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the therapy of B-cell lymphomas
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Interferon-a (IFN-«) has direct inhibitory
effects on some tumors and is a potent
stimulator of both the innate and adaptive
immune systems. A tumor-targeting
antibody-IFN-a conjugate (mAb-IFN-«)
could kill by direct actions of the monoclo-
nal antibody (mAb) and IFN-a on tumor
cells and also potentiate a tumor-directed
immune response. The modular Dock-
and-Lock method (DNL) was used to gen-
erate 20-2b, the firstimmunocytokine hav-
ing 4 cytokine (IFN-a2b) groups that are
fused to the humanized anti-CD20 mAb,

veltuzumab. Additional mAb-IFN-a con-
structs, each retaining potent IFN-a2b
biologic activity, also were produced by
DNL. The 20-2b shows enhanced antibody-
dependent cellular cytotoxicity compared
with veltuzumab but lacks complement-
dependent cytotoxicity. The 20-2b inhib-
its in vitro proliferation of ymphoma cells
and depletes them from whole human
blood more potently than the combina-
tion of veltuzumab and a nontargeting,
irrelevant, mAb-IFN-«. The 20-2b demon-
strated superior therapeutic efficacy com-

pared with veltuzumab or nontargeting
mAb-IFN-a in 3 human lymphoma xeno-
graft models, even though mouse im-
mune cells respond poorly to human IFN-
«2b. Targeting IFN-a with an anti-CD20
mAb makes the immunocytokine more
potent than either agent alone. These
findings suggest that 20-2b merits clini-
cal evaluation as a new candidate antilym-
phoma therapeutic. (Blood. 2009;114:
3864-3871)

Introduction

Multiple studies have shown that interferon-a (IFN-«) can have
antitumor activity in both animal models'-* and cancer patients.*
IFN-a can exert a variety of direct antitumor effects, including
down-regulation of oncogenes, up-regulation of tumor suppressors,
enhancement of immune recognition via increased expression of
tumor surface major histocompatibility complex class I proteins,
potentiation of apoptosis, and sensitization to chemotherapeutic
agents.”® For some tumors, IFN-a can have a direct and potent
antiproliferative effect through activation of STAT1.'% Indirectly,
IFN-a can inhibit angiogenesis!! and stimulate host immune cells,
which may be vital to the overall antitumor response but has been
largely underappreciated.'? IFN-a has a pleiotropic influence on
immune responses through effects on myeloid cells,!314 T cells, 10
and B cells.'”” As an important modulator of the innate immune
system, IFN-a induces the rapid differentiation and activation of
dendritic cells'®20 and enhances the cytotoxicity, migration, cyto-
kine production, and antibody-dependent cellular cytotoxicity
(ADCC) of natural killer (NK) cells.?!22

The promise of IFN-« as a cancer therapeutic has been hindered
primarily because of its short circulating half-life (t;,) and
systemic toxicity. PEGylated forms of IFN-a2 display increased
circulation time, which augments their biologic efficacy.?*>* Fusion
of IFN-a to a monoclonal antibody (mAb) can provide similar
benefits as PEGylation, including reduced renal clearance, im-
proved solubility and stability, and markedly increased circulating
t. The immediate clinical benefit of this is less frequent and lower
doses, allowing prolonged therapeutic concentrations. Targeting
IFN-a to tumors using mAbs to a tumor-associated antigen can
significantly increase its tumor accretion and retention while

limiting its systemic concentration, thereby increasing the therapeu-
tic index. Increased tumor concentrations of IFN-a can augment its
direct antiproliferative, apoptotic, and antiangiogenic activity, as
well as prime and focus an antitumor immune response. Indeed,
studies in mice using syngeneic murine IFN-a—secreting transgenic
tumors demonstrated an enhanced immune response elicited by a
localized concentration of IFN-a..?

CD20 is an attractive candidate tumor-associated antigen for the
therapy of B-cell lymphomas using a mAb-IFN-a conjugate
(mADb-IFN-a). Anti-CD20 immunotherapy with rituximab is one of
the most successful therapies against lymphoma with relatively low
toxicity.2® Because rituximab is a chimeric antibody that can show
immunogenicity in some patient populations and has considerably
long infusion times for the initial administration,?” we chose the
humanized mAb, veltuzumab (v-mab),? for CD20 targeting.

Combination therapies with rituximab and IFN-a currently
under clinical evaluation have shown improved efficacy over
rituximab alone.?*3° These studies demonstrate both advantages of
this combination and drawbacks associated with IFN-a. In addition
to weekly infusions with rituximab, patients are typically adminis-
tered IFN-a 3 times per week for months and have the flu-like
symptoms common to IFN-a therapy, which limit the tolerable
dose. An anti-CD20 mAb-IFN-a conjugate could allow the less
frequent administration of a single agent at a lower dose, limit or
eliminate side effects, and may result in far superior efficacy.

