mAbs 3:1, 21-30; January/February 2011; © 2011 Landes Bioscience

REPORT

A single-chain triplebody with specificity
for CD19 and CD33 mediates effective lysis
of mixed lineage leukemia cells by dual targeting
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Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; AML, acute myeloid leukemia; B-CLL, B-cell chronic
lymphocytic leukemia; B-ALL, B-cell acute lymphoblastic leukemia; BCP-ALL, B-cell precursor ALL; CML, chronic myeloid
leukemia; MLL, mixed lineage leukemia; LSC, leukemia stem cell; scFv, single-chain fragment variable; CHO, Chinese hamster
ovary cells; bsab, bispecific antibody; bsscFv, bispecific single-chain Fv; sctb, single-chain triplebody; MNC, mononuclear cell;
PMN, polymorph-nuclear cells; ds, disulfide stabilized; GFP, green fluorescent protein; RFP, red fluorescent protein;

FI, fluorescence intensity

A single-chain triplebody (sctb) 33-ds16-ds19 comprising two distal single-chain Fv fragments (scFvs) specific for the
lymphoid antigen CD19 and the myeloid antigen CD33 flanking a central scFv specific for CD16, which is the low affinity
Fc-receptor (FcyRIll) present on natural killer cells and macrophages, was produced and its properties were investigated.
CD33 and CD19 in combination are present on acute leukemiablasts with mixed lineage phenotype, but not on normal
human hematopoietic cells. For comparison, two bispecific scFvs (bsscFvs), ds19-ds16 and 33-ds16, with monovalent
binding to CD19 and CD33, respectively, were also studied. The sctb 33-ds16-ds19 specifically interacted with all three
antigens. On the antigen double-positive cell line BV-173, the sctb bound with 2-fold greater avidity than bsscFv ds19-
ds16 (K, = 21 vs. 42 nM) and with 1.4-fold greater avidity than bsscFv 33-ds16 (K, = 29 nM). All three fusion proteins had
similar affinity for CD16 and sufficient thermic stability in human serum. In antibody-dependent cellular cytotoxicity
(ADCC) reactions with human mononuclear cells as effectors, the sctb promoted lysis of BV-173 cells at 23-fold lower
concentrations than bsscFv ds19-ds16 and at 1.4-fold lower concentrations than bsscFv 33-ds16. The sctb also mediated
potent ADCC of the antigen double-positive mixed lineage leukemia cell line SEM, and the half-maximal concentration
EC,, for BV-173 cells was 7 pM. Therefore, CD19 and CD33 are present on the surface of these leukemic cell lines such that

they can be connected by a single sctb molecule, permitting the recruitment of NK cells via CD16 and tumor cell lysis.

Introduction

A major advantage of antibodies in cancer therapy over chemo-
therapeutic agents and radiation derives from their antigen
specificity. All antibody-based products currently approved as
anti-cancer drugs target one single class of antigen on tumor
cells. While this allows for selective targeting of antigen-positive
cells, it does not achieve discrimination between antigen-positive
tumor cells and antigen-positive normal cells, unless the anti-
gen is strongly overexpressed on the cancer cell or the cancer
cell is more sensitive to the antibody than normal cells. Indeed,
antigens particularly suited for antibody therapy are frequently
overexpressed on cancer cells, such as Her2/neu on mammary
carcinoma cells, the epidermal growth factor receptor (EGF-R)
and epithelial cell adhesion molecule (EpCAM) on a variety of
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carcinomas and the high molecular weight melanoma associated
antigen (HMW-MAA) on melanomas and some acute childhood
leukemias.'” However, many attractive antigens are also expressed
on normal cells, and antibodies that target these antigens may
cause undesired side effects by depleting valuable normal cells.
An example is the interference of CD52-specific alemtuzumab
(Campath-1H; Genzyme Corp.)® with vital leukocyte defenses
against infectious agents.

An important objective for the development of anti-cancer
antibody agents is therefore to additionally increase the specificity
of cancer cell targeting over that of normal cells. One approach is
the development of dual-targeting agents. These are recombinant
proteins with two antigen binding domains for two different
antigens on a tumor cell. In some cases, it is possible to identify a
pair of target antigens that is exclusively present on cancer cells,
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while normal cells carry only one of these markers. In other cases,
double-positive cancer cells carry the pair in greater combined
density than double-positive normal cells. The expectation is that
in both cases a dual-targeting agent may bind with greater prob-
ability to the cancer cell and over time may achieve a preferential
elimination of cancer cells in vivo.

