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IL-15 and its receptor « (IL-15Ra) are co-expressed on anti-
gen-presenting cells, allowing transpresentation of IL-15 to
immune cells bearing IL-2RB7y. and stimulation of effector
immune responses. We reported previously that the high-affin-
ity interactions between an IL-15 superagonist (IL-15N72D)
and the extracellular IL-15Re sushi domain (IL-15RaSu) could
be exploited to create a functional scaffold for the design of
multivalent disease-targeted complexes. The IL-15N72D-IL-
15RaSuFc complex, also known as ALT-803, is a multimeric
complex constructed by fusing IL-15N72D-IL-15RaSu to the Fc
domain of IgG1. ALT-803 is an IL-15 superagonist complex that
has been developed as a potent antitumor immunotherapeutic
agent and is in clinical trials. Here we describe the creation of a
novel fusion molecule, 2B8T2M, using the ALT-803 scaffold
fused to four single chains of the tumor-targeting monoclonal
antibody rituximab. This molecule displays trispecific binding
activity through its recognition of the CD20 molecule on tumor
cells, stimulation via IL-2RB7y displayed on immune effector
cells, and binding to Fcy receptors on natural killer cells and
macrophages. 2B8T2M activates natural killer cells to enhance
antibody-dependent cellular cytotoxicity, mediates comple-
ment-dependent cytotoxicity, and induces apoptosis of B-lym-
phoma cells. Compared with rituximab, 2B8T2M exhibits sig-
nificantly stronger antitumor activity in a xenograft SCID mouse
model and depletes B cells in cynomolgus monkeys more effi-
ciently. Thus, ALT-803 can be modified as a functional scaffold for
creating multispecific, targeted IL-15-based immunotherapeutic
agents and may serve as a novel platform to improve the antitumor
activity and clinical efficacy of therapeutic antibodies.

IL-15, a four-helix, common v chain (y.)* cytokine, is a crit-
ical factor for the development, proliferation, and activation of
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2 The abbreviations used are: vy, y chain; NK, natural killer; IL-15R, IL-15 recep-
tor; CDC, complement-dependent cytotoxicity; ADCC, antibody-depen-
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natural killer (NK) cells and CD8" T cells (1, 2). IL-15 is co-ex-
pressed with its & chain receptor (IL-15Ra) by antigen-present-
ing cells, and the two proteins form a complex on the cell
surface that is transpresented to NK and T cells bearing the
IL-2RB7y- complex (2). IL-15 binds to IL-15R« at high affinity,
and IL-15Ra« functions as a chaperone and conformational sta-
bilizer to enhance the interaction between IL-15 and IL-2R By
(2). We identified a novel IL-15 variant carrying an asparagine-
to-aspartic acid mutation at amino acid 72 (N72D) that exhibits
superior binding to IL-2Rfy. on immune cells and increased
immunostimulatory activity (3). Our previous studies have
demonstrated that this IL-15 variant, when associated with
a soluble IL-15Ra sushi domain fusion to IgGl Fc (IL-
15RaSuFc), could form a heterodimeric complex, IL-15N72D-
IL-15RaSuFc (designated ALT-803), that also exhibits
increased binding activity to the IL-2R3y complex, enhanced
capacity to stimulate NKand T cells, and has a longer biological
half-life compared with native IL-15 (4). In various animal
models, ALT-803 acts as a potent immunostimulant that is
capable of simultaneously activating the innate and adaptive
arms of the immune system to elicit both rapid and long-lasting
protective responses against neoplastic challenges (5). More-
over, ALT-803, in combination with checkpoint blockade or
therapeutic antibodies, is effective in reducing the tumor bur-
den and prolonging survival in mouse tumor models (6, 7). To
make ALT-803-based molecules more specific and efficient in
combating disease, we converted ALT-803 into a targeted
immunotherapeutic agent by genetically fusing it with single-
chain antibodies (scFv) at the N termini of IL-15N72D and
IL-15RaSuFc proteins. In this study, we used the anti-CD20
scFv as the target recognition domain to demonstrate that
ALT-803 is a versatile, functional scaffold for creating disease-
targeted immunostimulatory molecules. This novel single
fusion protein approach was also found to improve the anti-
body-dependent cellular cytotoxicity (ADCC) and apoptotic
functions of the anti-CD20 therapeutic antibody rituximab.

dent cellular cytotoxicity; sc, single-chain; PBMC, peripheral blood
mononuclear cell; h.p.i., hour(s) post-injection; ID, injected dose; PE,
phycoerythrin; NHL, non-Hodgkin’s lymphoma; NOTA, 1,4,7-triazacy-
clononane-1,4,7-triacetic acid; TCR, T cell receptor; CV, column vol-
ume(s); SD, study day.
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FIGURE 1. 2B8T2M fusion protein structure and characterization. A, schematic of the 2B8T2M complex including the organization of the single-chain
components of 2B8. Ab, antibody. B, SDS-PAGE analysis of purified 2B8T2M fusion protein under reducing conditions. Lane 1, molecular weight marker; lane 2,
2B8T2M. G, size exclusion chromatography analysis of 2B8T2M protein. mAU, milli absorption units.

Results

Creation of Multifunctional Protein Complexes Using the
IL-15:IL-15Ra Scaffold—It was shown previously that biologi-
cally active fusion protein complexes can be generated using an
IL-15:IL-15RaSu scaffold by fusing the N termini of IL-15 and
IL-15RaSu proteins to a p53(264 —272)-specific chimeric sin-
gle-chain TCR (c264scTCR) (8). Thus, we hypothesized that
ALT-803 (i.e. the IL-15N72D-IL-15RaSuFc complex) could
also function as a protein scaffold to create multispecific IL-15-
based targeted immunotherapeutic agents. To test this, we con-
verted the variable regions of the heavy and light chains of
rituximab into an scFv (sc2B8) (9) and genetically fused sc2B8
to the N termini of IL-15N72D and IL-15RaSuFc proteins of
ALT-803. Based on the high binding affinity between the
IL-15N72D and IL-15RaSu domains, we expected the fusion
proteins to form a heterodimeric complex between sc2B8-
IL-15N72D and sc2B8-IL-15RaSuFc. In addition, sc2B8-IL-
15RaSuFc was expected to form a covalent dimer using the
disulfide bonds provided by the Fc domain. Therefore, this
novel fusion protein complex (designated 2B8T2M) was pre-
dicted to consist of two sc2B8-IL-15N72D and two sc2B8-IL-
15RaSuFc proteins (Fig. 1A). Following stable co-transfection
of the fusion protein expression vectors into CHO cells, soluble
2B8T2M was readily produced and purified from cell culture
supernatants at a range of 10 —40 mg/liter. When evaluated by
reducing SDS-PAGE, the purified preparations consisted of
two proteins that migrated at ~40 kDa and ~60 kDa (Fig. 1B),
corresponding to the expected molecular masses of 38 kDa for
sc2B8-IL-15N72D and 59 kDa for sc2B8-1L-15RaSuFc, respec-
tively. In addition, formation of the multimeric fusion protein
complex was verified by size exclusion chromatography, which
revealed the molecular mass of 2B8T2M to be 162 kDa based on
protein size standards (Fig. 1C). In addition to 2B8T2M, similar
fusion protein complexes were generated containing either a
mutant Fc domain with reduced Fc receptor binding activity
(2B8T2M-LA) (10) or a mutant IL-15 domain that is incapable
of binding IL-2RB (2B8T2M-D8N). An additional fusion pro-
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tein complex (designated c264T2M) comprised of a different
targeting domain (c264scTCR (8)) was genetically fused to the
N termini of the IL-15N72D and IL-15RaSuFc proteins. These
complexes served as controls to determine the roles of the Fc,
IL-15N72D, and sc2B8 domains in the biological activities of
2B8T2M.

