceuticals, 

Inc.) (16). The immunogen was 293T cells overexpressing human CD37. Following 

hybridoma screening, v67–6b15 was selected as the lead hybridoma from a fusion that 

yielded a total of 34 positives. It is cross-reactive to cynomolgus monkey but not rodent 
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CD37. To create a fully human antibody, total RNA was extracted from the antibody 

producing hybridoma cells using TRizol Reagent (Life Technologies) and the 

manufacturer’s suggested protocol. cDNA synthesis was generated from total RNA using a 

RACE cDNA Amplification kit (Clontech) and a reverse primer within the constant region 

of the human light and heavy chains according to the manufacturer’s protocol. The 

amplified variable human heavy and kappa light chains were sequenced and cloned into a 

mammalian cell expression vector encoding human IgG2 and kappa constant domains. The 

plasmid was transfected into CHOK1SV host cells (Lonza) to generate stable antibody 

(AGS67C) producing cell line. AGS67C was purified from conditioned CHO supernatant 

loaded onto a Protein A sepharose column. The antibody was eluted in 0.1 mol/L glycine, 

pH 3.5, and neutralized using 2 mol/l Tris, pH 9.0. To create AGS67E, AGS67C was 

conjugated with MMAE, linked to reduced cysteines of the antibody via a protease-

cleavable linker, maleimidoca-proyl-valine-citrulline-p-aminobenzylcarbamoyl, as 

previously described (17). The drug:antibody ratio was 3:7. Once conjugated, AGS67E was 

purified from the reaction mixture using PD10 desalting columns.

Cell culture

DOHH-2 (ACC 47; lot 12, 2011), WSU-DLCL-2 (ACC 575; lot 4, 2009), SU-DHL-4 (ACC 

495; lot 7, 2008), REC-1 (ACC 584; 2010), Granta-519 (ACC 342; lot 9, 2010), JVM-3 

(ACC 18; lot 6, 2011), Molm-13 (ACC 554; lot 9, 2011), CMK (ACC 392; lot 8, 2012), 

Kasumi-1 (ACC 220; lot 13, 2011), PL-21 (ACC 536; lot 5, 2011), SKM-1 (ACC 547; lot 6, 

2013), OCI-AML2 (ACC 99; lot 8, 2013), and UT-7 (ACC 137; lot 10, 2012) lines were 

obtained from the DSMZ. Mino (CRL-3000; 59427513, 2011), Raji (CCL-86; 58770576, 

2011), Daudi (CCL-213; 58260721, 2011), Ramos (CRL-1596; 59352724, 2011), BDCM 

(CRL-2740; 58078622, 2012), MV4–11 (CRL-9591; 58352230, 2012), THP-1 (TIB-202; 

59388245, 2012), Tf-1a (CRL-2451, 2012), KG-1 (CCL-246; 5803336, 2011), and 

Hel92.1.7 (TIB-180; 58736308, 2012) lines were obtained from the ATCC HL-60 (502350; 

507608, 2010) and Molt-4 (507470, 2010) were from the NCI and EoL-1 (94042252, 2012) 

from Sigma/HPA. Cells were maintained at 37°C in a humidified 5% CO2 incubator and 

cultured in 10% FBS (Omega Scientific), RPMI-1640 (Gibco), 1 mmol/L Na Pyruvate, and 

10 mmol/L HEPES (Gibco), with exception of THP-1 (10% FBS, RPMI-1640, 0.05 mmol/L 

β mercaptoethanol); Kasumi-1, PL-21, SKM-1 (20% FBS, RPMI-1640); MV4–11 [10% 

FBS, Iscove’s modified Dulbecco’s medium (IMDM)]; KG-1 (20% FBS, IMDM); OCI-

AML2 (20% FBS, αMEM); and UT-7 (20% FBS αMEM, 5 ng/mL GM-CSF).

CLL samples were obtained from the CLL Research Consortium (CRC) at UCSD after 

patient consent. AML samples were obtained from the Ontario Cancer Institute after patient 

consent. Whole blood from normal healthy volunteers was obtained from the San Diego 

Blood Bank. PBMCs were prepared from these samples using standard procedures.