For this study, mAb-IFN-a immunocytokines comprising 4 [FN-
a2b groups were prepared using the dock-and-lock (DNL) method,’!
which has been shown to generate stable and defined conjugates
suitable for in vivo applications®>3%; 20-2b, a CD20-targeting
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mADb-IFN-a, was found to be a superior antilymphoma agent to
either v-mab or a nontargeting mAb-IFN-« using in vitro prolifera-
tion, ex vivo lymphoma cell depletion, and in vivo therapy studies.

Methods

Antibodies and reagents

Humanized antibodies (provided by Immunomedics Inc) included v-mab
(anti-CD20 IgG), epratuzumab (anti-CD22 1gG,), and h734 [anti-In-DTPA
(indium diethylene triamine pentaacetic acid) IgG;]. PEGASYS (Peginter-
feron alph-2a, Hoffmann-La Roche) and PEG-Intron (Peginterferon alph-2b,
Schering Corp) were used as controls for various studies.

mADb-IFN-« constructs

The 20-2b was produced by DNL via the combination of 2 DNL modules,
Cy3-AD2-1gG-v-mab and IFN-a2b-DDD2, which were each expressed in
Sp/ESF cells. Additional DNL-generated mAb-IFN-a constructs, of similar
design as 20-2b (humanized IgG; plus 4 IFN-a2b) but with different
targeting mAbs, were used as controls in several experiments (Table 1):
22-2b has Cy3-AD2-IgG-e-mab (epratuzumab) as its AD2 module, which is
directed against CD22 and binds lymphoma; 734-2b has Cy3-AD2-IgG-
h734 as its AD2 module, which is directed against the hapten, In-DTPA, and
does not bind to any animal proteins or tissues; and R1-2b uses Cy3-AD2-
IgG-hR1, which binds human insulin-like growth factor 1 receptor.
Methods used in the production of the DNL modules and generation of
20-2b are provided as supplemental methods (available on the Blood
website; see the Supplemental Materials link at the top of the online article).

Analytical methods

Protein concentrations of IFN-« constructs were measured using a commer-
cial human IFN-a2 enzyme-linked immunosorbent assay (ELISA) kit
following the manufacturer’s suggested protocol (PBL Interferon Source)
and confirmed by size-exclusion high-performance liquid chromatography
(SE-HPLC) performed on a Beckman System Gold Model 116 with a
Bio-Sil SEC 250 column (Bio-Rad) and 0.04 M phosphate-buffered saline
(PBS), pH 6.8, 1 mM ethylenediaminetetraacetic acid as the mobile phase.
Reducing and nonreducing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis analyses were performed using 4% to 20% gradient
Tris-glycine gels (Cambrex Bio Science). All colorimetric (ELISA and in
vitro proliferation), luminescence (reporter), and fluorometric (complement-
dependent cytotoxicity [CDC] and ADCC) assays were quantified with an
EnVision 2100 Multilabel Plate Reader (PerkinElmer Life and Analytical
Sciences).

Cell binding

The 20-2b, v-mab, and h734 were labeled with phycoerythrin using a Zenon
R-phycoerythrin human IgG labeling kit following the manufacturer’s
protocol (Invitrogen). Raji cells were incubated with the phycoerythrin
mAbs (0.33 nM) at room temperature for 30 minutes, washed with 1%
bovine serum albumin (BSA)-PBS, and binding was measured by flow
cytometry on a Guava PCA using GuavaExpress software (Millipore).

IFN-« activity measurements

IFN-a2b specific activities were determined using the ilLite Human
Interferon Alpha Cell-Based Assay Kit following the manufacturer’s

Table 1. mAb-IFN-a conjugates
Cu3-AD2-19G module

Binding specificity

20-2b Cu3-AD2-1gG-v-mab CD20
22-2b Cy3-AD2-1gG-e-mab CDh22
734-2b Cy3-AD2-1gG-h734 In-DTPA
1R-2b Cu3-AD2-1gG-hR1 IGF-1R
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suggested protocol (PBL Interferon Source). PEGASYS and mAb-IFN-a
constructs were diluted to 10, 2.5, and 0.625 ng/mL in 1% BSA-PBS.
PEG-Intron was diluted to 1, 0.25, and 0.0625 ng/mL. Each dilution was
assayed in triplicate with overnight incubation with the supplied cells.
Specific activities were extrapolated from a standard curve generated with
the supplied standard. Antiviral activities were determined with an in vitro
viral challenge assay using encephalomyocarditis virus on A549 cells by an
independent analytical laboratory (PBL Interferon Source).