2B8T2M Retains CD20-binding, Fc Receptor-binding, and
IL-15 Biological Activities—To verify the CD20-binding prop-
erties, FITC-labeled 2B8T2M and rituximab were generated
and used to stain human HLA-DR™ B cells. Our results indicate
that human B cells were able to bind FITC-labeled rituximab
(Fig. 2A) as well as FITC-labeled 2B8T2M (Fig. 2B). In contrast,
CD20-specific binding activity for these molecules was blocked
by unlabeled rituximab and unlabeled 2B8T2M but not by a
nonspecific human IgG. These findings demonstrate that
2B8T2M retains the CD20-specific binding activity of ritux-
imab. Similarly, a human histiocytic lymphoma U937 cell line
that bears Fc receptors but not CD20 or IL-2RBy. on its cell
surface was used to evaluate Fc receptor binding of 2B8T2M by
flow cytometry. As shown in Fig. 2C, 2B8T2M and rituximab
were both able to bind U937 cells, whereas the Fc-mutant
2B8T2M-LA complex showed reduced binding compared with
2B8T2M.

In our previous reports, the scTCR-IL-15N72D and scTCR-
IL-15N72DscTCR-IL-15RaSu fusion complexes were shown
to retain IL-15 biological activity, although at reduced levels
compared with IL-15 (3, 8). This lower activity is presumably
due to steric hindrance between the fused scTCR domain and
IL-15N72D-IL-2R 7y interactions. To assess the IL-15 biolog-
ical activity of 2B8T2M, an IL-15-dependent cell line, 32D,
was used as described previously (3). The results demonstrate
that 2B8T2M supported 32D cell proliferation but exhibited
significantly lower activity compared with native IL-15 or ALT-
803 (2BST2M, ECy, = 889 pu; IL-15, EC. = 34 pv; ALT-803,
EC,, = 14 pm). Taken together, these findings demonstrate
that 2B8T2M retains IL-15 biological activity as well as the
CD20- and Fc receptor-binding capabilities of rituximab.
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FIGURE 2. B cell binding of 2B8T2M. Shown is an analysis of the target-specific binding activity of 2B8T2M by flow cytometry. Human PBMCs (5 X 10°/test)
were added to rituximab, 2B8T2M, or human IgG as an isotype control at 1 mg/ml at a final volume of 0.1 ml for 10 min. The reactions were stained with
FITC-conjugated rituximab (A) or FITC-conjugated-2B8T2M (B) at 2 wg/sample and PE-conjugated HLA-DR at 5 ul/sample for 30 min. C, human histiocytic
lymphoma U937 cells were stained with FITC-conjugated rituximab, 2B8T2M, or 2B8T2M-LA mutant for 30 min and then analyzed for Fc receptor binding

activity by flow cytometry.

2B8T2M Is Capable of Mediating Complement-dependent
Cytotoxicity (CDC) and Direct Apoptosis of CD20" B-lym-
phoma Cells—Anti-CD20 antibodies have been grouped into
two classes, type I (rituximab-like) and type II (tositumomab-
like), based on their ability to form distinct complexes with
CD20 and mediate different functional activities on B cells (10).
Type I antibody binding to B cells results in redistribution and
clustering of CD20 into lipid rafts, leading to stronger Clq
binding and potent induction of CDC but only low levels of
direct antibody-mediated cell death (i.e. apoptotic activity)
(10). In contrast, type II antibodies do not stabilize CD20 in
lipid rafts and thus exhibit reduced CDC compared with type I
antibodies, but these antibodies potently induce lysosomal cell
death. Rituximab is a type I anti-CD20 mAb that exhibits higher
CDC activity but a lower ability to induce apoptosis of B-lym-
phoma cells than type I anti-CD20 mAbs such as tositumomab
(11). 2B8T2M has the same binding domain as rituximab and is
predicted to have similar properties. To investigate this, we first
assessed the ability of 2B8T2M to mediate CDC against CD20™"
Daudi cells. As shown in Fig. 34, when incubated with 2B8T2M
(or the IL-15 mutant 2B8T2M-D8N complex), Daudi cells were
lysed in the presence of human complement factors. The Fc-
mutant 2B8T2M-LA complex exhibited less CDC activity than
2B8T2M, which is expected based on previous results showing
lower CDC activity for antibodies containing this Fc-mutant
domain (10). Thus, 2B8T2M exhibited CDC activity, although
at a lower level than rituximab. To assess the pro-apoptotic
activity of 2B8T2M, Daudi cells cultured in medium containing
2B8T2M were analyzed for apoptosis using Annexin V staining.
Surprisingly, we found that, at a 0.4—10 nMm concentration
range, 2B8T2M was effective in inducing apoptosis of Daudi
cells (Fig. 3B). In contrast, a >600-fold higher concentration of
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rituximab (i.e. 250 nM) was required to induce comparable
apoptotic activity against Daudi cells. This activity was also
observed with Fc-mutant 2B8T2M-LA and IL-15-mutant
2B8T2M-D8N complexes (Fig. 3B) but not with c264T2M
(data not shown), indicating that the activity was dependent
on CD20 binding. Together, these findings indicate that
2B8T2M exhibits both type I- and type II-like anti-CD20
antibody characteristics.