AGS67C binding measured using flow cytometry

Peripheral blood mononuclear cells—PBMCs (5 × 105) per test sample were 

incubated with Fc-Block, hIgG-Fc (100 µg/mL; Agensys), followed by incubation with 

AGS67C–Alexa 647-conjugated or isotype control antibody and commercially available 

fluorochrome-labeled antibodies (BD) according to manufacturer’s recommendations. 
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Fluorochrome-labeled antibodies used were: CD20-FITC (B cells), CD56-AF488 (NK-

cells), CD3-AF488 (T cells), CD14-FITC (monocytes), CD66-FITC (Neutrophils), and 

CD61-AF488 (platelets). Samples were acquired using the HTFC Screening System 

(Intellicyt). Mean fluorescence intensity ratio (MFIR) values (MFI of double-positive 

AGS67C-Alexa 647 over the MFI of double-positive isotype-Alexa 647) were plotted in 

GraphPad Prism.

Cell lines—Exponentially growing cell lines were harvested, reconstituted, and incubated 

for 1 hour on ice with biotinylated AGS67C and isotype control. Following a wash, R-PE-

streptavidin was incubated for 1 hour, washed, and cells were analyzed on an Attune 

Acoustic Focusing Cytometer (Life Technologies). Data files were analyzed using FlowJo 

7.6.5 software using standard gating. MFIR for CD37 expression was calculated by dividing 

the AGS67C–Biotin MFI by the isotype control–Biotin MFI.

Patient-derived CLL samples—Patient-derived CLL cells were incubated with 

AGS67C-Alexa 647–conjugated or isotype control antibody and costained with PE-

conjugated anti-CD5 and FITC-conjugated anti-CD19 (BD Pharmigen) according to 

manufacturer’s recommendations. Samples were acquired using Isotype-Alexa 647, CD5/

CD19-positive gating for AGS67-Alexa 647–positive CLL samples. A FACS Calibur flow 

cytometer was used for acquisition, and data analysis was performed using FlowJo version 

8.7. The CD19/CD5 double-positive B-cell population was gated to show AGS67C-positive 

cells, and MFIR for AGS67C was calculated by dividing the AGS67C-Alexa 647 MFI over 

the matched Isotype-Alexa 647 MFI. MFIR values for all samples were plotted in Graph Pad 

Prism 6, and sample MFIR distribution was analyzed by using column statistics.

Patient-derived AML samples—PBMCs from AML patients were isolated and 

incubated with a cocktail of CD45-FITC (BD), CD33-APC (BD), CD34-PE-Cy5 (Beckman 

Coulter), CD3-ECD (Beck-man Coulter), CD38-PE-Cy7 (BD), and either AGS67C-Biotin 

or isotype-Biotin antibodies. Secondary detection for biotinylated antibodies was 

accomplished with Streptavidin-PE. An LSRII flow cytometer (BD) was used for 

acquisition. Within the CD45+ population, two distinct subpopulations were defined, 

CD33+/CD3−/CD20− (myeloid blasts) and CD33+/CD3−/CD34+/CD38− [leukemic stem 

cells (LSC)]. Analysis was done with FlowJo version 9.5.4. MFIR for each AML sample 

was calculated by dividing the AGS67C MFI by the isotype MFI.

AGS67E in vitro cytotoxicity

Exponentially growing cells with a viability of 95% or greater were plated in fresh 

RPMI-1640 (Gibco-Invitrogen) media containing phenol red supplemented with 10% FBS 

(heat inactivated), 10 mmol/L Hepes, and 1 mmol/L sodium pyruvate. Cells were left 

overnight and treated with AGS67E and an isotype control. After 5 days of treatment and 

incubation at 37°C and 5% CO2, cell viability was measured following a 1 hour incubation 

at 37°C with Presto Blue Reagent (Invitrogen). Samples were analyzed using a Synergy 

Microplate reader. Survival values were plotted using Graph-Pad Prism to calculate EC50 

values that were derived using a curve-fitting analysis model for nonlinear curve regression, 

sigmoidal dose response with variable slope formula.
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AGS67E cell-cycle analysis

Live cells were suspended in 250 µL RPMI-1640 (Gibco) media, 10% FBS, 10 mmol/L 

HEPES, and 1 mmol/L Na pyruvate, Hoechst 33342, trihydrochloride, trihydrate-10 mg/mL 

in water (Life Technologies). After 23 hours, cells were collected, resuspended in media 

containing diluted Hoechst 33342, and analyzed on an Attune cytometer harboring a 408 

laser VL-1 detection. Data files were analyzed using FlowJo version 7.6.5 software, FSC-A 

vs. VL1-A.