In vitro proliferation

Daudi or Jeko-1 were plated at 5000 cells/well in 96-well plates and
incubated at 37°C for 4 (Daudi) or 5 (Jeko-1) days in the presence of
increasing concentrations of the indicated agents. Viable cell densities were
determined using a CellTiter 96 Cell Proliferation Assay (Promega).

Ex vivo and in vivo methods

Blood specimens were collected under a protocol approved by the New
England Institutional Review Board (Wellesley, MA), with donors giving
informed consent in accordance with the Declaration of Helsinki. All
animal studies were approved by the Center for Molecular Medicine and
Immunology Institutional Animal Care and Use Committee, and performed
in accordance with the Association for Assessment and Accreditation of
Laboratory Animal Care, U.S. Department of Agriculture, and Department
of Health and Human Services regulations. In vitro ADCC and CDC
activity was assayed as described previously.?®

Stability in human serum and whole blood

The 20-2b was diluted to 5 pg/mL in freshly isolated heparinized human
blood or serum and incubated at 37°C and 5% CO, for up to 10 days (for
serum). The serum concentration of intact 20-2b at each time point was
measured using a bispecific sandwich ELISA. Microtiter plates were coated
at 5 pg/mL with WR2 (Immunomedics), a rat anti-idiotype mAb to v-mab,
and blocked with 1% BSA. Serum dilutions were incubated for 1 hour to
allow capture of 20-2b via binding of the v-mab moiety. The 20-2b was
detected with rabbit anti-human IFN-a2 polyclonal antibody (Millipore)
and quantified with peroxidase-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch) and o-phenylenediamine dihydrochloride.

Pharmacokinetics in mice

Groups of 4 male Swiss-Webster mice were injected subcutaneously with
100 pmol of 20-2b (25 pg), PEGASYS (6 wng), or PEG-Intron (3 pg).
Animals were bled at 0.5, 2, 8, 24, 48, 72, and 96 hours. Serum
concentrations of IFN-a2 were measured using a commercial human
IFN-a2 ELISA kit following the manufacturer’s suggested protocol (PBL
Interferon Source). For pharmacokinetics analysis, blood concentrations of
each reagent as determined from the percentage injected dose values were
plotted and analyzed using the WinNonLin Pk software package (Version
5.1; Pharsight Corp).

Ex vivo depletion of Daudi and Ramos lymphoma cells from
whole blood

The effects of 20-2b on non-Hodgkin lymphoma (NHL) cells as well as
peripheral blood lymphocytes in whole human blood from healthy volun-
teers were evaluated ex vivo using flow cytometry and compared with those
of v-mab, 734-2b, or a combination of v-mab and 734-2b. Daudi or Ramos
cells (5 X 10%) were mixed with heparinized whole blood (150 pL) and
incubated with test mAbs at 0.01, 0.1, or 1 nM for 2 days at 37°C and 5%
CO,. Cells were stained with fluorescein isothiocyanate—labeled anti-CD3,
anti-CD19, or mouse IgG; isotype control (BD Biosciences). After lysis of
erythrocytes, cells were analyzed using a FACSCalibur (BD Biosciences)
with CellQuest software. Both Daudi and Ramos cells are CD197" and in the
monocyte gate. The normal B and T cells are CD19% and CD3" cells,
respectively, in the lymphocyte gate. Student 7 test was used to evaluate
statistical significance (P < .05).
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In vivo efficacy in mice

Female C.B.17 homozygous severe combined immunodeficiency (SCID)
mice (Taconic Farms) were inoculated intravenously with 1.5 X 107 Daudi,
2.5 X 10° Raji, or 5 X 10° NAMALWA cells on day 0. Treatments were
administered by subcutaneous injection. Saline was used as a control
treatment. Animals, monitored daily, were humanely killed when hind-limb
paralysis developed or if they became otherwise moribund. In addition,
mice were killed if they lost more than 20% of initial body weight. Survival
curves were analyzed using Kaplan-Meier plots (log-rank analysis), using
the Prism (Version 4.03) software package (GraphPad Software). Some
outliers determined by critical Z test were censored from analyses.

Results

The DNL method was adopted to site-specifically conjugate
4 TFN-a2b groups to the carboxyl terminus of the Cy3 domains of
humanized mAbs (Figure 1). The prototype conjugate, called
20-2b, which comprises v-mab (anti-CD20) for targeting IFN-a:2b
to B-cell lymphoma, was produced by DNL by combination of
2 DNL modules, Cy3-AD2-IgG-v-mab (Figure 1A) and IFN-a2b-
DDD2 (Figure 1B). Production, purification, and characterization
of the modules and 20-2b are provided as supplemental results. The
size and purity of 20-2b were demonstrated by SE-HPLC and
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Figure 2. In vitro IFN-« activity. Specific activities (IU/pmol)
measured using (A) cell-based reporter gene assay and (B) in
vitro viral protection assay with EMC virus and A549 cells. The
activity of known concentrations of each test article was extrapo-
lated from a rhIFN-a2b standard curve. In vitro lymphoma
proliferation assays were performed using (C) Daudi and
(D) Jeko-1 cells. Cultures were grown in the presence of increas-
ing concentrations of 20-2b (@), 734-2b (M), v-mab (O), v-mab
plus 734-2b ([J), PEGASYS (¥), PEG-Intron (A), or 1R-2b (V),
and the relative viable cell densities were measured with MTS.
The percentage of the signal obtained from untreated cells was
plotted versus the log of the molar concentration. Dose-response 0