2B8T2M Displays Superior ADCC Compared with Rituxi-
mab—Both type I and I mAbs appear to demonstrate efficient
Fc-dependent ADCC against B-lymphoma cell lines (11). How-
ever, 2B8T2M may further augment this activity through
IL-15-mediated immune cell activation, as supported by our
previous studies with ALT-803 (7). Thus, we compared the
capabilities of 2B8T2M and rituximab to direct ADCC against
CD20" B-lymphoma cells. To evaluate this, human PBMCs
were used initially as effector cells, and Daudi cells were used as
target cells. As shown in Fig. 44, 2B8T2M was significantly
more effective than rituximab at inducing ADCC by PBMCs
against Daudi cells. Using other fusion protein complexes with-
out a functional Fc (2B8T2M-LA), a biologically active IL-15
(2B8T2M-D8N), or a CD20-binding capability (c264T2M), we
further demonstrated that the enhanced ADCC activity of
2B8T2M was dependent in part on each of the anti-CD20 and
Fc-binding domains as well as the IL-15N72D mutant activity
(Fig. 4A). To investigate which immune cell subsets play a role
in ADCC, CD4" T cells, CD8 ™" T cells, and NK cells were sorted
and used as effector cells in the same assay. As expected, our
results suggest that NK cells are major contributors to the
ADCC activity of PBMCs, whereas CD8" and CD4" T cells
play minor to negligible roles (Fig. 4B). In addition, compared
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FIGURE 3. 2B8T2M induces CDC and apoptosis. A, Daudi cells (3 X 10°/test) were incubated with various concentrations of 2B8T2M, 2B8T2M-LA mutant,
2B8T2M-D8N mutant, and rituximab as a positive control at 37 °C for 2 h in the presence of complement (normal human serum). Propidium iodide was added
and analyzed by flow cytometry. The percentage of dead cells indicates the propidium iodide-positive cell percentage (n = 3). B, Daudi cells were incubated

with 2B8T2M, 2B8T2M-LA, 2B8T2M-D8N, or rituximab at 37 °C for 3 days. Daudi cells were stained with Annexin V, and the percentage of cell death was
determined by flow cytometry. Data represent the mean = S.D.

A

80 - ——rituximab
—m-2B8T2M
E:T ratio=2:1
—e-2B8T2M-LA — — |
60 1 —%-2B8T2M-D8N
g —6—C264T2M
S
3
S 40
©
©
Q
o
20 -

B

q ——0.5:1
——1:1 ]» 2B8T2M
——2:1

- %-051
X ey — - X —m-11 (fituximab

-o-21

@

~N

Dead Daudi (%)
S

'S
=)

Stimuli (nM)

@]

7000 - | —¢— Granzyme B

. - @ - Perforin
= 6000 -
2 5000 -
8 4000 -
c
9 3000 -
(%2}
o ] = - - - E |
£ 2000 -
3 1000 1 w---W
[T
0
0 0.1 1 10 100
2B8T2M (nM)

O

Fluorescence (MFI)

S ——1:1
= 30 +2:1]—238T2M
.f% 20 —e—5:1
a -%=-11
LR -a- 2'1]- rituximab
3 3
Q o -e-51
_60 ——1:1
g +2:1:|»258T2M
540 —e—51
©
o i
E 2 ]» rituximab
a :

0 0.1 1 10 0 0.1 1 10
Stimuli (nM) Stimuli (nM)
1000 1 [M—e— Granzyme B
— @ - Perforin

800 -

600 -+

400 -
i ---a

2001 g___goo_g---

0

0 0.1 1 10 100
2B8T2M (nM)

FIGURE 4. ADCC activities of rituximab and 2B8T2M. A and B, Daudi cells were labeled with CellTrace Violet, and fresh human PBMCs (A, n = 5) or purified NK
cells, CD4™" T cells or CD8™ T cells (B, n = 2 donors) were used as effector cells. The effector cells were plated with violet-labeled target cells at the indicated
effector:target (E:T) ratios with rituximab or 2B8T2M at the indicated concentrations. Target cell viability was assessed on day 2 for PBMCs (A) or day 3 for NK
cells, CD4™ T cells, or CD8™ T cells (B; left panel, donor 1; right panel, donor 2) by analysis of propidium iodide-positive, violet-labeled Daudi cells using flow
cytometry. The percentage of dead Daudi cells indicates propidium iodide-positive cells. *, p < 0.01 (10 nm) and p < 0.05 (1 nm) compared with 2B8T2M. Values
represent the mean = S.E. Cand D, human PBMCs (5 X 10°) were incubated in RPMI 1640 with 2B8T2M for 2 days. The 2B8T2M-activated PBMCs were stained
with anti-NKp46 (C, NK cells) or anti-CD8 (D, CD8™ T cells) followed by intracellular granzyme B and perforin staining. The expression levels of granzyme B and
perforin by the activated CD8™ T cells and NK cells were determined by flow cytometry. MFI, mean fluorescence intensity.

with rituximab, 2B8T2M induced stronger ADCC by all cell

subsets against Daudi cells.

To further evaluate the effects of 2B8T2M on the cytotoxic
potential of human immune cells, donor PBMCs were cultured
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in medium containing 2B8T2M, and granzyme B and perforin
levels were evaluated by flow cytometry. We found that
2B8T2M up-regulated granzyme B and perforin expression in
NK cells (Fig. 4C) and granzyme B expression in CD8" T cells
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FIGURE 5. Quantitative analysis of the PET imaging data of 2B8T2M, with rituximab as a control. A and D, serial two-dimensional projection PET images
at different time points post-injection of **Cu-NOTA-2B8T2M and ®*Cu-NOTA-rituximab (0.5, 6, 30, and 70 h). Band E, region of interest analysis to calculate the
percentage ID per gram of tissue for major organs was conducted at the various time points based on the PET imaging data. Cand F, the mice were euthanized,
and major organs/tissues were collected and weighed. The tissue biodistribution of 2B8T2M and rituximab was determined using a -y counter. Data are

representative of 4 mice/group (mean * S.D.).

(Fig. 4D) in a concentration-dependent manner. Perforin
expression in CD8™ T cells was only slightly higher with addi-
tion of 200 nm of 2B8T2M (Fig. 4D). Granzyme B and perforin
up-regulation by CD4™ T cells was negligible or absent (data
not shown).

Visual and Quantitative Measures of Pharmacokinetics and
Biodistribution of 2B8T2M—Serial non-invasive PET scans
were used as visual and quantitative measures of the whole-
body distribution and pharmacokinetics of ®*Cu-labeled
2B8T2M and **Cu-labeled rituximab. Previous biodistribution
studies of mice administered ®*Cu-labeled ALT-803 compared
with ®*Cu-IL-15 showed distinct pharmacokinetic profiles
demonstrating rapid clearance of ®*Cu-IL-15 through the renal
pathway, whereas ALT-803 clearance occurred in the liver but
was retained for at least 70 h in the lymphoid organs (12). In this
study, ®**Cu-NOTA-2B8T2M was cleared from the mouse body
through both the hepatobiliary and renal pathways, and kidney
uptake was low (Fig. 5, A-C). The uptake of “*Cu-NOTA-
2B8T2M in the lymph nodes was comparable with what was
observed previously with **Cu-NOTA-ALT-803 (12), which
demonstrated the high IL-15 receptor-targeting efficiency for
both of these fusion proteins. At 6 h post-injection (h.p.i.), the
lymph node uptake of **Cu-NOTA-2B8T2M remained persis-
tent at 4.2% * 0.5% injected dose (ID) per gram of tissue and
5.3% * 1.3% ID/g even at 70 h.p.i. because of the relatively
longer circulation half-life (184 h) compared with ALT-803 (18
h) in mice (4). In comparison, **Cu-NOTA-rituxmab exhibited
longer blood circulation than **Cu-2B8T2M with a different
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biodistribution profile. The lymph node uptake of ®*Cu-
NOTA-rituximab was lower (3.5% = 0.2% ID/g at 6 h.p.i. and
4.1% * 0.8% ID/g at 70 h.p.i.; Fig. 5F), whereas the uptake in
blood and muscle was higher, generating a higher background
signal (Fig. 5, D—F). This result suggests that the ALT-803
protein scaffold provides a vehicle to preferentially deliver
2B8T2M to the lymphoid tissues.