AGS67E apoptosis

Exponentially growing cells were seeded in a 48-well plate overnight and resuspended in 

Annexin V Pac Blue and Sytox-7AAdvanced (Life Technologies), as recommended by the 

manufacturer. Following a 30-minute incubation, cells were acquired using an Attune 

cytometer with 405/VL-1 (Annexin V) and 488/BL-3 (Sytox-7AAdvanced) filter settings. 

Data files were analyzed using FlowJo version 7.6.5 software.

AGS67E cell line xenograft studies

Five- to 6-week-old female CB17/SCID mice (Charles River) were maintained and used at 

Agensys’ animal facility using Institutional Animal Care and Use Committee (IACUC)-

approved protocols. Depending on the cell line, 1–10e6 cells were injected into the flanks of 

individual SCID mice, and tumor volumes were allowed to reach 100 to 300 mm3. Animals 

and their tumors were size matched and randomized into treatment and control groups. 

Depending on the study, AGS67E and an isotype control ADC were dosed by i.v. bolus 

injection either at 0.25, 0.75, 1.5, or 3.0 mg/kg at biweekly (BIW) or weekly (QW) 

frequencies and for a total of 2 to 4 doses. Tumor growth was monitored using caliper 

measurements every 3 to 4 days until the end of the study. Tumor volume was calculated as 

width2 × length/2, where width is the smallest dimension and length is the largest. Animals 

were euthanized when tumors reached 2,000 mm3. Mean tumor volume data for each group 

were plotted over time with standard error bars. A statistical analysis of the tumor volume 

data for the last day before animal sacrifice was performed using the Kruskal–Wallis test. 

Pairwise comparisons were made using the Tukey test procedures (two-sided) to protect the 

experiment-wise error rate. This implementation of the Tukey test was performed on the 

ranks of the data. The percentage of tumor growth inhibition in each treated group versus a 

control group was calculated as follows: [(control – control baseline) – (treated – treated 

baseline)]/(control – control baseline) × 100%.

AGS67E AML patient–derived xenograft studies

NOD/SCID mice were bred and housed at the UHN/Princess Margaret Hospital (PMH; 

Toronto, Ontario, Canada) animal facility, and all studies were performed in accordance 

with guidelines approved by the UHN/PMH Animal Care Committee. Eight- to 12-week-old 

female NOD/SCID mice (10 per cohort) were sublethally irradiated (275 cGy) and 

interperitoneally injected with anti-CD122 antibody the day before intrafemoral 

transplantation. Freshly thawed primary AML samples harvested from patients’ peripheral 

blood were transplanted at cell doses of 5e6/mouse. At day 21, post transplantation, 

AGS67E and an isotype control ADC were dosed by i.v. injection at 1.5 mg/kg, QW for a 
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total of 4 doses. Mice were sacrificed 7 days after the last treatment to assess the efficacy of 

AGS67E determined by the human AML engraftment in the injected right femur and non-

injected bone marrow (left femur and two tibias). AML outgrowth was evaluated by flow 

cytometry using the following antibodies: CD45-FITC (BD), CD33-APC (BD), CD34-PE-

Cy5 (Beckman Coulter), CD3-ECD (Beckman Coulter), CD38-PE-Cy7 (BD), and AGS67C-

Biotin. Secondary detection of biotinylated antibodies utilized streptavidin–PE. Samples 

were analyzed using an LSRII flow cytometer (BD).

Results

CD37 expression in normal and cancer tissues

CD37 expression was evaluated in normal PBMCs (Fig. 1A) and normal solid tissues (Fig. 