(o]

% Untreated
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Figure 1. Schematic diagrams of 20-2b and its
constituent DNL modules. Expression cassettes
and structures of (A) Cp3-AD2-1gG, (B) IFN-a2b-
DDD2, and (C) 20-2b. Blue helix represents DDD2;
red helix, AD2; SH indicates sulfhydryl groups of
engineered cysteines; V, variable (green); C, con-
stant (gray); G, hinge; L, linker (GSGGGGSGG); HL,
6-His/linker, HL (EKSHHHHHHGSGGGGSGGG).
Ch3-AD2-1gG-v-mab, Cy3-AD2-1gG-e-mab, Cy3-
AD2-19gG-734, and Cy3-AD2-IgG-hR1 modules
(A) were used to generate 20-2b, 22-2b, 734-2b, and
1R-2b, respectively.

mAb-IFNa

sodium dodecyl sulfate—polyacrylamide gel electrophoresis; its
ability to bind cellular CD20 (similar to v-mab) was shown with
flow cytometry (supplemental Figure 1).

Biologic activity

We compared the in vitro IFN-a biologic activity of 20-2b with that
of commercial pegylated IFN-a2 agents, PEGASYS and PEG-
Intron, using cell-based reporter, viral protection, and lymphoma
proliferation assays (Figure 2). Specific activities were determined
using a cell-based kit, which uses a transgenic human promonocyte
cell line carrying a reporter gene fused to an interferon-stimulated
response element (Figure 2A). The specific activity of 20-2b
(5300 IU/pmol) was greater than both PEGASYS (170 IU/pmol)
and PEG-Intron (3400 IU/pmol). The 734-2b and 1R-2b were
produced similarly to 20-2b and exhibited similar specific activi-
ties, demonstrating the consistency of the DNL method for
generating such structures.

Comparison of mAb-IFN-a, PEGASYS, and PEG-Intron in an
in vitro viral protection assay demonstrated that mAb-IFN-a
retains IFN-a2b antiviral activity with specific activities similar to
PEG-Intron and 10-fold greater than PEGASYS (Figure 2B).

IFN-a2b can have a direct antiproliferative or cytotoxic effect
on some tumor lines. We measured the activity of 20-2b in an in
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curves and ECs, values were generated using Prism software. 4 -
Error bars represent SD.
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vitro proliferation assay with a Burkitt lymphoma cell line (Daudi)
that is highly sensitive to IFN-a (Figure 2C). Each of the IFN-a2
agents efficiently inhibits (> 90%) Daudi in vitro with high
potency (ECsy = 4-10 pM); however, 20-2b (ECsy = 0.25 pM) is
approximately 30-fold more potent than the nontargeting mAb-
IFN-a constructs (734-2b and 1R-2b). We have shown that v-mab
has antiproliferative activity in vitro on many lymphoma cell lines,
including Daudi,?® at considerably greater concentrations
(ECso > 10 nM) than used here. The in vitro activity of 20-2b was
also assessed using Jeko-1, which is a mantle cell lymphoma line
that has lower sensitivity to both IFN-a and anti-CD20 (Figure
2D). Jeko-1 is only modestly sensitive to v-mab, having 10%
maximal inhibition (I,,,x) with an ECsy near 1 nM. As shown with
734-2b, Jeko-1 (I,.x = 43%; ECsy = 23 pM) is less responsive to
IFN-a2b than Daudi (I,,x = 90%; ECsy = 7.5 pM). Compared
with 734-2b, 20-2b inhibited Jeko-1 to a greater extent (I,,,x = 65%)
and exhibited a biphasic dose-response curve. At < 10 pM, a
low-concentration response attributed to IFN-a2b activity is ob-
served, which plateaus at I, = 43%, similar to 734-2b. A
high-concentration response was evident above 100 pM, where I«
reached 65%. The low-concentration IFN-a2b response of 20-2b
(ECs5p = 0.97 pM) is 25-fold more potent than 734-2b, similar to
the results with Daudi. The dose-response curve for a combination
of v-mab and 734-2b (v-mab + 734-2b) was largely similar to
734-2b alone, except at more than 1 nM, where inhibition increased
for the former but not the latter. These results suggest that mAb
targeting is responsible for the lower ECs, of 20-2b, but its greater
Inax 1 apparently the result of the additive activity of IFN-a2b and
CD20 signaling. The effect of CD20 signaling is only evident at the
high concentration response for 20-2b (ECsy = 0.85 nM), which
parallels the response to v-mab (ECsy = 1.5nM). A biphasic
dose-response curve is not obvious for v-mab plus 734-2b because
the 2 responses overlap; however, an additive effect is evident at
more than 1 nM concentrations. The I, of 20-2b (65%) is
significantly (P < .001) greater than the added responses of
IFN-a2b (I;ax = 43%) and v-mab (I, = 10%).