Proliferation of NK Cells and CD8™ T Cells in Vivo Is Induced
by 2B8T2M—Our previous studies demonstrated that the
ALT-803 complex exhibits significantly stronger immune cell
stimulation in vivo compared with IL-15 (4). To evaluate the
immunostimulatory activity of 2B8T2M in comparison with
ALT-803, IL-15, and other fusion protein complexes in vivo,
CD3™ T cells and NK cells were isolated and labeled with Cell-
Trace Violet. The enriched, violet-labeled CD3™ T cells and NK
cells were adoptively transferred i.v. into C57BL/6 female mice,
and the mice were treated on day 2 post-transfer with either
PBS control, 2B8T2M, 2B8T2M-LA, 2B8T2M-D8N, ALT-803,
or amolar equivalent dose of free IL-15. On day 5 post-transfer,
the violet-positive cells in mouse spleens were assessed by flow
cytometry. As shown in Fig. 64, 2B8T2M-treated mice exhib-
ited a significantly higher proportion of CD8" T cells in the
spleen than IL-15- or PBS-treated mice (p < 0.001) but signif-
icantly less CD8" T cells than the ALT-803 treatment group
(p < 0.001). Mice that received 2B8T2M also showed a larger
percentage of NK cells in the spleen compared with IL-15- or
PBS-treated mice (p < 0.001, Fig. 6B). Compared with IL-15- or
PBS-treated mice, CD4™ T cell percentages in the spleen were
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mg/kg), IL-15 (0.056 mg/kg), and PBS were injected i.v. A and B, spleen cells harvested on day 5 were stained with anti-CD4, anti-CD8 for T cells (A), and
anti-NK1.1 for NK cells (B) to be analyzed by flow cytometry. C, cell division is shown based on the fluorescence intensity of CellTrace Violet (no proliferation is
indicated by the brightest cells). MFI, mean fluorescence intensity. D, the percentage of proliferative cells was analyzed by flow cytometry.p > 0.05, IL-15 versus
2B8T2M-D8N and 2B8T2M versus 2B8T2M-LA; p < 0.01 among other groups. Data represent the mean = S.D.

relatively reduced in 2B8T2M-treated mice (Fig. 6A). Treat-
ment of mice with the Fc mutant 2B8T2M-LA showed the same
increased percentages of adoptively transferred NK cells and
CD8™ T cells in the spleen as seen in the 2B8T2M treatment
group, whereas treatment with the IL-15-mutant, 2B8T2M-
D8N, did not show similar effects. This result indicates that the
IL-15N72D domain was responsible for the changes in these
immune cell subsets.

We further examined the proliferation of donor CD8* T
cells and NK cells in spleens of recipient mice. As shown in Fig.
6, C and D, treatment with 2B8T2M resulted in increased pro-
liferation of adoptively transferred cells compared with treat-
ment with IL-15 or PBS; however, proliferation after 2B§T2M
treatment was lower than following ALT-803 treatment. Con-
sistent with the effects on splenic immune cell subsets, the Fc
mutant 2B8T2M-LA had similar immunoproliferative activity
as 2B8T2M, whereas treatment with the IL-15 mutant,
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2B8T2M-D8N, resulted in little to no proliferation of the adop-
tively transferred lymphocytes in vivo.

Superior Efficacy of 2B8T2M against Daudi B-lymphoma in
SCID Mice Compared with Rituximab—To compare the overall
in vivo antitumor activities of 2B8T2M and rituximab, we
employed the Daudi B-lymphoma/SCID mouse model. Daudi
cells (1 X 10”) were injected i.v. into female SCID mice, and 15
days post-inoculation, the presence of tumor cells in the bone
marrow was verified by flow cytometry using PE-conjugated
anti-human HLA-DR antibody (i.e. two mice showed 0.5% and
2.8% Daudi cells in the bone marrow). The remaining Daudi-
bearing mice were randomized into three groups and treated on
days 15 and 18 with rituximab at 10 mg/kg (equivalent to a
clinical dose of 375 mg/m® for non-Hodgkin’s lymphoma
(NHL) patients), 2B8T2M at 5 mg/kg, or PBS as a vehicle con-
trol. Hind leg paralysis was used as survival end point for this
study. As shown in Fig. 74, the median survival times for PBS-,
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FIGURE 7. Prolonged survival of tumor-bearing mice treated with 2B8T2M and efficacy of 2B8T2M antitumor activity. A, following i.v. injection with 1 X
107 Daudi cells/mouse, Daudi B-lymphoma-bearing mice were randomized into three treatment groups (n = 6) and treated with rituximab (A) at 10 mg/kg,
2B8T2M (@) at 5 mg/kg, and PBS (H) vehicle control 15 days and 18 days post-inoculation. PBS versus rituximab, p = 0.001; rituximab versus 2B8T2M, p = 0.006.
B-D, Daudi B-lymphoma-bearing mice were randomized into treatment groups and treated with rituximab (n = 7) at 10 mg/kg; 2B8T2M at 0.2, 1, 5, 12.8 mg/kg
(n = 6/dose level); and PBS (n = 7) vehicle control as in A. Mice were euthanized, and bone marrow and spleen cells were harvested 4 days post-second
treatment. B, the percentage of Daudi cells in the bone marrow was determined by HLA-DR staining using flow cytometry. C, the percentage of NK cells in the
spleen was determined by NKp46 staining using flow cytometry. D, the percentage of NK cells in the bone marrow was determined by NKp46 staining using
flow cytometry. E, Daudi B-lymphoma bearing SCID-beige mice were randomized into three treatment groups and treated with rituximab (n = 8) at 10 mg/kg,
2B8T2M at 5 mg/kg (n = 7),and PBS (n = 8) vehicle control 13 days and 16 days post-inoculation. Mice were euthanized, and bone marrow cells were harvested
4 days post-second treatment. The percentage of Daudi cells in the bone marrow was determined by HLA-DR staining using flow cytometry. Data represent the

mean = S.D.B-E, *, p < 0.01 compared with PBS; 1, p < 0.01 compared with rituximab.

rituximab-, and 2B8T2M-treated mice were 27, 35, and 42 days,
respectively. Although rituximab significantly improved the
survival of Daudi-bearing mice compared with the PBS control
group (p = 0.001), 2B8T2M treatment further prolonged sur-
vival relative to rituximab (p = 0.006).