1B) using flow cytometry and IHC, respectively. Figure 1A shows strong staining for CD37 

in CD20+ B cells. In comparison, CD56+, CD3+, CD14+, and CD66+ cells showed 11-, 12-, 

32-, and 28-fold less CD37 staining, respectively. CD37 staining was not observed on 

CD61+ platelets.

To assess CD37 expression in normal solid tissues, 198 samples were tested, representing 32 

human tissues. Figure 1B shows only those samples where CD37 expression was detected: 

lymph node, spleen, bone marrow, colon, small intestine, thymus, and tonsil (skin was 

incorporated as a negative control). These are tissues where lymphocytes are known to 

reside and it is these lymphocytes that were shown to express CD37.

With respect to CD37 expression in cancer tissues, Fig. 2A shows expression in human 

patient–derived lymphomas using IHC. Here, 85% (171 of 201) and 82% (14 of 17) of B-

cell NHL and T-cell lymphoma samples exhibited CD37 positivity, respectively. Of the 171 

positive B-cell NHL samples, 83 were diffuse large B-cell lymphomas (DBCL), 58 diffuse 

B-cell lymphomas, 7 mucosa-associated B-cell lymphomas, 5 nodular DBCL, 5 follicular 

lymphomas, 2 small lymphocytic lymphomas, 2 mantle cell lymphomas, 2 lymphocytic 

plasmacytoid lymphomas, 1 Burkitt lymphoma, and 6B–cell lymphomas (other). Of the 14 

positive T-cell lymphoma samples, 5 were anaplastic large-cell lymphomas, 1 Lennert 

lymphoma, and 8 T-cell lymphomas (other). CD37 was not detected in 58 of 58 Hodgkin 

lymphoma samples. Flow cytometry was used to assess expression of CD37 in leukemia 

samples. Figure 2B (left) shows that 58 of 58 human CLL samples had an MFIR for CD37 

expression of >2 and a mean MFIR of 83. The expression was heterogeneous. This 

observation was in line with previously reported data in B-cell malignancies (1, 6, 18). 

During a bioinformatic search of the Broad-Novartis Cancer Cell Line Encyclopedia (19) for 

novel targets in AML, we discovered that some AML cell lines appeared to exhibit RNA 

expression of CD37. Because we did not expect this lymphoid marker to be expressed in 

myeloid cells, we sought to determine whether primary AML samples expressed CD37 at 

the protein level. Figure 2B (right) shows flow cytometry results for the expression of CD37 

in 26 of 26 AML samples. Because AML is organized as a hierarchy sustained by LSCs that 

are typically found in the CD34+ CD38− fraction, we analyzed the expression of CD37 in 

the myeloid blasts (CD33+) and CD34+CD38− LSCs from each sample, the mean MFIR 

values were 85 and 126 respectively. Interestingly, the expression of CD37 in CD34+/

CD38− stem cells of 15 additional AML samples versus 10 normal bone marrow samples 
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not only appeared to be differential (P = 0.013) but suggested that normal stem cells exhibit 

minimal to no CD37 expression (Fig. 2C).

Mechanism of action of AGS67E

AGS67E (Fig. 3A) is a fully human anti-CD37 monoclonal IgG2 antibody conjugated to the 

potent microtubule-disrupting agent MMAE via reduced cysteines and the protease-

cleavable linker maleimidocaproyl-valine-citrulline-p-aminobenzy-loxycarbonyl. The 

affinity (EC50) and cytotoxicity (IC50) of AGS67E to human B cells was 0.16 nmol/L and 

17 nmol/L, respectively (Supplementary Fig. S1), and we have shown that, upon binding to 

CD37, this ADC internalizes within 100 minutes, as confirmed using flow cytometry 

(Supplementary Fig. S2). We have also determined that the unconjugated antibody of 

AGS67E (AGS67C) did not exhibit antitumor efficacy (Supplementary Fig. S3) nor did it 

induce ADCC in vitro (Supplementary Fig. S4). Methods used for Supplementary Figs. S1–

S4 can be found in the supplementary data.