Effector functions

IFN-a can potentiate ADCC, which is a fundamental mechanism of
action (MOA) for anti-CD20 immunotherapy, by activating NK
cells and macrophages. We compared ADCC of 20-2b and v-mab
with 2 NHL cell lines using peripheral blood mononuclear cells
(PBMCs) as effector cells. Replicate assays using PBMCs from
multiple donors consistently demonstrated that 20-2b has enhanced
ADCC compared with v-mab, as shown for both Daudi and Raji
cells (Figure 3A). This effect was also shown with 22-2b, a
mAb-IFN-a comprising the anti-CD22 mAb, epratuzumab, which
shows modest ADCC.*

CDC is thought to be an important MOA for type I anti-CD20
mAbs (including v-mab and rituximab); however, this function is
lacking in the type II mAbs, represented by tositumomab,*® which
nonetheless has antilymphoma activity. Unlike v-mab, 20-2b does
not show CDC activity in vitro (Figure 3B). These results are
consistent with those for other DNL structures based on the
Cy3-AD2-IgG-v-mab module, in which complement fixation is
apparently impaired, perhaps by steric hindrance.3¢

Stability in human blood

The 20-2b was stable in human sera (= 10 days) or whole blood
(= 6 days) at 37°C (supplemental Figure 2A). The concentration of
intact 20-2b was determined using a bispecific sandwich ELISA, in
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Figure 3. Effector functions. (A) ADCC. Daudi or Raji cells were incubated with
20-2b, 22-2b, v-mab, e-mab, or h734 at 5 wg/mL in the presence of freshly isolated
PBMCs for 4 hours before quantification of cell lysis. Effector/target ratio = 50:1.
(B) CDC. Daudi cells were incubated with serial dilutions of 20-2b (O), h734 (M), or
v-mab (@) in the presence of human complement. The percentage complement
control (number of viable cells in the test sample compared with cells treated with
complement only) was plotted versus the log of the namomolar concentration. Error
bars represent SD.

which 20-2b is captured using an anti-idiotype mAb to v-mab and
detected with anti-IFN-a2.

Pharmacokinetics in mice

As a therapeutic agent, recombinant IFN-a is markedly limited by
its very rapid rate of clearance. We determined the pharmacokinetic
parameters for recombinant IFN-a2b in mice, finding a mean
residence time of only 0.7 hours (data not shown). Commercial
IFN-a2 agents have been developed to extend blood clearance by
either PEGylation (PEG-Intron and PEGASYS) or fusion to human
serum albumin (Albuferon). Because of their substantially longer
circulating serum t;, these agents require less frequent dosing,
show improved clinical efficacy, and essentially have replaced the
use of recombinant IFN-a2b for the treatment of hepatitis and some
cancers. Comparative pharmacokinetic analysis in mice (supplemen-
tal Figure 2B) gave a significantly longer t;,, for 20-2b (23.4 hours)
compared with either PEGASYS (14.9 hours) or PEG-Intron
(9.3 hours; P < .019). This increased t;, resulted in a significantly
(P < .002) longer mean residence time for 20-2b (47.6 hours) than
either PEGASYS (33.5 hours) or PEG-Intron (17.1 hours).

Ex vivo depletion of lymphoma from whole human blood

We compared the abilities of 20-2b, v-mab, 734-2b (control), or
v-mab plus 734-2b to eliminate lymphoma or normal B cells from
whole blood in an ex vivo setting (Figure 4). The therapeutic
efficacy of naked anti-CD20 mAbs is thought to be achieved via
3 MOA: signaling-induced apoptosis or growth arrest, ADCC, and
CDC.*! In this assay, v-mab can use all 3 MOA, whereas, based on
the in vitro findings, 20-2b can potentially take advantage of
signaling and enhanced ADCC, but not CDC. In this short-term
model, the IFN-a2b groups of 20-2b and 734-2b can act directly on
tumor cells, augment the ADCC activity of v-mab, and possibly
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Figure 4. Enhanced depletion of NHL cells from whole blood. Fresh heparinized
human blood was mixed with either Daudi or Ramos and incubated with 20-2b (@),
v-mab (O), 734-2b (M), or v-mab plus 734-2b ([J) at 0.01, 0.1, or 1 nM for 2 days. The
effect of the indicated treatments on lymphoma and peripheral blood lymphocytes
was evaluated using flow cytometry. Error bars represent SD.

have some immunostimulatory effects. However, the full spectrum
of IFN-a—mediated activation of the innate and adaptive immune
systems that might occur in vivo is not realized in this 2-day ex
Vivo assay.

