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Targeting cytotoxic drugs to cancer cells
using antibody–drug conjugates (ADCs),
particularly those with stable linkers be-
tween the drug and the antibody, could be
an effective cancer treatment with low
toxicity. However, for stable-linker ADCs
to be effective, they must be internalized
and degraded, limiting potential targets
to surface antigens that are trafficked to
lysosomes. CD79a and CD79b comprise
the hetrodimeric signaling component of
the B-cell receptor, and are attractive tar-
gets for the use of ADCs because they are
B-cell–specific, expressed in non-Hodgkin

lymphomas (NHL), and are trafficked to a
lysosomal-like compartment as part of
antigen presentation. We show here that
the stable-linker ADCs anti-CD79b-MCC-
DM1 and anti-CD79b-MC-MMAF are ca-
pable of target-dependent killing of non-
Hodgkin lymphoma cell lines in vitro.
Further, these 2 ADCs are equally effec-
tive as low doses in xenograft models of
follicular, mantle cell, and Burkitt lympho-
mas, even though several of these cell
lines express relatively low levels of
CD79b in vivo. In addition, we demon-
strate that anti-CD79b ADCs were more

effective than anti-CD79a ADCs and that,
as hypothesized, anti-CD79b antibodies
downregulated surface B-cell receptor
and were trafficked to the lysosomal-like
major histocompatibility complex class
II–positive compartment MIIC. These re-
sults suggest that anti-CD79b-MCC-DM1
and anti-CD79b-MC-MMAF are promising
therapeutics for the treatment of NHL.
(Blood. 2007;110:616-623)
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Introduction

Chemotherapy is at the core of current cancer therapy, and with
good reason, because it is effective in many cancers and can be
curative in the case of some, such as acute childhood leukemia and
Hodgkin disease. However, standard chemotherapy affects normal
proliferating tissue, resulting in severe side effects, and therefore is
often given at suboptimal doses and risks the health of the patient.
Thus, chemotherapy targeted specifically to the cancer cells has the
potential to be a highly effective therapy with lower toxicity. This is
the goal of developing antibody–drug conjugates (ADCs), in which
cytotoxic drugs are attached via chemical linkers to antibodies that
recognize cancer cell antigens and thus deliver the cytotoxic drug
only to the cells of interest. The linkers within these conjugates are
often designed to be cleaved through changes in pH, reduction, or
by proteases so that the drug can be preferentially released at the
tumor site.1 Although the idea of ADCs is not novel, developing
ADCs as a useful therapeutic faces several daunting challenges in
practice1-4: (1) the ADC should recognize antigens that are
expressed on the surface of cancer cells but not expressed on
tissues that are vital or, at a minimum, the antigen-expressing vital
cells should not be actively dividing; (2) experience has shown that
only very powerful cytotoxic agents are effective as ADCs;
however, modest amounts of systemic release of such drugs can
result in the toxicities normally associated with traditional chemo-
therapy; (3) ideally, the drug should be released only when the
ADC has entered the cancer cell, which requires designing

specialized chemical linkages between the drug and the antibody
that are only degraded intracellularly; and (4) even perfectly
targeted drugs can cause residual toxicity resulting from the
clearance of intact ADC or metabolites.

Non-Hodgkin lymphoma (NHL) is an attractive indication for
the development of ADCs as both chemotherapy and antibody
therapies have been shown to be individually effective NHL
treatments; chimeric IgG1 anti-CD20 (rituximab; Rituxan) in
combination with chemotherapy is the standard first-line treatment
for the majority of NHLs.5,6 Rituximab greatly reduces the number
of normal as well as malignant B cells and does not result in major
side effects, implying that ADC therapeutics for NHL do not need
to be completely specific for the tumor but can also target normal
B cells without causing serious side effects. While current therapies
for NHL have shown some success, treatments for this diverse
group of diseases still comprise a major unmet medical need.7-9

We have identified CD79, the signaling component of the B-cell
receptor (BCR), as a promising ADC target for the treatment of
NHL. CD79 has the appropriate expression pattern, being ex-
pressed only on B cells and in most NHLs.10-12 The molecule is a
covalent heterodimer containing CD79a (Ig�, mb-1) and CD79b
(Ig-�, B29); both subunits contain a single extracellular Ig domain,
a transmembrane domain, and an intracellular signaling domain.
The BCR is a complex between CD79 and surface Ig (sIg), and all
of these components are required for surface expression of the
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BCR.13 Cross-linking of the BCR triggers its signaling, which can
lead to apoptosis or, in the presence of rescue signals from T cells,
drive cell activation and cell division.14 In addition, when the BCR
is cross-linked, it is targeted to the major histocompatibility
complex class II positive compartment (MIIC), a lysosome-like
compartment, as part of class II antigen presentation by B cells.15

This feature of CD79 biology makes it a particularly attractive
target for the use of ADCs as antibodies against CD79 would thus
be delivered to these lysosomal compartments. This intracellular
CD79 trafficking should allow the use of more stable linkers, which
are generally less toxic, because the linker could be cleaved or the
antibody degraded in the MIIC, thus releasing the drug only in the
targeted cells. In this study, we describe the effective use of such
anti-CD79 ADCs with stable linkers in models of NHL.