In an effort to better characterize the in vitro mechanism of action of AGS67E, its ability to 

alter cell viability/proliferation, cell-cycle progression, and apoptosis was assessed. Table 1 

summarizes the in vitro cytotoxicity of AGS67E in cell lines representing NHL, CLL, and 

AML. With the exception of Rec-1, all NHL cell lines were responsive to AGS67E activity 

that ranged in IC50 from ∼0.04 to 20 nmol/L. For CLL, JVM-3 cells were tested with a 

mean IC50 of 0.50 nmol/L. A mean IC50 of ∼0.1 to 5.7 nmol/L was observed for 7 different 

AML cell lines. AGS67E was also not cytotoxic in an additional 9 AML cells lines. CD37 

was expressed by all cell lines tested, with the exception of MOLT-4 (ALL) cells that were 

used as a CD37-negative cell line control. Figure 3B shows examples of the survival curves 

for a subset of cell lines shown in Table 1.

In comparison with an isotype ADC control, AGS67E consistently altered cell-cycle 

progression in CD37-positive cell lines representing NHL, CLL, and AML, while showing 

no appreciable change in the cell cycle of Hel92.1.7 AML cells (Fig. 3 and Table 2) that had 

been shown not to be responsive to AGS67E cytotoxicity in vitro (Fig. 3B and Table 1). In 

each cell line (Mino, MV4–11, or JVM-3), AGS67E treatment resulted in a substantial 

increase in cells in the G2–M phase of the cell cycle, while in turn leading to significant 

decreases in cells that resided in the G0–G1 or S phases prior to AGS67E treatment. Overall, 

the relative impact of AGS67E treatment on cell-cycle progression appeared greater in the 

leukemia lines than in the Mino lymphoma cells. Further, the effect of AGS67E on the 

MV4–11 AML cell line was greater than that on the JVM-3 CLL cell line. These 

observations did not correlate with relative doubling times of the cell lines. For reference, 

free MMAE payload, DMSO, and no treatment groups were included in the analysis.

As was seen with the ability of AGS67E to induce cytotoxicity, the ability of AGS67E to 

induce apoptosis was also consistent across the Mino, MV4–11, and JVM-3 cell lines (Table 

3). In comparison with the control ADC, AGS67E demonstrated greater relative Annexin V 

staining in the MV4–11 AML cell line (9.9-fold increase) versus JVM-3 and Mino, which 

exhibited a ∼3-fold increase in Annexin V positivity. These observations also did not 

correlate with relative doubling times of the cell lines.
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Efficacy of AGS67E in NHL and CLL cell line xenografts

Because in vitro drug-response assays do not always reflect the in vivo setting, we turned to 

xenografting. Table 4 summarizes the efficacy of AGS67E in a variety of NHL, CLL, and 

AML cell line xenografts. Although different dosing and schedules were used, efficacy was 

observed with every lymphoma xenograft; AGS67E appeared to show a greater absolute 

effect in the leukemic xenografts with 3 of 6 showing tumor stasis or complete regression 

and tumor-free animals. However, 2 of 6 of the AML xenografts also showed tumor growth 

inhibition that was <50%, and Hel.92.1.7 showed no antitumor activity following AGS67E 

treatment. As with in vitro activity of AGS67E, the levels of CD37 did not show a 

correlation with in vivo activity. Figure 4A shows the antitumor efficacy of AGS67E in a 

Rituxan-resistant Burkitt lymphoma line, Ramos-RR-Xcl. A correlation between efficacy 

and dose was observed with 3 mg/kg, QW×2 showing tumor regressions. With respect to 

leukemias, Fig. 4B shows potent antitumor efficacy with 1.5 and 3 mg/kg, QW×3 showing 

tumor regressions in CLL JVM-3 xenografts. The most potent in vivo activity with AGS67E 

occurred with the MV4–11 AML xenografts (Fig. 4C) dosed with 0.75, 1.5, and 3 mg/kg, 

QW× 4 with tumor regressions observed in 26 of 27 xenografts and tumor eradication in 20 

of 27 mice. AGS67E did not lead to lethality or body-weight loss during any of the in vivo 

studies conducted.