At 0.01 nM, 20-2b depleted Daudi cells (60.5%) significantly
more than v-mab (22.8%), 734-2b (38.6%), or v-mab plus 734-2b
(41.7%). At 0.1 nM, 20-2b and v-mab plus 734-2b depleted Daudi
to a similar extent (88.9%), which was more than for v-mab
(82.4%) or 734-2b (40.7%). At 1 nM, each agent depleted Daudi
more than 95%, except for 734-2b (55.7%). All indicated differ-
ences were statistically significant (P < .01).

Ramos is less sensitive than Daudi to both [IFN-a2b and v-mab.
The effect of 734-2b was only moderate, resulting in less than 20%
depletion of Ramos at each concentration. At both 0.01 and 0.1 nM,
20-2b depleted Ramos more than v-mab plus 734-2b, which in turn
eliminated more cells than v-mab. At 1 nM, all treatments besides
734-2b resulted in similar Ramos depletion (75%). All indicated
differences were statistically significant (P < .02).

As demonstrated with 734-2b, IFN-a2b does not deplete
normal B cells in this assay. At these low concentrations, 20-2b,
v-mab, and v-mab plus 734-2b each show similar dose-responsive
depletion of B cells, which is markedly less than the depletion of
either Daudi or Ramos. None of the treatments resulted in
significant depletion of T cells (data not shown).

In vivo efficacy in SCID mice

A major limitation of the mouse model is the very low sensitivity of
murine cells to human IFN-a2b, prohibiting our evaluation of the
overall therapeutic advantage of 20-2b that might be achieved in
humans, which can involve the enhancement of both innate and
adaptive immunity. With these limitations in mind, we studied the
antilymphoma in vivo efficacy of 20-2b against disseminated
Burkitt lymphoma models in SCID mice. We initially tested a
highly sensitive early Daudi model, with groups administered a
single low dose of 20-2b, v-mab, or 734-2b 1 day after tumor
inoculation (Figure 5A). A single dose of v-mab but not 734-2b at
0.7 pmol (170 ng) resulted in a modest (34 days), yet significant
(P < .001), improvement in median survival time (MST) com-
pared with saline (27 days). However, a single dose of 0.7 pmol
(170 ng) of 20-2b improved the MST by more than 100 days over
both saline control and v-mab groups (P < .001). The study was
terminated after 19 weeks, at which time the 7 long-term survivors
(LTSs) in the 0.7 pmol 20-2b treatment group were necropsied
with no visible evidence of disease found (cured). Remarkably,
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even the lowest dose of 0.07 pmol (17 ng) of 20-2b more than
doubled the MST.

Next, we assessed the efficacy of 20-2b in a more challenging
advanced Daudi model, in which mice were allowed to develop a
substantially greater tumor burden before treatment (Figure 5B).
Seven days after tumor inoculation, groups were administered a
single dose (0.7, 7.0, or 70 pmol) of 20-2b, v-mab, 734-2b, or
PEGASYS. The MST for the saline control mice was 21 days. The
highest dose (70 pmol) of PEGASYS (4.25 pg) or 734-2b (17 pg)
doubled the MST (42 days; P < .001). Treatment with 20-2b at a
100-fold lower dose (0.7 pmol; 170 ng) produced similar results
(38.5 days) as the highest dose (70 pmol) of either PEGASYS or
734-2b. Treatment with 20-2b at a 10-fold lower dose (7 pmol;
1.7 pg) resulted in significantly improved survival (80.5 days, 20%
LTS) over treatment with 70 pmol of PEGASYS or 734-2b
(P < .002). At the highest dose tested (70 pmol; 17 pg), 20-2b
improved the MST to more than 105 days with 100% LTSs. We
have demonstrated previously with the early tumor model that
v-mab can increase survival of Daudi-bearing mice at relatively
low doses (3.5 pmol; 0.5 pg), whereas higher doses result in
long-term survival. However, in this advanced tumor model, a
single dose of 70 pmol (10 g) of v-mab had only a modest,
although significant, effect on survival (MST = 24 days, P < .001).