Materials and methods

Antibodies

Protein for immunization of mice was generated by transient transfection of
vectors that express the Fc-tagged or His-tagged extracellular domains of
CD79a and CD79b in Chinese hamster ovary cells or 293T cells, and
antibodies were generated as previously described.16 An additional hybrid-
oma for anti-CD79b (SN8)17 was obtained from Ben Seon (Roswell Park
Cancer Institute, Buffalo, NY) and the antibody purified as previously
described.16 Control antibodies, anti-Her2 antibody trastuzumab and anti-
HIV gp120, were generated at Genentech. These control antibodies did not
bind any of the cell lines used in this study as assayed by flow cytometry.

Anti-CD79b (2F2) was used to generate a mouse-human chimeric
antibody. Total RNA was extracted from 2F2 hybridoma cells using a
Qiagen RNeasy Mini Kit (Valencia, CA) and the manufacturer’s suggested
protocol. Using the N-terminal amino acid sequences obtained for the light
and heavy chains of the 2F2 monoclonal antibody, polymerase chain
reaction primers specific for each chain were designed. Reverse primers for
reverse-transcription polymerase chain reaction were designed to match the
framework 4 of the gene family corresponding to the N-terminal sequence.
The amplified variable light chain was cloned into a pRK mammalian cell
expression vector containing the human kappa constant domain
(pRK.LPG3.HumanKappa; Genentech, South San Francisco, CA). The
amplified variable heavy chain was inserted into a pRK mammalian cell
expression vector encoding the full-length human IgG1 constant domain
(pRK.LPG4.HumanHC; Genentech) using sites for BsiWI and ApaI. The
plasmids were transiently transfected into Chinese hamster ovary cells and
the antibody proteins were purified from the transfected cell supernatants on
protein A columns; the identity of the purified proteins was confirmed by
N-terminal sequencing.

Production of antibody drug conjugates

Maleimidocaproyl–monomethylauristatin F (MC-MMAF) conjugates were
produced at Seattle Genetics, Inc (Bothell, WA) according to previously
published methods.18 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(MCC)-N(2�)-deacetyl-N(2�)-(3-mercapto-1-oxopropyl)-maytansine (DM1)
conjugates were prepared as follows. Purified antibody was buffer-
exchanged into a solution containing 50 mM potassium phosphate and
2 mM EDTA, pH 7.0. Succinimidyl-4-(N-maleimidomethyl)-cyclohexane-
1-carboxylate (SMCC, Pierce, Rockford, IL) was dissolved in dimethyl-
acetamide (DMA) and added to the antibody solution to make a final
SMCC/Ab molar ratio of 10:1. The reaction was allowed to proceed for 3
hours at room temperature with mixing. The MCC-modified antibody was
subsequently purified on a GE Healthcare HiTrap desalting column (G-25)
equilibrated in 35 mM sodium citrate with 150 mM NaCl and 2 mM EDTA,
pH 6.0. DM1, dissolved in DMA, was added to the MCC-antibody
preparation to give a molar ratio of DM1 to antibody of 10:1. The reaction
was allowed to proceed for 4 to 20 hours at room temperature with mixing.

The DM1-modified antibody solution was diafiltered with 20 volumes of
phosphate-buffered saline to remove unreacted DM1, sterile-filtered, and
stored at 4°C. Typically, a 40% to 60% yield of antibody was achieved
through this process. The preparation was usually greater than 95%
monomeric as assessed by gel filtration and laser light scattering. Because
DM1 has an absorption maximum at 252 nm, the amount of drug bound to
the antibody could be determined by differential absorption measurements at 252
and 280 nm. Typically, the drug to antibody ratio was between 2.5 and 4.5.
Although the linker after conjugation is MCC, these ADCs are described in other
publications as Antibody-SMCC-DM1,19,20 we describe them here as MCC-
linked ADCs to more accurately reflect the chemical structure.

Xenograft models

All animal studies were performed in compliance with NIH guidelines for the
care and use of laboratory animals and approved by the InstitutionalAnimal Care
and Use Committee at Genentech. Cells were washed and suspended in Hanks
Balanced Salt solution (Hyclone, Logan, UT) and 2 � 107 cells were inoculated
subcutaneously into the flank of each female CB17 ICR SCID mouse (6-8 weeks
of age; Charles Rivers Laboratories, Hollister, CA) in a volume of 0.2 mL. When
mean tumor size reached desired volume, the mice were divided into groups of
8 to 10 mice with the same mean tumor size and dosed intravenously via the tail
vein with ADCs or antibodies. In most cases the doses of ADC given to the mice
were measured as the mass of the conjugated cytotoxic small molecule drug. For
example, mice would be dosed with 100 �g antibody-linked DM1/kg mouse
(100 �g/kg), equivalent to 300 �g antibody-linked DM1/m2 (300 �g/m2). In
some cases the mice were dosed with constant mass of ADC; for example, 5 mg
of ADC/ kg mouse. In general, the drug loads on the antibodies in a given
experiment were close so these 2 measures were equivalent.