Efficacy of AGS67E in patient-derived orthotopic AML xenografts

To determine whether AGS67E could inhibit orthotopic AML xenografts, we turned to 

patient-derived samples. Figure 5A shows the experimental design to evaluate the ability of 

AGS67E to inhibit established and disseminated growth of patient-derived orthotopic AML 

xenografts. Briefly, we injected AML patient-derived peripheral blood into the right femur 

and allowed establishment and outgrowth, as well as dissemination following measurement 

of engraftment into the left femur and two tibias (aka bone marrow). Figure 5B summarizes 

the effect of AGS67E to inhibit established growth of 4 patient-derived AML samples in the 

RF versus the disseminated bone marrow. The 4 AML samples used (patient samples 1–4) 

were newly diagnosed, and their FAB subtypes were M1, M5b, M5a, and M5a respectively. 

In every sample, the engraftment and outgrowth of patient-derived AML occurred in the 

presence of the control ADC with a range of 22% to 100% in the right femur and a range of 

3% to 52% in the disseminated bone marrow. For AGS67E-treated mice, engraftment and 

outgrowth in the right femur and disseminated bone marrow was significantly lower and 

ranged from 0% to 38% and 0% to 18%, respectively. Moreover, in 3 of 4 of these samples, 

AML cells were undetectable after AGS67E treatment in right femur or disseminated bone 

marrow. The MFIR of CD37 expression is also shown for the CD33+ blasts and CD34+/

CD38− LSC. A correlation between AGS67E activity and CD37 levels was not observed.

Discussion

Within the context of antibody-based therapeutics, hematologic malignancies are frequently 

targeted. While Rituxan and CD20 targeting have paved the way for treating B-cell 

malignancies (7, 8), resistance to Rituxan has led to the evaluation of other cell surface 

targets and a variety of non–antibody- and antibody-based therapeutics (20–22), one such 

target is CD37. Currently, three publically disclosed antibody therapeutics that target CD37 
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are in clinical development (11–13). These include naked antibodies as well as a recently 

reported ADC (13). Interestingly, all of these antibodies are human IgG1 isotypes with 

enhanced ADCC activity that has been reported, in addition to apoptosis induction, as 

integral to their mechanism of action.

Here, we introduce AGS67E, the first fully human anti-CD37 monoclonal IgG2k antibody 

conjugated to the potent microtubule-disrupting agent MMAE, via reduced cysteines and the 

protease-cleavable linker maleimidocaproyl-valine-citrulline-p-aminobenzyloxycarbonyl. 

We have shown that this ADC has high affinity for and rapidly internalizes CD37, and that it 

is cytotoxic, apoptotic, and alters the cell cycle of cell lines representing NHL and CLL in 

vitro. We also showed that AGS67E inhibits growth of several xenografts representing NHL 

and CLL.

In contrast with the other reported anti-CD37 therapeutics, the unconjugated antibody 

component (AGS67C) of our ADC has not exhibited antitumor activity, nor has it 

demonstrated appreciable apoptotic or cytotoxic activity. AGS67C was selected for its 

ability to optimally and potently deliver the MMAE payload of AGS67E. Because AGS67C 

is a fully human IgG2, we observed very low ADCC activity in vitro using PBMCs, but 

demonstrated increased ADCC activity when the isotype of this antibody was switched to 

human IgG1. Because the preclinical potency of our agent is similar or superior to the 

reported preclinical efficacy of other CD37 antibodies in similar models of B-cell 

malignancies (11–13), we postulated that adding ADCC and apoptosis-inducing capability 

to the unconjugated antibody component of our ADC was unnecessary, and further that it 

could prove to be a liability from a toxicology or pharmacokinetic perspective when the 

drug is eventually tested in humans.

Using the unconjugated antibody that makes up AGS67E as well as another anti-CD37 

antibody, 9a73.1, we have also confirmed previously reported expression of CD37 in 

malignant B cells, normal B cells, and in various PBMCs and in certain normal tissues 

where lymphocytes reside (1, 6). For the first time, we report that CD37 is also expressed in 

T-cell lymphomas, AML, and in AML CD34+CD38− stem cells, while having minimal to no 

expression in normal CD34+CD38− stem cells. Moreover, we report that AGS67E potently 

inhibits AML cell line and patient-derived samples in vitro and in vivo using subcutaneous 

and orthotopic/disseminated models. These data support a potential new therapeutic avenue 

for AGS67E and possibly for existing and new CD37 targeted therapeutics.