We subsequently assayed 20-2b in more challenging models,
which are less sensitive than Daudi to direct inhibition by IFN-o
and less responsive to immunotherapy with v-mab. Compared with
Daudi, Raji has a similar CD20 antigen density,* is less responsive
to v-mab,® and is approximately 1000-fold less sensitive to the
direct action of IFN-a2b (supplemental Figure 3). The efficacy of
20-2b was studied in an advanced Raji model with therapy
beginning 5 days after tumor inoculation (Figure 6A). Groups were
administered a total of 6 injections (250 pmol each) over 2 weeks.
The 734-2b did not improve survival over saline (MST = 16 days),
consistent with the insensitivity of Raji to IFN-a.. V-mab improved
survival over saline (MST = 26 days, P < .001). The 20-2b was
superior to all other treatments (MST = 33 days, P < .001).

Finally, we investigated the efficacy of 20-2b with NAMALWA
(Figure 6B), a human lymphoma that has low sensitivity to the
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Figure 5. Survival curves showing therapeutic efficacy of 20-2b in a dissemi-
nated Burkitt lymphoma (Daudi) xenograft model. Female C.B.17 SCID mice
were administered Daudi cells intravenously on day 0. Treatments consisted of 20-2b
(@), 734-2b (M), v-mab (O), PEGASYS (¥), or saline (X) given as a single
subcutaneous dose. Days of treatment are indicated with arrows. Survival curves
were analyzed using Prism software. (A) Early Daudi model. Groups of 10 mice were
given a single dose of 0.7 pmol (solid line) or 0.07 pmol (dashed line) on day 1.
(B) Advanced Daudi model. Groups of 10 mice were given a single dose of 0.7 pmol
(solid line), 7 pmol (dashed line), or 70 pmol (gray line) on day 7.
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Figure 6. Survival curves showing therapeutic efficacy of 20-2b in dissemi-
nated Burkitt lymphoma (Raji and NAMALWA) xenograft models. Female C.B.
17 SCID mice were administered NHL cells intravenously on day 0. (A) Advanced
Raji model. Groups of 10 received 250-pmol doses on days 5, 7, 9, 12, 14, and 16.
Treatments consisted of 20-2b (@), 734-2b (M), v-mab (O), or saline (X) given as
subcutaneous doses. (B) Early NAMALWA model. Groups of 10 received 250-pmol
doses on days 1, 3, 5, 8, 10, and 12. Treatments consisted of 20-2b (@), 734-2b (M),
v-mab (O), rituximab (), v-mab plus 734-2b (M), rituximab plus 734-2b (A), or saline
(X) given as subcutaneous doses. Survival curves were analyzed using Prism
software.

direct action of IFN-«, approximately 25-fold lower CD20 antigen
density compared with Daudi or Raji, and is considered to be
resistant to anti-CD20 immunotherapy.*> Groups were adminis-
tered a total of 6 doses (250 pmol each) of 20-2b, 734-2b, v-mab, or
rituximab. Additional groups were administered 6 doses of a
combination of v-mab plus 734-2b or rituximab plus 734-2b
(250 pmol of each agent/dose). The group treated with saline had
an MST of 17 days. Treatment with 734-2b, v-mab, or rituximab as
single agents resulted in similarly modest, although significant,
increased survival (MST = 21 days, P < .024). The combination
of v-mab plus 734-2b (MST = 27 days) or rituximab plus 734-2b
(MST = 25.5 days) were each superior to treatment with any single
agent (P < .001). The 20-2b (MST = 31 days) was superior to all
other treatments (P < .013).