Flow cytometry analysis

For the comparison of CD79b expression on xenograft tumors and normal
B cells, recovered tumors were minced and put through a 30-�m cell
strainer (BD Biosciences, San Jose, CA) to achieve a single cell suspension.
The tumor cells, or peripheral blood, were subsequently prepared by the
standard density centrifugation over lymphocyte separation medium (MP
Biomedical, Aurora, OH). The resulting single-cell suspension was stained
with either a biotinylated isotype control (mouse IgG1) or biotinylated
anti-CD79b antibody, followed by streptavidin-APC mixed with anti-CD20-
FITC and 7-AAD. The mean fluorescent intensity of CD79b expression was
calculated from the CD20-positive 7-AAD–negative population. To follow
the expression of the BCR on treated xenograft tumors, a single-cell
suspension was prepared as described and then stained with either FITC-
conjugated antibody against CD79a or CD22 or IgM, in combination with
anti-CD20-APC and 7-AAD. The mean fluorescent intensity of the target
expression was calculated from the CD20-positive 7-AAD–negative population.

Bioluminescence imaging

The retroviral construct, pQCXIH.Luc, was generated by cloning the firefly
luciferase gene into the pQCXIH retroviral vector (Clontech, Mountain
View, CA). Retroviral production and infection were modified from
existing protocols.21,22 Briefly, Phoenix Ampho packaging cells (Orbigen,
San Diego, CA) were transfected with pQCXIH.Luc using calcium
phosphate. Viral supernatant was collected, supplemented with 10 �g/mL
polybrene, and added undiluted to BJAB cells in 6-well plates, which were
then centrifuged at room temperature at 300g for 45 minutes. Cells were
placed into a 32°C incubator for 11 hours to allow viral infection. This
procedure was repeated every 12 hours with fresh virus for 2 additional
times, followed by the addition of fresh medium and recovery for 48 hours
in a 37°C incubator before selection with 400 �g/mL hygromycin for
1 week. The pool of transfected cells was screened for stable luciferase
expression for 30 days before use in subsequent experiments.

BJAB-luc cells (5 � 106) were injected into the tail vein of female
CB17 ICR SCID mice and the mice were imaged weekly. Before image
acquisition, the tumor-bearing mice were anesthetized using isoflurane and
injected intraperitoneally with 200 mg/kg D-luciferin (Invitrogen, Carlsbad,
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CA). During image acquisition the mice were maintained on isoflurane by
nose cone, and body temperature was regulated using a warming pad.
Bioluminescence images were acquired using a cooled intensified charge-
coupled device camera. Image acquisition times varied according to signal
intensity but were typically less than 1 second for the control group, with
longer integration times used for the treatment group to rule out the
possibility of missing a weak signal. Tumors were localized by overlaying a
reference image of the mouse with the bioluminescence data image. Images
were quantitated using Image J version 1.37 (developed at the U.S. National
Institutes of Health and available online at http://rsb.info.nih.gov/nih-image/)
by evaluating pixel intensities in the bioluminescence data image, applying
an appropriate background correction and scaling the resulting values to
account for variations in acquisition time and camera settings to give a
mean intensity in relative light units that was representative of total disease
burden. This approach has been validated by pathology and magnetic
resonance imaging MRI (data not shown) for other comparable models.
Analysis of bioluminescence imaging (BLI) data was performed as follows:
Mean relative light units values from each animal image were transformed
to the base-10 logarithmic scale for statistical analysis to make the
animal-to-animal variability more consistent across groups and time points.
For the treatment group, the change in log10 (relative light units) between
adjacent time points was analyzed using paired-sample t tests. The
between-group comparisons did not assume equal variance across groups.
The P values reported were not adjusted for multiple comparisons.

Immunohistochemistry

BJAB-luc xenograft tumors were collected and immediately placed in
optimal cutting temperature (Sakura, Torrance, CA) medium and snap-
frozen; 5-�m-thick sections were cut on a cryostat (Leica, Bannockburn,
IL), collected on SuperFrost Plus slides (VWR, West Chester, PA), and
fixed in acetone for 5 minutes. Sections were blocked for 30 minutes in 10%
normal donkey serum, 1% bovine serum albumin in Tris-buffered saline
containing 0.05% Tween 20 (Dako, Glostrup, Denmark). Primary antibod-
ies used were fluorescein-conjugated donkey antihuman IgM and Cy3-
conjugated goat antimouse IgG (Fc�-specific; Jackson Immunoresearch,
West Grove, PA). Sections were incubated with a mixture of the
2 antibodies for 1 hour, washed with Tris-buffered saline containing 0.05%
Tween 20, counterstained with 4�,6-diamidino-2-phenylindole (DAPI;
Invitrogen) and coverslipped with ProLong Gold antifade (Invitrogen).
Slides were viewed on an Olympus BX-51 microscope equipped with
DAPI/FITC/TRITC filter sets and with 20� UPlan Fluor (numerical
aperture 0.75) or 100� UPlan Fluor (numerical aperture 1.4) objectives.
Images were acquired using a Hamamatsu ORCA charge-coupled device
camera driven by MetaMorph software (Molecular Devices, Sunnyvale,
CA). Identical camera settings were used for acquisition of images taken in
each fluorescence channel to allow comparison of staining intensities
between different treatment groups. Individual images were assembled in
Adobe Photoshop CS software (Mountain View, CA).