In a follow-up dose-response study, Daudi-bearing mice
were randomized into six groups and treated on days 15 and 18
post-inoculation with 10 mg/kg rituximab; 12.8 (molar equiva-
lent to 10 mg/kg rituximab), 5, 1, or 0.2 mg/kg 2B8T2M; or PBS
as a vehicle control. The Daudi tumor burden in the bone mar-
row was determined on day 22 by flow cytometry. As shown in
Fig. 7B, the percentage of Daudi cells in the bone marrow of
rituximab-treated mice was significantly lower than that of the
PBS control group (p = 0.003). Moreover, treatment of mice
with 1, 5, or 12.8 mg/kg 2B8T2M resulted in a significantly
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lower Daudi tumor burden in the bone marrow than what was
observed in the rituximab- (p < 0.01) or PBS-treated groups
(p < 0.001), whereas the equivalent reduction in bone marrow
Daudi cells was seen in the 0.2 mg/kg 2B8T2M- and rituximab-
treated groups (p = 0.24). In addition to Daudi cells, the per-
centage of NK cells in the bone marrow and spleens was
assessed by flow cytometry. As shown in Fig. 7, C and D, there
was no difference in NK cell percentages in the bone marrow of
rituximab- and PBS-treated mice. However, 2B8T2M-treated
mice at all doses exhibited significantly higher proportions of
NK cells in the bone marrow and spleens compared with PBS
control mice (p < 0.05). The increased levels of NK cells may be
a major contribution to the potent antitumor activity of
2B8T2M. To assess whether NK cells are essential for the anti-
tumor activity of 2B8T2M, similar animal studies were con-

JOURNAL OF BIOLOGICAL CHEMISTRY 23875



IL-15 Superagonist as a Targeted Inmunotherapeutic Agent

A

60 |
50 |
40 -

*§

30 A

Daudi Cells (%)

20 A *

10 -

0 -

PBS 2B8T2M

2B8T2M-LA 2B8T2M-D8N

B

25 -
20 A
15 -

10 A

Daudi Cells in BM (%)

0

2B8T2M Cc264T2M
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control as in Fig. 7. Mice were euthanized, and bone marrow cells were harvested 4 days post-second treatment. The percentage of Daudi cells in the bone
marrow was determined as in Fig. 7. B, Daudi B-lymphoma bearing SCID mice were randomized into two treatment groups (n = 10) and treated with 5 mg/kg
of 2B8T2M and c264T2M at 18 days and 21 days post-inoculation. All mice were euthanized, and bone marrow cells were harvested 4 days post-second
treatment. The percentage of Daudi cells in the bone marrow was determined as in Fig. 7. *, p < 0.01 compared with PBS; §, p < 0.05 compared with 2B8T2M.

Data represent the mean * S.D.

ducted in SCID-beige mice, which have genetically diminished
NK cell activity compared with SCID mice (Fig. 7E). Daudi-
bearing SCID-beige mice were randomized into three treat-
ment groups and treated with 10 mg/kg rituximab, 5 mg/kg
2B8T2M, or PBS as a vehicle control. Surprisingly, the Daudi
cell percentage was still significantly lower (p < 0.01) in the
bone marrow of 2B8T2M- and rituximab- treated mice com-
pared with vehicle control, indicating that NK cells are not
essential for the antitumor activity of 2B8T2M or rituximab.
This finding suggests that although 2B8T2M induces antitu-
mor activity through ADCC, the in vivo antitumor activity of
this fusion protein is retained by its apoptotic effects and CDC
against tumor cells in mice with diminished NK cell activity.
Macrophages and neutrophils are also known to exhibit ADCC
and antibody-dependent cellular phagocytosis functions (13). It
is possible that macrophages and neutrophils contribute to the
antitumor activity of this fusion protein in the SCID-beige
mice. Additionally, because the efficacy of 2B8T2M in this
model is reduced in comparison with that in the Daudi SCID
mouse model, it is likely that NK cells do play a role in augment-
ing the antitumor activity of 2B8T2M.

Antitumor Activities of Various Domains of 2B8T2M against
Daudi B-lymphoma in SCID Mice—To dissect the functions of
the different domains of 2B8T2M, we compared the antitumor
activities of 2B8T2M, Fc-mutant 2B8T2M-LA, and IL-15-mu-
tant 2B8T2M-D8N in the Daudi B-lymphoma/SCID mouse
model. As shown in Fig. 84, all test agents administered at 5
mg/kg significantly reduced the Daudi tumor burden in the
bone marrow compared with the PBS-treated group. Addition-
ally, Fc-mutant 2B8T2M-LA and IL-15-mutant 2B8T2M-D8N
were less effective at reducing the Daudi tumor burden in the
bone marrow than 2B8T2M (p < 0.05). Furthermore, c264T2M
was used as a non-targeting control complex in a separate
experiment and was found to be less effective at reducing
Daudi cell percentages in the bone marrow than 2B8T2M
(Fig. 8B). Taken together, these findings indicate that IL-15-
mediated immune activation, Fc-domain activity, and 2B8-
specific targeting of CD20 were all important contributors to
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the effective in vivo antitumor activity of 2B8T2M against
Daudi B-lymphoma.

B Cell Depletion by 2B8T2M in Cynomolgus Monkeys—Fol-
lowing the efficacy studies of 2B8T2M in the Daudi B-lympho-
ma/SCID mouse model, we further investigated the ability of
2B8T2M to deplete B cells in cynomolgus monkeys. Animals
(n = 4/group) were injected i.v. with 5 mg/kg 2B8T2M, 10
mg/kg rituximab, or PBS as a vehicle control on days 0 and 3,
followed by euthanasia on day 7. The spleens and mesenteric
lymph nodes were collected and assessed for levels of B cells and
other lymphocyte subsets by flow cytometry. Changes in B cell
percentages in the peripheral blood were also determined using
samples taken before dosing and on days 1 (24 h post-first dos-
ing), 3 (pre-second dosing), 4 (24 h post-second dosing), 5, and
7. As shown in Fig. 9, B cells in the peripheral blood were effec-
tively depleted in both 2B8T2M- and rituximab-treated groups
1 day after the first dose. Following the second dose, B-cell
levels in the peripheral blood of 2B8T2M-treated animals were
further reduced compared with rituximab-treated animals;
however, this effect was not always statistically significant (p =
0.004 on day 4, p = 0.051 on day 5, and p = 0.067 on day 7).
Interestingly, the percentage of B cells in the lymph nodes of
2B8T2M-treated monkeys was significantly lower than in the
PBS-treated group. However, there was no significant differ-
ence between the rituximab-treated group and the PBS-treated
group. Treatment with 2B8T2M resulted in a significant
increase in the percentage of lymph node NK cells (2.4-fold
versus control) and a decrease in the percentage of blood CD8™"
and CD4™ T cells (0.8- and 0.5-fold versus control, respectively)
and splenic CD4™ T cells (0.4-fold versus control), presumably
because of the immunostimulatory effects of the IL-15N72D
domain on immune cell proliferation and trafficking. In con-
trast, rituximab treatment resulted in a 1.4- to 1.8-fold increase
in splenic CD8" and CD4™ T cell percentages (p < 0.05), likely
as a compensatory effect to the loss of B cells (data not shown).
No significant adverse effects were observed in either the
2B8T2M or rituximab treatment groups (data not shown).
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FIGURE 9. B cell depletion by 2B8T2M in cynomolgus monkeys. The study consisted of three groups of cynomolgus monkeys with four male animals in each
group. The animals were treated with 2B8T2M i.v. at 5 mg/kg, rituximab at 10 mg/kg, and PBS vehicle control. The same treatment was repeated after 3 days.
Blood samples for B cell analysis (A) were obtained pre-treatment, 1 day (24 h) post-first treatment, 3 days post-first treatment and pre-second treatment, 4 days
(24 h post-second treatment), and 5 and 7 days post-first treatment. All cynomolgus monkeys were euthanized 7 days post-first treatment, and the spleen and
mesenteric lymph nodes (LN) cells were harvested for B cell analysis by flow cytometry (B).