Discussion

We developed the first tetrameric immunocytokine, designated
20-2b, which comprises 4 IFN-a2b groups site-specifically teth-
ered to a humanized anti-CD20 mAb, and evaluated its potential
for B-cell lymphoma therapy. The results demonstrate that target-
ing makes this immunocytokine more potent and effective than
either agent alone or in combination. mAb targeting of IFN-a to
tumors may allow a less frequent dosing schedule of a single agent,
reduce or eliminate side effects associated with IFN therapy, and
result in profoundly enhanced efficacy. In addition, targeted IFN-a
can induce an acute tumor-directed immune response and possibly
evoke immune memory via pleiotropic stimulation of innate and
adaptive immunity.** Other groups have produced mAb-IFN-a
made by chemical conjugation that revealed some of the potential
clinical benefits of such constructs.*># A recombinant mAb-IFN-«
comprising murine IFN-a and an anti-HER2/neu mAb exhibited
potent inhibition of a transgenic (HER2/neu) murine B-cell lym-
phoma in immunocompetent mice and was also capable of
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inducing a protective adaptive immune response with immunologic
memory.*” Based on an extensive literature, it is reasonable to
expect that therapy with 20-2b will stimulate localized recruitment
and activation of several immune cells, including NK, T4, T8, and
dendritic cells, resulting in enhanced cytotoxicity and ADCC, and
may potentially induce tumor-directed immunologic memory.
However, in this study, we were limited by the lack of an
appropriate animal model, in which the host is reasonably respon-
sive to human IFN-a2b and also receptive of human lymphoma
xenografts, and would therefore allow the evaluation of all of the
potential benefits of 20-2b therapy. Murine cells are considerably
less sensitive (~ 4 logs) than human cells to human IFN-a2b.4849
Therefore, very little, if any, of the antilymphoma activity of 20-2b
in the mouse model can be attributed to IFN-a2b activation of the
mouse immune response; rather, killing is primarily the result of
the direct action of IFN-a2b on the lymphoma cells. We have
shown that 20-2b has augmented ADCC, which may be the most
important MOA of anti-CD20 immunotherapy.*® However, because
human IFN-a2b is only a very weak stimulator of the murine host’s
immune effector cells, an IFN-a—enhanced ADCC is probably not
realized as it might be in humans. Even with these limitations, the
in vivo results demonstrate that 20-2b can be a highly effective
antilymphoma agent, exhibiting more than 100 times the potency
of v-mab or a nontargeting mAb-IFN-a in the IFN-a—sensitive
Daudi model. Even with lymphoma models that are relatively
insensitive to the direct action of IFN-a (Raji/NAMALWA) or are
resistant to anti-CD20 immunotherapy (NAMALWA), 20-2b
showed superior efficacy to either v-mab or nontargeted mAb-
IFN-a. Fusion of IFN-a2b to v-mab increases its in vivo potency
by extending circulation times and enabling tumor targeting. The
therapeutic significance of pharmacokinetics was demonstrated in
the Daudi model, where the slower-clearing PEGASYS was
superior to the faster-clearing PEG-Intron, which has a higher
specific activity (data not shown). The 20-2b was considerably
more potent than either PEGASYS or 734-2b, suggesting that
lymphoma targeting via the anti-CD20 mAb is critical to its
superior potency and efficacy. This was substantiated in the
NAMALWA model, where 20-2b, as a single agent, was superior to
a combination of v-mab (or rituximab) plus nontargeted mAb-
IFN-a (734-2b). The impact of targeting was evident even in the in
vitro assays, which was surprising because the mAbs, effector, and
target cells are all confined throughout the experiments. The 20-2b
inhibited lymphoma proliferation in vitro at a 25-fold lower
concentration compared with v-mab plus 734-2b. Even without
CDC, 20-2b was more effective at depleting lymphoma cells from
blood than v-mab plus 734-2b. The enhanced in vitro efficacy of
20-2b compared with the combination may be solely the result of
an increased local concentration of IFN-a resulting from tumor
targeting. Alternatively, the binding of CD20 may prevent the
internalization/down-regulation of the type I IFN receptors, result-
ing in a more prolonged and effective IFN-a—induced signal.

The combination of v-mab and the control mAb-IFN-«, 734-2b,
although not as effective as 20-2b, was nonetheless superior to
either v-mab or control mAb-IFN-« alone in therapy studies with
NAMALWA, ex vivo depletion of Daudi and Ramos from whole
blood, and in vitro proliferation inhibition of Jeko-1. It is unclear
whether the improved efficacy of this combination, which in vivo
(and ex vivo) can potentially kill lymphoma cells using all 3 MOAs
of anti-CD20 immunotherapy in addition to the direct actions of
IFN-q, is a result of IFN-a—enhanced anti-CD20 activity, anti-
CD20-enhanced IFN-a activity, or merely the additive actions of
the 2 agents. In the ex vivo experiments using human blood, the
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ADCC activity of v-mab as part of 20-2b or when combined with
734-2b may be augmented by IFN-«, yet ADCC is not functional in
the in vitro proliferation assays and not expected to be modulated
by human IFN-a in the mouse model, suggesting additional
mechanisms.

We made every effort in the design of 20-2b to limit its potential
immunogenicity. Human IFN-a2b and the fully humanized v-mab
were fused to a DDD2 and AD2, respectively, which each consists
of the smallest functional peptides derived from human protein
sequences but possesses additional, unnatural cysteine residues.
Clinical studies will be needed to evaluate immunogenicity. Having
4 IFN-a2b groups may lead to an increased binding avidity to type
I receptors on normal cells and therefore may affect its overall
biodistribution and pharmacodynamics. It could be argued that this
potentially enhanced binding avidity could lead to increased
IFN-related toxicity via systemic activation of immune cells in
patients. However, both the cell-based reporter gene and viral
protection assays demonstrated that 20-2b and PEG-Intron have
similar specific activities, which are considerably lower than that of
recombinant IFN-a2b, making it less probable that increased
toxicity will be experienced compared with current IFN-a therapy
regimens, especially if 20-2b can be given at lower doses.
Biodistibution, pharmacodynamics, and toxicity must be evaluated
in primates before clinical trials. The findings in this study indicate
that 20-2b may be a highly effective lymphoma therapeutic. We are
now developing other mAb-IFN-a constructs for the therapy of a
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