Internalization studies

Ramos cells were incubated for 3 hours at 37°C with 1 �g/mL anti-CD79b:
SN8, FcR block (Miltenyi, Auburn, CA) and 25 �g/mL Alexa647-
Transferrin (Invitrogen) in complete carbonate-free medium (Invitrogen)

and in the presence of 10 �g/mL leupeptin (Roche, Indianapolis, IN) and
5 �M pepstatin (Roche) to inhibit lysosomal degradation. Where indicated,
20 �g/mL brefeldin A (BioMol, Plymouth Meeting, PA) was added during
the last 15 minutes of incubation. Cells were then washed twice, fixed with
3% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA),
quenched with 50 mM NH4Cl (Sigma, St Louis, MO), permeabilized with
0.4% Saponin/2% fetal bovine serum/1% bovine serum albumin, then
incubated with 1 �g/mL Cy3 antimouse (Jackson Immunoresearch). After
blocking with excess mouse IgG (Invitrogen), cells were incubated with
Image-iT FX Signal Enhancer (Invitrogen) followed by Zenon Alexa488-
labeled mouse anti-LAMP1 (BD Biosciences) and postfixation with 3%
paraformaldehyde. Cells were resuspended in 20 �L buffer and allowed to
adhere to poly-lysine (Sigma) coated slides before mounting a coverglass
with DAPI-containing VectaShield (Vector Laboratories, Burlingame, CA).
Slides were viewed by epifluorescence microscopy with a DeltaVision RT
Restoration Imaging System (Applied Precision, Issaquah, WA) equipped
with DAPI/FITC/Cy3/Cy5 filters, using a 100� Olympus UplanoApo oil
objective (numerical aperture 1.35) and images were captured at room
temperature with a Photometrics (Tucson, AZ) CH350 charge-coupled
device camera powered by SoftWorx (version 3.4.4; Applied Precision)
software. Images were assembled in Adobe Photoshop CS and gamma
levels were adjusted for optimal contrast where appropriate.

For immunofluorescence of the MIIC, cells were fixed, permeabilized,
and enhanced as above, then costained with zenon-labeled Alexa555-
HLA-DM (BD Biosciences) and Alexa488-LAMP1 in the presence of
excess mouse IgG per the manufacturer’s instructions (Invitrogen).

Results

Anti-CD79b ADCs show target-dependent killing in vitro

We sought to test our hypothesis that CD79 would make a good
target for ADCs by testing the effectiveness of 2 different ADC
formats whose linkers are stable, such that active metabolite is the
cytotoxic drug linked to the conjugating amino acid.18,19 One
format was the maytansinoid DM1 linked to the antibody through
the �-amino group of lysine using the thioester linker MCC.19 If
targeted to the lysosome, MCC-DM1 ADCs can release lysine-N�-
DM1, which is an effective antimitotic agent within the cell.
However, once released from the cell, lysine-N�-DM1 is relatively
nontoxic.19 We also tested the dolastatin-10 derivative MMAF
linked to antibody cysteines with a cleavage-resistant MC linker,
which on trafficking to the lysosome and degradation releases
cysteine-MC-MMAF.18 Both cytotoxic drugs are mitotic inhibitors
that are at least 100-fold more cytotoxic than the vinca alkaloid
mitotic inhibitors used in chemotherapeutic treatments of NHLs.18,19

We tested the efficacy of these linker drug formats in vitro using
the anti-CD79b antibody SN8. All the cell lines tested had a similar
sensitivity to free cytotoxic drug (Table 1). The cell lines were less
sensitive to free MMAF than to free DM1 because MMAF is
relatively membrane impermeable at neutral pH. However, MMAF

Table 1. In vitro sensitivity of lymphoid cell lines to free drug and ADC

IC50, nM

BJAB-luc SU-DHL-4 DoHH2 Granta-519 Ramos Jurkat

L-DM1 0.89 (0.08) 1.73 (0.06) 0.15 (0.007) 0.35 (0.01) 0.24 (0.16) 0.49 (0.084)

MMAE 0.53 (0.007) 0.66 (0.006) 0.45 (0.08) 0.36 (0.001) 0.31 (0.02) 0.44 (0.13)

MMAF 60.9 (4.03) 99.4 (3.7) 46.0 (9.16) 43.9 (2.6) 43.22 (6.7) 53.7 (4.31)

anti-CD79 (SN8)-MC-MMAF* 6.84 (0.59) 1.85 (0.08) 1.56 (0.13) 10.38 (0.35) 0.34 (0.02) �200

anti-CD79 (SN8)-MCC-DM1* 9.65 (0.01) 3.96 (0.30) 10.35 (3.61) 10.51 (0.12) 1.00 (0.14) 63.3 (0.90)

Numbers in parentheses represent standard deviation of quadruplicate assays.
*Concentration of ADC given as the concentration of the conjugated cytotoxic.
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is extremely potent once inside the cell18 and all of the cell lines
were as sensitive to monomethylauristatin E, a very similar drug
that is membrane-permeable, as they were to DM1 (Table 1).23