Discussion

mAbs recognizing specific antigens on tumor cells are cur-
rently used as cancer therapy. Rituximab, targeting the CD20
antigen expressed on >90% of NHL, has been successfully used
in patients for over a decade. The mechanisms of action of
anti-CD20 mAbs have involved apoptosis induction, ADCC,
CDC, and phagocytosis of target cells (14). The antitumor activ-
ity of mAbs is mainly through ADCC, which can be further
improved with adjuvant therapy that enhances the activation of
effector cells. IL-15 is a potent stimulant and activator of CD8 ™"
T and NK cells and is an emerging cancer immunotherapeutic
agent that can be combined with mAbs to enhance NK cell-
mediated ADCC (15). We created an IL-15 superagonist, ALT-
803, a complex of an IL-15N72D mutant and a dimeric
IL-15RaSuFc fusion protein. ALT-803 exhibits superior activ-
ity in vitro and in vivo. The N72D mutation increases the
biological activity of IL-15 ~5-fold, and the IL-15N72D-IL-
15RaSuFc complex further enhances the activity of IL-15 ~25-
fold compared with native IL-15 in vivo (3, 4). Also, ALT-803
has greater binding activity with the IL-2RBy. complex dis-
played on the surface of immune cells, a substantially longer
serum half-life, and better biodistribution and retention in
lymphoid tissues than native IL-15 (3, 4, 12). Exhibiting potent
immunostimulatory and antitumor properties, ALT-803 is an
effective agent against various tumors in animal models either
as a single agent or in combination with other therapies (5, 6).
For example, ALT-803 stimulation significantly increased
rituximab-mediated ADCC by human NK cells against B cell
lymphoma cell lines or primary follicular lymphoma cells in
vitro. Moreover, in two different B cell ymphoma mouse mod-
els, the addition of ALT-803 to anti-CD20 mAb therapy pro-
vided a significantly reduced tumor cell burden and increased
survival (7). As a result, ALT-803 is currently in multiple clini-
cal trials against solid and hematological malignancies (relapse
of hematologic malignancy after allogeneic stem cell trans-
plantation, refractory multiple myeloma, and indolent non-
Hodgkin’s lymphoma (NCT01885897, NCT02099539, and
NCT02384954, respectively)). In this study, we further demon-
strate that ALT-803 can be modified as a versatile protein scaf-
fold for the creation of novel multivalent antigen-specific
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immunotherapeutic complexes. We constructed a novel tar-
geted immunotherapeutic agent referred to as 2B8T2M. This
fusion protein consists of the recognition domain of rituximab
and IL-15N72D-IL-15RaSuFc and is able to mediate ADCC and
CDC against B-lymphoma while exhibiting pro-apoptotic
activity and in vivo immune cell stimulation. Thus, the 2B8T2M
complex as a single molecule retains the anti-CD20 properties
of rituximab in addition to the immunostimulatory properties
of ALT-803. Compared with rituximab, 2B8T2M demonstrates
improved antitumor activity and results in prolonged survival
of SCID mice bearing Daudi B-lymphoma. Furthermore,
increased proportions of NK cells in 2B8T2M-treated mice
suggest that NK cells play a pivotal role in the enhanced antitu-
mor activity of 2B8T2M in vivo. To further assess whether NK
cells are essential for the antitumor activity of 2B8T2M, similar
animal studies were conducted in SCID-beige mice, which are
deficient in NK cells. Surprisingly, the Daudi cell percentage
was still significantly lower in the bone marrow of 2B8T2M-
treatred mice compared with vehicle control. This suggests that
the in vivo antitumor activity of this fusion protein can be
retained by its apoptotic effects and CDC in mice with dimin-
ished NK cell activity. Macrophages and neutrophils are also
known to exhibit ADCC function (13). It is possible that macro-
phages and neutrophils can replace the ADCC function of NK
cells for this fusion protein in SCID-beige mice. Unlike the
results from SCID mouse studies, there is no significant differ-
ence in antitumor activity between 2B8T2M and rituximab in
SCID-beige mice. Therefore, NK cells enhanced the 2B8T2M
antitumor activity in vivo. It is conceivable that this is the result
of the IL-15 component of 2B8T2M, which expanded the NK
cell population and/or up-regulated the ADCC functions of NK
cells.

Anti-CD20 mAbs have been effectively used in the treatment
of NHL. Type I and II anti-CD20 antibodies are capable of
recruiting FcR-expressing cells to mediate ADCC and phago-
cytosis directed against CD20™" cells (16). Importantly, both
type I and II antibodies have been approved for clinical use
based on their activities against various CD20* B-lymphomas
or B cell-mediated autoimmune diseases (17, 18). As shown in
this study, 2B8T2M retains rituximab-like CDC against CD20™"
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target cells while exhibiting enhanced apoptotic activity. These
findings indicate that 2B8T2M possesses the functional advan-
tages of both type I and II anti-CD20 antibodies with the addi-
tion of strong enhancement of ADCC through IL-15-based
immunostimulatory activity for potent NK cell effector
responses. The pro-apoptotic activity of 2B8T2M is dependent
on the CD20-binding domain but not on FcR binding or IL-15
activity. Previous studies have shown that chemically cross-
linked rituximab homodimers and recombinant tetravalent
rituximab scFv-Ig fusions had superior apoptosis-inducing
activity against B-lymphoma cells than monomeric rituximab
(19, 20). These results suggest that the enhanced pro-apoptotic
activity of 2B8T2M compared with rituximab is also likely due
to its multivalent binding capability to CD20™ cells.