The concept is attractive, but only a few cases of success-
ful dual-targeting have been reported. One example are dual-
targeting immunotoxins, such as the protein DT-19-22, which
carries a truncated diphtheria toxin (DT) fused in tandem to two
single-chain variable fragments (scFv) specific for the lymphoid
antigens CD19 and CD22.° The underlying expectation was
that this agent may bind with increased probability to malignant
B lymphoid cells and eliminate them because many of these cells,
in particular hairy cell leukemias, express one or both of these
antigens in greater density than normal B-lineage cells."” This
molecule eliminated antigen double-positive cells more effec-
tively than the control molecules DT-19-19 and DT-22-22, sug-
gesting that it may have bound to one each of CD19 and CD22
on the same cancer cell. Therefore, preferential targeting of anti-
gen double-positive tumor cells over normal cells may be possible
with this design, but direct evidence for a preferential elimination
of tumor cells over simultaneously present antigen single-positive
normal cells has not been reported.

Our team has investigated the merits of dual-targeting by
designing and testing single-chain triplebodies (sctbs) that rely
on effector cells for the elimination of cancer cells rather than
toxin-components."3 Sctbs carry three scFv antigen binding
domains in tandem in a single polypeptide chain. The two distal
domains bind antigens on a cancer cell and the central domain
recruits an effector cell. The prototype sctb 19-16-19 provided
the proof-of-concept but did not yet aim for dual-targeting. It
carried two scFv binding sites for CD19 flanking a central site
for CD16, the low-affinity Fcy RIII receptor for IgG that is pres-
ent on natural killer cells (NK) and macrophages." This protein
mediated strongly redirected lysis of human leukemia-derived
cell lines and primary leukemic cells by NK-effectors at approxi-
mately 25-fold lower concentrations than the control molecule
19-16, a bispecific single chain Fv (bsscFv) with one binding site
each for CD19 and CD16."

Another prototype in the same format was the sctb 33-16-33
with distal binding sites for CD33, a validated target for anti-
body-derivatives against acute myelogenous leukemia (AML)."?
This triplebody was also not designed for dual-targeting, but it
mediated effective redirected lysis of AML-derived cell lines and
primary AML cells by mononuclear cells (MNCs) as effectors.
This agent was approximately 20-fold more potent than the cor-
responding control bsscFv 33-16, indicating that one triplebody
molecule was capable of simultaneous binding to two CD33 mol-
ecules on the same tumor cell, as well as one CD16." The first
dual-targeting triplebody was 123-16-33 with one binding site
each for the AML tumor antigens CD123 and CD33, and one
for CD16."> This molecule was capable of simultaneous bind-
ing to one each of CD123 and CD33 on the same tumor cell
plus CD16, and this simultaneous binding was responsible for a
strongly enhanced redirected lysis.'? Therefore, there is currently
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published evidence for four different triplebodies (19-16-19;
33-16-33; 123-16-123; and 123-16-33), suggesting that one sin-
gle sctb can simultaneously bind two target antigens on the same
tumor cell and CD16, and thereby achieve enhanced redirected
lysis over the corresponding bsscFvs.

However, CD33 and CDI123 are also present on normal
myeloid cells, and there is no evidence yet that this agent will lead
to a preferential elimination of double-positive AML cells over
simultaneously present double-positive normal cells. To further
assess the benefits of dual targeting, we have therefore investi-
gated a different situation in this study, in which a pair of target
antigens is exclusively present on tumor cells but not on related
normal cells. If such a triplebody were also capable of simulta-
neous binding to one each of these targets on the same tumor
cell and to CD16, then one would expect to find a preferential
elimination of the tumor cell because the agent should bind to
double-positive tumor cells with bivalent avidity, but only with
monovalent affinity to single-positive normal cells. We identified
a suitable pair of antigens to test this hypothesis, produced the
corresponding triplebody and performed the initial steps towards
validation of the hypothesis.

The pair of antigens selected was CD19 and CD33. CD19
is an attractive target for antibody-derived cancer therapeutics
because it is expressed by the blasts of most B-cell precursor
acute lymphoblastic leukemias (BCP-ALLs) of children and on

most B-cell malignancies of adults.”>'

It is a clinically validated
target for antibody-derived anti-cancer agents because a bss-
cFv CDI19-CD3 that recruits cytotoxic T cells via CD3 for the
lysis of tumor cells has recently demonstrated positive results in
clinical trials. This agent blinatumomab produced significant
clinical responses for non-Hodgkin lymphoma (NHL) and pedi-
atric B-ALL."'® Similarly, CD33 is a clinically validated target
for antibody-derived agents against AML."?* The anti-CD33
immunotoxin gemtuzumab ozogamicin (Mylotarg™; Pfizer) was
approved in the United States as a treatment for relapsed and
refractory AML in patients over 60 years of age. Although the
agent produced toxicities, it brought clear therapeutic benefit for
some patients."”