Anti-CD79b(SN8)-MCC-DM1 and anti-CD79b(SN8)-MC-MMAF
effectively killed 5 NHL cell lines (BJAB-luc, SU-DHL-4, DoHH2,
Granta-519, and Ramos), which are CD79-positive, with IC50s
ranging from 0.34 to 10.5 nM, but not Jurkat cells (a T-cell line) or
Raji cells (an NHL cell line), which do not express CD79 (Table 1,
data not shown). These data indicate that the killing seen with the
anti-CD79b ADC is target-dependent. Higher concentrations of
anti-CD79b(SN8)-MCC-DM1 caused some cell killing of the
control cells, but the amount of cell killing corresponded to the
amount of killing expected from the approximately 1% of free drug
in the anti-CD79b(SN8)-MCC-DM1 preparation (Table 1; data not
shown). We also tested the unconjugated anti-CD79b and observed
no or minimal effect on cell viability up to 5 �g/mL in our in vitro
assays (data not shown). Cell killing by the unconjugated anti-
CD79b was a possibility because cross-linking of the BCR can
cause apoptosis in some cell lines, although previous reports
suggest that anti-CD79 antibodies do not elicit the same levels of
signaling and apoptosis as anti-Ig antibodies.24-26

Anti-CD79 ADCs are effective in multiple xenograft models

To test if the anti-CD79b ADCs had therapeutic potential in
vivo, we tested the efficacy of anti-CD79b(SN8)-MCC-DM1
and anti-CD79b(SN8)-MMAF in 3 xenograft models representa-
tive of different types of NHL. The cell lines used in the
xenografts contained the canonical translocation associated with
the type of NHL. The Burkitt lymphoma cell line BJAB contains
the t(2;8)(p12;q24) translocation resulting in the overexpression
of myc; the mantle cell lymphoma cell line Granta-519 contains

the t(11;14)(q13;q32) translocation resulting in the overexpression
of cyclin D1 (BCL1); and the follicular lymphoma cell line DoHH2
contains the t(14;18)(q32;q21) translocation resulting in the overex-
pression of Bcl-2.27 The BJAB tumors proved the most responsive
to the anti-CD79b ADCs (Figure 1A), followed by DoHH2 (Figure
1C), with Granta-519 tumors (Figure 1B) being the least respon-
sive. Remarkably, a single dose of either anti-CD79b-MC-MMAF
or anti-CD79b-MCC-DM1 ADCs resulted in tumor regression or
complete remission in all of the tumor models. Interestingly, the
MC-MMAF and MCC-DM1 ADCs showed similar efficacies
regardless of the cell line used, which is unexpected because the
linker and drug chemistries are different. The unconjugated anti-
body had no or minimal effect in our xenograft models with the
exception of DoHH2 xenografts where we observed significant but
modest activity (Figure 1A-C).

To determine whether the levels of CD79b expression in vivo
could explain the differences in response, we excised each type
of xenograft tumor from untreated mice and compared expres-
sion levels by flow cytometry. BJAB and Granta-519 cells had
similar and much lower amounts of surface CD79b than DoHH2
cells, indicating that the difference in response did not correlate
with CD79b expression levels (Figure 1D). In addition, the
ability of the cell lines to respond to the anti-CD79b ADCs in the
xenograft models did not correspond to the in vitro sensitivity of
a given cell line to free drug or anti-CD79b ADCs (Figure 1;
Table 1).

Anti-CD79b ADCs are more effective than anti-CD79a
ADCs in vivo

The results with ADCs of the anti-CD79b antibody clone SN8
validated CD79b as a target for ADCs in the treatment of B-cell
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Figure 1. Anti-CD79b ADCs with stable linkers re-
gress tumors in multiple xenograft models. (A) The
xenograft tumors of BJAB cells were allowed to grow to
an average of 200 mm3 and then given a single dose
intravenously of 50 �g or 16.6 �g of antibody-linked
DM1 or MMAF/kg mouse. Unconjugated antibodies
were dosed at 3.4 mg antibody/kg, equivalent to the
highest amount of conjugated antibody. (B) Granta519
or (C) DoHH2 cell lines were treated as in panel A except
that the drug doses were 100 �g or 33.3 �g conjugated
DM1 or MMAF/kg mouse and the unconjugated anti-
body was dosed at 6.8 mg antibody/kg mouse. (D) The
levels of surface CD79b expression on dissociated
xenograft tumor cells and normal B cells as assayed by
flow cytometry.
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cancers. We then asked if other anti-CD79 antibodies might be
more efficacious. We used Fc or His fusion proteins of the
extracellular portion of CD79a and CD79b to generate monoclonal
antibodies against these molecules. One anti-CD79b antibody
(2F2) and 3 CD79a antibodies (7H7, 15E4, and 16C11) strongly
bound surface CD79 on B cells in flow cytometry assays and were
selected for further analysis. We tested MCC-DM1 conjugates of
these antibodies alongside anti-CD79b (SN8) in the BJAB xeno-
graft model (Figure 2) at a suboptimal dose designed to distinguish
the ADCs. Each of the anti-CD79 ADCs was effective in slowing
tumor growth, but only the 2 anti-CD79b antibodies (SN8 and 2F2)
caused tumor regression. The relative efficacy of the ADCs did not
correlate with the affinity of the antibodies as all 3 anti-CD79a
antibodies bound cells with higher affinity than anti-CD79b (2F2)
as assayed by cell-based enzyme-linked immunosorbent assay
(data not shown). These data suggest that CD79b is a better target

for ADCs than CD79a, although the reasons for this are unclear.
The cell surface copy number is unlikely to be the reason because
CD79 is an obligate heterodimer.