ALT-803 induces memory CD8™ T cells to proliferate, up-
regulate NKG2D, secrete IFN-v, and acquire the ability to kill
malignant cells in the absence of antigenic stimulation (5, 21).
The results presented here indicate that the CD20-specific
complex 2B8T2M retains the unique capability of ALT-803.
For instance, our adoptive transfer experiments showed that
2B8T2M promoted the expansion of memory CD8™ T cells and
NK cells. Thus, anti-CD20 scFv domains of 2B8T2M did not
alter the biological effects of the ALT-803 component on mem-
ory CD8™ T cells, although the scFv domains lowered the rela-
tive IL-15 activity ~60-fold compared with ALT-803. The
decrease in IL-15 activity of 2B8T2M is likely due to the steric
hindrance of the anti-CD20 single-chain antibody affecting the
binding domain of IL-15N72D to IL-2RB<y. because similar
effects were seen with other IL-15 fusions (3, 8). The lower
IL-15 activity of these fusion molecules may enhance the clini-
cal utility of this type of molecule in general. It has been shown
that one of the determining factors of ADCC effectiveness of
an antibody is concentration, which affects its bound density on
the target cells (22). The lower IL-15 activity of these fusion
molecules may potentially enable their administration at a
higher dose level for effective ADCC without inducing
unwanted immune-related systemic toxicities. The ADCC-de-
pendent efficacy and well tolerated safety profile of 2B8T2M
both in murine and non-human primate models shown in this
study demonstrate this point and support the clinical utility of
these molecules.

In a comparative biodistribution study with native IL-15,
ALT-803 was distributed to and retained better in lymphoid
organs of mice (12). Similarly, 2B8T2M biodistribution data
indicate uptake and retention in lymphoid tissues for at least
70 h. In the CD40™" B cell depletion study in non-human pri-
mates, we found that lower dose levels of 2B8T2M were more
efficacious than rituximab, particularly in the lymph nodes.
2B8T2M treatment also induced a significant increase in the
percentage of lymph node NK cells compared with controls. It
is conceivable that 2B8T2M was retained in the lymphoid tis-
sues, potentially stimulating T and NK cells for a significant
period of time through its IL-15 component, whereas rituximab
lacked this activity. This stimulation of NK cells, likely because
of the induction of perforin and granzyme B (23), may have
significantly enhanced the ADCC against B cells. Thus, these
fusion molecules may be particularly effective against B cell
lymphoma.
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ADCC of therapeutic antibodies has also been demonstrated
to induce an adaptive immune response against a targeted
antigen displayed on cancer cells via the “vaccinal effect” (14,
24-26). This effect is Fc-dependent and provides a durable
memory response for the host through tumor rejection follow-
ing rechallenge (27). IL-15, a component of 2B8T2M, is a key
cytokine for the development of effector and memory CD8" T
cells. Thus, it is conceivable that the IL-15 component of the
2B8T2M molecule can enable a stronger vaccinal effect than a
therapeutic antibody alone against the targeted antigen by acti-
vating the immune responses of CD8™" T cells. Also, it should be
noted that the ALT-803 scaffold enhanced the lymphoid tissue
retention of the rituximab binding domains. Thus, the ALT-
803 scaffold may represent a vehicle to deliver the fusion com-
ponents to the lymph organs for immune system activation.

These studies show that a scaffold molecule based on
IL-15N72DrIL-15RaSuFc could potentially be fused to multiple
target recognition domains derived from antibodies, cytokines,
or other receptors. With the appropriate target domain, the
resulting complexes could promote conjugation of various
immune effector cells and mediate destruction of target cells,
including cancer cells or virally infected cells displaying specific
targets. The IL-15 domain of the complex could provide immu-
nostimulatory activity to support effector cell proliferation and
cytotoxicity. This single fusion protein approach would also
eliminate the need for complicated treatment regimens
employing combination immunotherapies. Therefore, the
IL-15N72D-IL-15RaSuFc scaffold complex may offer a unique
opportunity to utilize the promising potential of IL-15 as a tar-
geted immunotherapeutic drug against cancer and infectious
diseases.

Experimental Procedures
Mice and Cell Lines

Fox Chase SCID (C.B-17/IcrHsd-Prkdc-scid), SCID-beige
(C.B-17/IcrHsd-PrkdcscidLystbg-]J), and C57BL/6NHsd mice
(6- to 8-week-old females, Harlan Laboratories) were housed in
the animal facilities of Altor BioScience. All animal studies were
performed according to National Institutes of Health animal
care guidelines under Institutional Animal Care and Use Com-
mittee-approved protocols.

The human Daudi B-lymphoma cell line was purchased from
the ATCC and routinely cultured in complete RPMI 1640
medium at 37 °C with 5% CO.,. Prior to use in these studies, the
Daudi cells were authenticated in 2014 and 2015 by confirming
cell growth morphology (lymphoblast), growth characteristics,
phenotype of uniform expression of human CD20 by flow
cytometry, and functionally as anti-CD20 mAb opsonized tar-
gets for ADCC. IL-15-dependent 32Df cells (3) were cultured
in complete Iscove’s modified Dulbecco’s medium supple-
mented with 1-2 ng/ml IL-15 (kindly provided by Dr. J.
Yovandich, NCI, National Institutes of Health (Frederick, MD).

Generation of sc2B8 Fusion Constructs
To generate a soluble single-chain two-domain anti-CD20
mAb construct (sc2B8), the V-gene segments of 2B8 mAb light
and heavy chains were cloned from the 2B8 hybridoma
(ATCC). The V, gene segment was fused to the 5" end of the V,
SASBMB
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gene segment via a linker (Gly,Ser;). The sc2B8 gene was fused
to the 5" end of IL-15 mutein sequences, including IL-15 super-
agonist (IL-15N72D), IL-15 antagonist (IL-15D8N), as well as
the 5’ end of a fusion construct (IL-15RaSuFc) as described
previously (3). To generate the FcR binding-deficient mutein,
the sc2B8 was fused to IL-15RaSuFc-LA, of which the higG1
heavy chain amino acids 234 and 235 were mutated from leu-
cine to alanine (10). A soluble single-chain three-domain T cell
receptor (TCR), ¢264scTCR (chimeric human p53 (264 —272)-
specific single-chain TCR), was also constructed as described
previously (3, 8). Similar to the sc2B8 fusions, the ¢264scTCR
was fused to IL-15N72D or IL-15RaSuFc to make the
¢c264scTCR-IL-15N72D and c¢264scTCR-IL-15RaSuFc con-
structs. The resulting sc2B8-IL-15N72D-sc2B8-IL-15RaSuFc
(2B8T2M), sc2B8-IL-15D8N-sc2B8-IL-15RaSuFc (2B8T2M-
D8N), sc2B8-IL-15N72D-sc2B8-IL-15RaSuFc-LA (2B8T2M-
LA), and ¢264scTCR-IL-15N72D-c264scTCR-IL-15RaSuFc
(c264T2M) genes were expressed in the pMSGV retroviral vec-
tor (28).