Interestingly, during these studies, we found some intriguing differences upon AGS67E 

targeting of NHL, CLL, and AML cell lines versus patient-derived samples. First, while the 

absolute in vitro sensitivity of NHL, CLL, and AML cell lines to AGS67E generally 

correlated with in vivo efficacy, there was not a direct rank-order correlation between in 

vitro and in vivo efficacy, nor was there a tight correlation with CD37 levels. Despite 

expressing significant CD37 levels, AGS67E was less efficacious in some cell lines and, 

although not fully understood, may be attributable to inabilities of ADC internalization 

and/or processing as well as resistance. Second, the in vitro potency of AGS67E in AML 

cell lines was approximately an order of magnitude less than in NHL cell lines. Initially, we 

speculated that this was due to CD37 levels being approximately an order of magnitude 
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lower in AML versus NHL cell lines and xenografts, but the in vivo potency in AML 

xenografts appeared greater than that of NHL xenografts, with tumor regressions and a 

higher incidence of tumor-free mice observed. Third, in contrast with NHL and CLL cell 

lines, where nearly all were sensitive to AGS67E in vitro and in vivo, the sensitivity of AML 

cell lines to AGS67E in vitro (7 of 16) and in vivo (3 of 5) was found to be more 

heterogeneous and is likely due to the genetic complexity and heterogeneity of AML as well 

as increased susceptibility of individual cell lines and xenografts to AGS67E and its 

microtubule disrupting payload. This possibility is also extended to the NHL and CLL cell 

lines in which CD37 was expressed but where efficacy was not observed. Interestingly, 

when we tested AGS67E in patient-derived AML samples in vivo, 4 of 4 samples were 

potently inhibited by AGS67E, thus indicating that there may be differences in the 

susceptibility of extensively passaged AML cell lines versus fresh patient-derived AML 

samples to the effects of AGS67E. In any case, further investigation will be needed to 

predict response and extent of response to AGS67E in AML as well as in NHL and CLL.

Taken together, the potent activity exhibited by AGS67E highlights its therapeutic potential 

in B/T-cell malignancies and AML and supports its current clinical development. To our 

knowledge, this body of work is also the first demonstration that CD37 is well expressed in 

T-cell lymphomas and AML and that CD37 is a potential drug target in these diseases.
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Figure 1. 
Expression of CD37 in PBMCs and normal tissue. A, flow-cytometric analysis was 

performed to assess the ability of AGS67C to bind to assorted PBMCs and to quantitate the 

level of CD37 expressed and represented as an MFIR. B, 9a73.1, an anti-CD37 antibody 

capable of detecting CD37 in FFPE tissue, was utilized to reveal its expression in the normal 

tissues shown. Normal skin was used as a negative control for CD37 expression.
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Figure 2. 
Expression of CD37 in B/T-cell lymphomas, Hodgkin lymphoma, CLL, and AML. A, IHC 

of patient-derived B/T-cell lymphomas as well as Hodgkin lymphoma. 9a73.1 antibody was 

used to assess CD37 expression in FFPE patient-derived tumor samples. H-score was 

employed to calculate positivity by summing the percentage of tumor cells stained at a given 

staining intensity (0, negative; 1, weak; 2, moderate; 3, strong) multiplied by the weighted 

intensity. The results shown in the table are assigned into one of four groups according to 

their H-score as follows: high, 201–300; moderate, 101–200; low: 1–100; and negative, 0. 

The collage shows examples of CD37 staining in B- and T-cell lymphoma samples as well 

as negative staining in a Hodgkin lymphoma sample. B, flow cytometric analysis was 

performed to assess the ability of AGS67C to bind to 58 patient-derived CLL samples (left) 

and 26 AML samples (right). For the AML samples, CD37 expression is shown in CD33+ 

myeloid blasts as well as CD34+CD38− LSCs. C, a comparison of CD37 expression was 

also performed in CD34+CD38− leukemic and normal stems cells from 15 and 10 patients, 
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respectively. MFIRs are reported. The difference observed between the mean expression of 

CD37 in CD34+/CD38− LSCs versus normal stem cells was statistically significant (P = 

0.013; independent two-sample Student t test).
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Figure 3. 
Structure and in vitro characterization of AGS67E, an anti-CD37 ADC. A, structure of 

AGS67E (17). AGS67E induces cytotoxicity (B; Table 1), cell-cycle alterations (Table 2), 

and apoptosis (Table 3) in NHL, CLL, and AML cell lines. Assays were performed in the 

presence of AGS67E or control ADC, and Presto Blue Reagent was used to measure cell 

viability after 5 days, Hoechst 33342 was used to measure cell-cycle progression after 1 day, 

and Annexin V/7-AAD was used to measure apoptosis and necrosis after 1 day.