Anti-CD79b-MCC-DM1 can completely regress subcutaneous
and disseminated xenograft tumors

As a higher bar test for efficacy that would be more representative
of human disease, we also examined anti-CD79b-MCC-DM1
treatment in a disseminated tumor model comprising BJAB cells
stably expressing luciferase intravenously administered to SCID
mice (Figure 3A-C). On day 9 after cell injection, the mice were
divided into 2 comparable groups of 8 animals based on established
tumor lesions as evaluated by bioluminescence signal and then
treated with ADC the next day. The treatment regimen consisted of
2 doses 1 week apart of 5 mg/kg of either control ADC trastuzumab-
MCC-DM1 or anti-CD79b(SN8)-MCC-DM1.

After 1 week of treatment (day 16), the average signal in the
anti-CD79b-MCC-DM1 group was reduced by approximately
18-fold compared with pretreatment (P 	 .001) with a 125-fold
ratio (P 	 .001) between the trastuzumab-MCC-DM1 control
group and the anti-CD79b-MCC-DM1 group signals. Signals from
all 8 animals in the anti-CD79b-MCC-DM1 group remained
suppressed relative to their pretreatment baselines until the final
images were taken on day 72, with the exception of one mouse that
showed a small tumor burden localized to a lymph node as
evaluated by bioluminescence imaging on day 30. The signal
increased until the animal was euthanized on day 98 (Figure
3A,3C). The other 7 mice remained healthy until the end of the
study on day 152. Mice in the control group had to be euthanized on
day 16, day 21 (2 mice), day 23, day 24 (2 mice), day 25, and day
29 because of hind leg paralysis. The difference in survival of the
2 groups (Figure 3A) had a log-ranked P less than .001.

In a separate experiment designed to elicit complete tumor regres-
sion, mice bearing BJAB-luc subcutaneous tumors grown to 200 mm3

before treatment received 3 (as opposed to the single dose used in the
previous subcutaneous experiments) weekly doses of 79 �g antibody-
linked drug/kg (
5 mg/kg) anti-CD79b(SN8)-MCC-DM1, which
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Figure 2. Both anti-CD79a and anti-CD79b ADCs are effective in vivo. BJAB-luc
cells (2 � 106) were injected into the flanks of CB17 ICR SCID mice and tumors
allowed to grow to an average of 150 mm3. Groups of 9 mice were treated with a
single intravenous dose of 64 �g of antibody-linked drug/kg mouse as indicated.

Figure 3. Anti-CD79b-MCC-DM1 can completely regress
subcutaneous and disseminated xenograft tumors. Anti-
CD79b-MCC-DM1 causes tumor regression in a dissemi-
nated tumor model of NHL. Mice were injected intrave-
nously via tail vein with 5 � 106 BJAB-luc cells and grouped
into 2 even groups based on tumor burden as evaluated by
BLI 9 days after cell injection and treated 2 times 1 week
apart with 5 mg ADC/kg mouse (99 �g conjugated DM1/kg
mouse) anti-CD79b(SN8)-MCC-DM1 or 5 mg ADC/kg
mouse (108 �g conjugated DM1/kg mouse) trastuzumab-
MCC-DM1. Tumor burden was evaluated by weekly BLI
and mice were euthanized if they became moribund.
(A) Kaplan-Meier survival plot of the treated mice. (B)
Representative bioluminescence images showing disease
progression in a trastuzumab-MCC-DM1 and an anti-
CD79b-MCC-DM1 treated mouse. (C) Quantitation of mean
bioluminescence intensity for individual animals over time
for treatment and control groups. The plot shows variation
in signal normalized to the signal intensity just before the
start of treatment (day 9). (D) Anti-CD79b-MCC-DM1 can
be curative in xenograft models. Growth curves for subcuta-
neously implanted BJAB cells. Cells were allowed to grow
to an average of 200 mm3 and then given 3 weekly doses
intravenous of 79 �g antibody linked drug/kg (
5 mg/kg)
anti-CD79b(SN8)-MCC-DM1 or trastuzumab-MCC-DM1,
or 10 mg/kg trastuzumab.
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completely eliminated these tumors as evaluated by caliper measure-
ment. Mice were monitored for 80 days after the final treatment
dose and the tumors did not recur and all 10 mice remained healthy
(Figure 3D). Control mice treated with trastuzumab-MCC-DM1
were euthanized 14 days after the first treatment because of an
excessive tumor burden.

Anti-CD79b is internalized and specifically targeted to the
lysosome-like compartment MIIC