Fusion Protein Production and Purification

Expression vectors containing the various constructs were
transfected into CHO cells from the ATCC followed by selec-
tion in medium containing appropriate antibiotics. For produc-
tion of the fusion proteins, the recombinant CHO cells were
grown in serum-free defined medium (SFM4CHO, Hyclone,
Logan, UT) at 37 °C. When the viable cell density of the cultures
reached a maximum, the incubation temperature was shifted
down to 30 °C for 10—14 days for accumulation of the soluble
complex. The fusion proteins were purified from the recombi-
nant CHO cell culture supernatants by immunoaffinity protein
A chromatography. Prior to sample loading, the column was
washed with 5 column volumes (CV) of 20 mm Tris-HCI (pH
8.0), sanitized with 5 CV of 0.1 N NaOH for 1 h, and then
equilibrated with 7 CV of 20 mm Tris-HCI (pH 8.0). The super-
natant was loaded onto the column at 2 ml/min, and the col-
umn was then washed with 8 CV of 20 mm Tris-HCI (pH 8.0),
followed by 7 CV of washing buffer (0.1 M sodium citrate (pH
5.0)) to remove nonspecifically bound proteins. The protein
was then eluted with 0.2 M sodium citrate (pH 4.0), and the pH
of the collected peak fractions was immediately neutralized by
using 2 M Tris-HCI (pH 8.0). The preparation was concentrated,
and the buffer was exchanged into PBS by using an Amicon
Ultra-15 centrifugal concentrator (30-kDa cutoff, Millipore,
Billerica, MA). Aggregates within the purified fusion proteins
were removed by size exclusion chromatography. The purified
fusion proteins were analyzed by reducing SDS-PAGE (12%
BisTris gel) followed by SimplyBlue™ Safe Stain (Invitrogen).
The homogeneity of 2B8T2M molecules was characterized by
size exclusion chromatography. The fusion proteins are stable
at 4 °C for at least 12 months (data not shown).

Flow Cytometry Analysis

To verify the CD20-binding properties of 2B8T2M, periph-
eral blood mononuclear cells (PBMCs) were stained with FITC-
labeled 2B8T2M or rituximab and the binding specificity was
demonstrated by blocking with unlabeled 2B8T2M or ritux-
imab. To verify the Fc receptor binding of 2B8T2M, a human
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histiocytic lymphoma U937 cell line (ATCC) was stained
with FITC-labeled 2B8T2M, rituximab, or 2B8T2M-LA. The
stained PBMCs and U937 cells were analyzed on a FACSVerse
using FACSuite software (BD Biosciences).

Cell Proliferation Assays

Proliferation of 32D cells was measured as described previ-
ously (3, 8). Briefly, 32D cells (1 X 10* cells/well) were incu-
bated with fusion proteins for 48 h at 37 °C. Cell proliferation
reagent, WST-1 (Roche Applied Science), was added during the
last 4 h. Conversion of WST-1 to the colored formazan dye was
determined through absorbance measurements at 450 nm. The
EC,, was determined based on the dose-response curve using
Prism4 software (GraphPad Software).

In Vitro Cytotoxicity Assays

CDC Assay—Daudi cells were incubated in RPMI 1640 in the
presence of 2B8T2M, its muteins, or rituximab at 37 °C for 2 h.
Normal human serum (Innovative Research) was used for com-
plement reactions. Viability of Daudi cells was determined by
propidium iodide (Sigma) staining and analyzed on a BD
FACSVerse.

ADCC Assay—Daudi cells were labeled with CellTrace Violet
(Invitrogen) according to the instructions of the manufacturer
and served as target cells. Fresh human PBMCs or MACS-pu-
rified CD4" T, CD8* T, and NK cells were isolated from blood
buffy coat (OneBlood) and used as effector cells. The effector
cells were mixed with Daudi cells at the indicated effector:
target ratios in the presence of 2B8T2M, its muteins, or ritux-
imab. Following 2- to 3-day incubation at 37 °C with 5% CO.,,
Daudi cell viability was assessed by propidium iodide (Sigma)
staining and analyzed on a BD FACSVerse.

Apoptosis Assay—Daudi cells were incubated in RPMI-10 in
the presence of 2B8T2M, its muteins, or rituximab at 37 °C for
3 days. On day 3, Daudi cells were stained with FITC-conju-
gated Annexin V (BioLegend), and the percentage of apoptotic
Daudi cells was analyzed on a BD FACSVerse.

PET Imaging and Tissue Biodistribution Studies

C57BL/6 mice were injected i.v. with 10—15 MBq of **Cu-
labeled 2B8T2M and ®*Cu-NOTA-rituximab. Static PET scans
were performed on anesthetized animals at various time points
post-injection using an Inveon microPET/microCT rodent
model scanner (Siemens). Data acquisition, image recon-
struction, and region of interest analysis to calculate the per-
centage of ID per gram of tissue for major organs were con-
ducted as described previously (29, 30). The radioactivity in
each tissue was measured using a y counter (PerkinElmer Life
Sciences) and presented as percentage of ID per gram of tissue.

Tumor Models

Following i.v. injection with 1 X 107 Daudi cells/mouse,
tumor-bearing Fox Chase SCID or SCID-beige mice were
closely monitored for hind leg paralysis, which served as the
survival end point. The percentage of Daudi cells in the bone
marrow was determined by flow cytometry (FACSVerse) using
PE-conjugated anti-human HLA-DR antibody (BioLegend).
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T Cell Labeling and Adoptive Transfer

CD3™ enriched cells (CD3 enrichment column, R&D Sys-
tems) from spleens and lymph nodes of donor C57BL/6NHsd
mice were labeled with CellTrace Violet (Invitrogen) according
to the instructions of the manufacturer. On study day 0 (SDO0),
1 X 107 violet-labeled cells were adoptively transferred into
syngeneic C57BL/6NHsd mice. On SD2, mice were treated i.v.
with the test articles. On SD5, spleens were harvested and ana-
lyzed by flow cytometry for donor lymphocyte proliferation
(violet-labeled) and lymphocytic subset composition.

Cynomolgus Monkeys Studies

Male cynomolgus monkeys (2.20-2.85 kg, 2—3 years old)
were provided by Yunnan Laboratory Primate, Inc. (Kunming,
China). This study was conducted in accordance with a
research proposal approved by the Institutional Animal Care
and Use Committee of Yunnan Laboratory Primate, Inc. On
study days 0 and 3, 2B8T2M was administered i.v. at 5 mg/kg,
rituximab at 10 mg/kg, and PBS served as treatment control. On
day 7, the monkeys were euthanized, and spleens and mesen-
teric lymph nodes were harvested and processed for immune
cell analysis. Blood samples were taken at pre-dosing and on
days 1 (24 h post-dosing), 3 (pre-dose 2), 4 (24 h post-dosing), 5,
and 7.

Data Analysis

Survival data were analyzed using the Kaplan-Meier method.
Comparisons of continuous variables were done using
Student’s ¢ tests or analysis of variance (two-tailed) (GraphPad
Prism4). p = 0.05 was considered significant.

Author Contributions—P. R. R. and H. C. W. conceived the idea for
the project and supervised the study with B.L. B.L., L.K,, K. H.,,
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conducted the experiments, and acquired the data. B.L., E.K. ],
S.A,M.P.R,P.R. R, W.C.,, and H. C. W. analyzed and interpreted
the data. B.L., E.K.J., S. A, M.P.R, P.R.R,, W.C,, and H. C. W.
wrote and reviewed the paper.
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