Pereira et al. Page 16

Mol Cancer Ther. Author manuscript; available in PMC 2015 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Antitumor efficacy of AGS67E in established subcutaneous NHL, CLL, and AML cell line 

xenografts. A tabular summary of the in vivo efficacy of AGS67E in 10 cell line xenograft 

models is shown in Table 4, where the acronyms MFIR and TGI (tumor growth inhibition) 

were used to describe CD37 expression and the antitumor activity of AGS67E versus 

controls. Examples of the tumor growth curves and antitumor efficacy of AGS67E are 

shown for the following xenografts: Ramos-RR-XcL, a Rituxan-resistant lymphoma 
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xenograft; Ramos-RR-XcL (A); JVM-3, a CLL xenograft (B); and MV4–11, an AML 

xenograft (C).
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Figure 5. 
Antitumor efficacy of AGS67E in established orthotopic patient-derived AML xenografts. 

A, experimental design used to evaluate the ability of AGS67E to inhibit established and 

disseminated growth of patient-derived orthotopic AML xenografts. Patient-derived AML 

peripheral blood was injected into the right femur (RF) of NOD/SCID mice and allowed to 

establish and disseminate into the left femur and 2 tibias (aka bone marrow, BM). Human 

CD45 levels were used to monitor the extent of AML engraftment and outgrowth. B, 

antitumor efficacy of AGS67E in 4 established and disseminated orthotopic patient-derived 
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AML xenografts. All AGS67E versus control ADC comparisons were statistically 

significant (P < 0.0001; independent two-sample Student t test).
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Table 1

AGS67E is cytotoxic to NHL, CLL, and AML cells in vitro

Cell line Classification IC50 (nmol/L) CD37 MFIR

NHL

    Daudi Burkitt lymphoma 0.078 ± 0.02 39

    Ramos Burkitt lymphoma 0.047 ± 0.03 534

    Mino Mantle cell lymphoma 0.07 ± 0.49 301

    Granta-519 Mantle cell lymphoma 0.79 ± 0.61 372

    REC-1 Mantle cell lymphoma No cytotoxicity 341

    DOHH-2 Follicular cell lymphoma 0.98 ± 1.1 581

    SU-DHL-4 Diffuse large B-cell lymphoma 0.23 ± 0.30 662

    WSU-DLCL2 Diffuse large B-cell lymphoma 19.7 ± 3.0 554

CLL

    JVM-3 Chronic lymphocytic leukemia 0.50 ± 0.72 129

AML

    THP-1 FAB M5 0.13 ± 0.08 23

    SKM-1 FAB M5 0.71 ± 0.20 30

    MV4–11 FAB M5 1.2 ± 0.9 22

    MOLM-13 FAB M5a 1.3 ± 0.5 25

    OCI-AML2 FAB M4 1.1 ± 0.6 18

    Kasumi-1 FAB M2 3.5 ± 0.7 9

    BDCM FAB M5a 5.7 ± 1.6 64

    PL-21 FAB M3 No cytotoxicity 4

    EoL-1 Eosinophilic No cytotoxicity 3

    HL-60 FAB M2 No cytotoxicity 5

    UT-7 FAB M7 No cytotoxicity 10

    KG-1 Erythroleukemia macrophage No cytotoxicity 20

    CMK FAB M7 (megakaryocytic) No cytotoxicity 11

    Tf-1a Erythroleukemia FAB M6 No cytotoxicity 26

    Hel 92.1 Erythroleukemia No cytotoxicity 82

ALL

    MOLT-4 T-cell leukemia No cytotoxicity 1
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