We hypothesized that anti-CD79b ADCs cross-link the BCR,
causing the internalization of the BCR and delivery of the
BCR–ADC complex to the lysosome-like MIIC compartment,
where the ADC would be degraded, releasing the cytotoxic drug
and/or active metabolite(s) thereof. To test this idea, we asked if the
BCR was downregulated on the surface of tumor cells treated with
anti-CD79b antibodies or ADCs. Subcutaneous BJAB tumors were
allowed to grow to 450 mm3 and treated with anti-CD79b,
anti-CD79b ADCs, control antibodies, or control ADCs (Figure
4A). Two days after drug treatment, tumors were excised from 2 of
the mice in each group and the surface expression of the BCR was
examined by flow cytometry. Surface expression of CD79a and
sIgM were substantially lower in the tumors treated with anti-
CD79b antibodies or anti-CD79b ADC compared with tumors
treated with control antibodies or ADCs. In contrast, the expression
of CD22, another cell surface marker, remained the same regard-
less of the treatment (Figure 4B-D). Interestingly, the flow cytom-
etry analyses of the anti-CD79b antibody and ADC-treated tumors
stained for CD79a or IgM showed a single population, suggesting
that all the cells in the tumor were exposed to the antibody or ADC,
respectively (data not shown). Immunostaining of portions of these
same control (anti-gp120) ADC and the anti-CD79b ADC-treated
tumors for mouse IgG (to detect ADC) and IgM (to detect the BCR)
also showed that the antibody penetrated the entire tumor, although
surface IgM was internalized only in the anti-CD79b ADC-treated
tumors (Figure 5A-B, Figure S1, available on the Blood website;
see the Supplemental Figures link at the top of the online article).
This is consistent with the flow cytometry data described, showing
a homogenous downregulation of the IgM and CD79a on the
surface of anti-CD79b ADC-treated tumor cells in vivo.

To examine the trafficking of the anti-CD79b antibodies in more
detail, we looked at localization of antibody after uptake in vitro.
All the anti-CD79 antibodies were rapidly internalized within
20 minutes in several CD79-positive cell lines, including BJAB,
Ramos, and Daudi (data not shown). Uptake was specific because
no signal was detected with an isotype control in these cell lines or
with anti-CD79b(SN8) in CD79-negative Raji cells (data not
shown). To determine where anti-CD79 antibodies were trafficked,
we focused on Ramos because these cells have more spatially
separated MIIC/lysosomes and recycling endosomes. Labeling of
the MIIC compartment with anti-HLA-DM yielded relatively weak
staining, which colocalized perfectly with the brighter lysosomal
marker anti-LAMP1 (Figure S2A-C), as would be expected from
previously published work;28 thus the latter was used for further
analyses. Anti-CD79b(SN8) started to colocalize with LAMP1
after 1-hour uptake and had significantly accumulated in this
compartment by 3 hours (Figure 5C), mostly distinct from the
recycling marker transferrin (Figure 5D). This distinction was even
more obvious after a 15-minute treatment with brefeldin A, which
collapses the recycling endosomes, but not SN8 or LAMP1, into a
compact perinuclear pattern29 (Figure 5E,5F). Thus, anti-CD79b
(SN8) is rapidly and efficiently targeted to the MIIC, where it has
the potential to be degraded, releasing the active metabolites of the
conjugated cytotoxic drugs.

Discussion

The data presented here implicate CD79b as an excellent
potential target for ADCs for the treatment of NHL. There are
several encouraging aspects to our findings, including the
effectiveness of anti-CD79b ADCs at relatively low and infre-
quent doses. Our data showed that a single dose of anti-CD79b-
MC-MMAF or anti-CD79b-MCC-DM1 at just 100 �g/kg (cyto-
toxic drug) could regress or eliminate xenograft tumors of
3 different types of NHL (Figure 3). In addition, 2 doses of 99
�g conjugated DM1/kg mouse anti-CD79b (SN8)-MCC-DM1
could eliminate disseminated BJAB tumors in 7 of 8 animals
treated. Target-independent toxicity studies in rats suggest that
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Figure 4. The BCR is downregulated in xenograft
tumors treated with anti-CD79b ADCs. The xenograft
tumors of BJAB-luc cells were allowed to grow to an
average of 450 mm3 and then given a single dose
intravenous ADC equivalent to 66.6 �g of conjugated
DM1/kg mouse or unconjugated antibody at 4.5 mg
antibody/kg, equivalent to the highest amount of conju-
gated antibody. After 48 hours tumors from 2 mice in each
group were removed and analyzed by flow cytometry for
surface IgM, CD79a, and CD22. (A) Plot of tumor vol-
umes for the treated mice. Plot of the average mean
fluorescence intensity of the tumors from each group for
(B) IgM, (C) CD79a, and (D) CD22.
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MC-MMAF antibody conjugates can be dosed up to 90 mg/kg
without obvious toxicity,18 which is particularly encouraging
because the doses used in our xenograft efficacy studies in mice
corresponds to only 1-6 mg/kg. Assuming that targeting the
ADCs to CD79b does not greatly increase the toxicity, these
data suggest that anti-CD79b-MC-MMAF and anti-CD79b-MCC-
DM1 have the potential for an excellent therapeutic window.
Unfortunately, our antibodies do not cross-react with mouse or
rat CD79b to enable us to test this directly.

CMC-544 (inotuzumab ozogamicin), which is an anti-CD22
antibody conjugated through an acid-labile linker to N-acetyl
gamma calicheamicin dimethyl hydrazide (calichDMH), has shown
promising results in Phase 1 clinical trials for the treatment of
NHL.30 The efficacy we observe compares favorably to CMC-544;
3 doses 4 days apart of 160 �g conjugated calichDMH/kg mouse
will completely regress a subcutaneous xenograft Burkitt lym-
phoma model.31,32 If the stable-linker ADCs fulfill their early
promise of greater safety, the results presented here suggest that
anti-CD79b-MC-MMAF and anti-CD79b-MCC-DM1, or other
stable-linker ADC directed to CD79b, could potentially have an
even greater therapeutic window.

The efficacy observed with anti-CD79bADCs did not correlate with
surface expression levels of CD79 (Figure 1), or in vitro sensitivity to
free drug or ADCs (Table 1). BJAB and Granta cell xenograft tumors
were responsive to the conjugates, despite having surface expression
levels of CD79b much lower than found on normal B cells (Figure 1D).
Previously published data suggest that the surface expression level of
CD79b on follicular lymphoma and diffuse large B-cell lymphoma cells
is near or slightly lower than on normal B cells but with a much broader
range of expression levels.11,12 Our data suggest that the surface copy
number of CD79b on most NHLs will not be a limiting factor for the
efficacy of these ADCs (Figure 1).

Recent publications have suggested that linker-drug combina-
tions such as MC-MMAF and MCC-DM1, which are stable to

the point where the active metabolite is the cytotoxic drug
linked to the conjugating amino acid, have the potential to be
very safe but must be targeted to the lysosome to be effec-
tive.18,19 This observation was part of our rationale for choosing
CD79 as a target for ADCs for NHL. Our hypothesis was that
anti-CD79b antibodies would be internalized on BCR cross-
linking, and be targeted to the MIIC compartment, where the
drug could be released. The work described here supports and
validates this hypothesis by showing both downregulation of
surface BCR on xenograft tumors on exposure to anti-CD79b
antibodies or ADCs in vivo, and targeting of the antibodies to
the MIIC/lysosome in vitro (Figures 4,5,S1,S2). In addition, we
found that ADCs with stable linkers targeted to other equally
abundant B-cell-specific targets that are not targeted to the MIIC
(eg, CD21, CD20) are not effective in xenograft models of NHL
(Polson et al, manuscript in preparation).

An encouraging aspect of the data presented in this study is that
DoHH2 cells, which contain the t(14;18)(q32;q21) translocation
and, as a result, overexpress the apoptosis inhibitor Bcl2,33 are also
responsive to ADC treatment. The observation that unconjugated
anti-CD79b can inhibit tumor growth of DoHH2 cells in vivo
(Figure 1C) suggests under some circumstances antibody directed
cell cytotoxicity, complement directed cytotoxicity, or apoptosis
triggered by CD79 signaling could be contributing to the in vivo
efficacy of the ADC. In sum, these data suggest that CD79b ADCs
could be effective against follicular lymphoma despite the overexpres-
sion of Bcl2 characteristic of these tumors, and that anti-CD79b-ADCs
can probably eliminate tumor cells through multiple mechanisms.

CD79 was considered as a target for antibody therapy when it
was first discovered.24,26,34,35 At the time the interest was ignited by
the efficacy in treating NHL by targeting the BCR with anti-
idiotype antibodies that appeared to affect tumor cells through
some combination of triggering apoptosis, antibody directed cell
cytotoxicity, and complement directed cytotoxicity. However, the

Figure 5. Anti-CD79b antibodies are targeted to the MIIC. Binding and internalization of anti-CD79b antibodies and ADCs in vivo and in vitro. BJAB-luc xenografts were
treated with a control mouse anti-gp120-MCC-DM1 conjugate (A) or anti-CD79b(SN8)-MCC-DM1 conjugate (B). Frozen tissue sections were stained with antibodies to human
IgM (green) and murine IgG (red); nuclei were counterstained with DAPI (blue). In control-treated xenografts (A), BJAB-luc cells show membrane staining for hIgM; mIgG was
clearly detected within the tumor but was not colocalized with hIgM (inset). By contrast, in tumors treated with anti-CD79b(SN8)-MCC-DM1 (B), very few cells were positive for
IgM; those that were positive showed colocalization of IgM and the murine IgG in a punctate pattern, consistent with the internalization of the ADC conjugate in these cells
(inset). Note the reduced and pyknotic DAPI staining compared with panel A, caused by ADC-mediated cell killing. (C and D) In vitro, Ramos cells were allowed to internalize
anti-CD79b(SN8) antibody and Alexa647-transferrin for 3 hours at 37°C in the presence of lysosomal protease inhibitors, then fixed, permeabilized, and stained with
Cy3-conjugated anti-mouse antibody. Uptaken anti-CD79b(SN8) (red channel in panels C and D) is efficiently delivered to lysosomes, as shown by its extensive colocalization
(yellow color) with the lysosomal marker anti-LAMP1 (Alexa488-labeled, green channel in panel C). There is much less yellow overlap with Alexa647-transferrin (shown in the
green channel in panel D for ease of comparison with panel C). (E,F) Cells were labeled as in panels C and D, respectively, except 20 �g/mL brefeldin A was added during the
last 15 minutes of uptake to further distinguish recycling endosomes from lysosomes, confirming that uptaken anti-CD79b(SN8) is delivered to lysosomes. The image shown is
representative of 7 independent experiments. Scale bar � 20 �m in panels C-E and insets in panels A-B, and 100 �m in main panels A-B.
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antibodies have to be made to individual tumors idiotypes,
rendering this an impractical therapeutic strategy.36,37 It was
suggested that anti-CD79 antibodies could do the same thing for
any potential patient. As shown in this study, unconjugated
anti-CD79 antibodies are not effective under most circumstances;
however, arming the antibodies with cytotoxic drugs could fulfill
the promise of CD79 as a target for antibody therapy.
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