CD19 and CD33 are present on the same tumor cells for
patients with mixed lineage leukemia (MLL) or bi-phenotypic
leukemia. These are mostly childhood leukemias, but also occur
as secondary therapy-related AML in adults.? Approximately
80% of acute childhood leukemias are BCP-ALL with favorable
prognosis; the remainder are high-risk leukemias with unfavor-
able prognosis.”? The majority of the high-risk cases carry recip-
rocal chromosomal translocations to the MLL-gene on chromo-
some 11q23.2% Fusion genes are generated at the translocation
breakpoint, which specify chimeric proteins carrying some
domains coded by each of the translocation partner genes. These
fusion proteins are aberrant regulators of gene expression, ini-
tiating the clonal expansion of the cell in which the transloca-
tion occurred and the leukemogenic process. They also cause
the joint expression of B lymphoid and myeloid lineage mark-
ers, including the lymphoid markers CD19 and CD22, as
well as the myeloid markers CD13, CD15, CD33, CD65 and

CD66¢.*"* Simultaneous expression of these markers does not
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occur on normal human hematopoietic cells, hence the designa-
tion “mixed lineage” to characterize this unusual set of diseases.
These leukemias are a distinct disease entity differing from both
ALL and AML in their gene expression profiles, disease progres-
sion, responsiveness to therapy and prognosis.”? Among the
myeloid markers of MLL cells, we have chosen CD33 as a target
because (a) it is a clinically validated target for AML, (b) it has
a more restricted tissue distribution, being expressed exclusively
on hematopoietic cells* and (¢) it is the only myeloid marker of
this set that showed statistically significant correlation with poor
treatment outcome.*®

We investigated whether a dual-targeting triplebody 33-ds16-
ds19 designed in the same format as those discussed above'"?
would also be able to bind simultaneously to both antigens on
the same MLL cell, and whether this would mediate significant
redirected lysis by effectors recruited via CD16. Our results sug-
gest that this was indeed the case. While this information is valid
and new, it does not yet answer the question of whether triple-
bodies will lyse double-positive leukemic cells preferentially over
normal, antigen single-positive cells that are also present in vivo.
The experiments required to answer this question will require
substantial additional work that is in progress, but the agents and
their properties described here suggest that triplebodies could
achieve this result.

Results

Construction, expression and purification of the scFv triplebody
33-ds16-ds19. The sctb 33-ds16-ds19 was constructed from scFv
components with specificity for CD19, CD16 and CD33 that
have been previously described (Fig. 1A)."** The sctb and the
control bsscFvs ds19-ds16 and 33-ds16 were produced in stably
transfected human HEK 293T cells and enriched from culture
supernatants by affinity chromatography. Yields of the enriched
proteins were in the range of 1-3 mg per liter. The electropho-
retic mobility corresponded to a M, of ~90 kDa, which was close
to the calculated value of 89 kDa (Fig. 1B), and no degrada-
tion products were observed (Fig. 1C). High molecular weight
impurities still remained in the preparation after enrichment by
a single chromatographic step (Fig. 1B), but no high molecular
weight aggregates including the triplebody were observed by elec-
trophoresis in non-denaturing polyacrylamide gels, followed by
immunoblotting (Sup. Fig. 1). The preparations were therefore
of sufficient purity to permit a meaningful initial evaluation of
biochemical properties and biological activities.

Binding characteristics of the sctb. The sctb was capable of
reacting with CD19, CD16 and CD33 on separate cell lines that
each expressed one of these antigens (Fig. 1D). To investigate
the possibility that the protein preparation may have consisted
of two subpopulations, with each capable of binding only one
of these antigens, the ability to simultaneously bind more than
one antigen was analyzed. Recombinant fusion proteins com-
prising the extracellular domain of CD16 or CD33 and green
fluorescent protein (GFP) or red fluorescent protein (RFP),
termed CD16ex-GFP and CD33ex-RFP, were used to test the
hypothesis. Cells from the CD33-negative, CD19-positive SEM
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Figure 1. Design, purification and antigen binding of sctb 33-ds16-ds19.
(A) Block-structure of the sctb. |, secretion leader sequence from the
murine Igkappal chain; V , V,, V regions of Ig L- and H-chains; L, 20 ami-
no acid flexible linker (Gly,Ser),; S, m, H, cDNA coding for a strep, cmyc
or a hexahistidine tag; S-S, stabilizing disulfide bond. (B) Integrity and
purity of the sctb after affinity chromatography with Ni-NTA agarose
beads as evaluated by reducing SDS-PAGE and staining with Coomassie
blue. (C) Western blot analysis using anti-his or anti-Strep antibodies for
detection. (D) FACS analysis of specific binding of the sctb to CD19-pos-
itive SEM cells (i), CD33-positive THP-1 cells (ii), CD16-transfected CHO
cells (iii) and CD33-, CD16- and CD19-negative CEM cells (iv). (grey peak:
signal from control sctb; light grey peak: signal from sctb).

sub-line were incubated first with the sctb and then with both
CD16ex-GFP and CD33ex-RFP simultaneously. Strong cell-
bound green and red fluorescence signals resulted, indicating that
the sctb could bind simultaneously to both cell-associated CD19
and fluid-phase CD16ex and CD33ex (Fig. 2Ai). Incubation of
the CD7-negative SEM cells with the similarly constructed con-
trol sctb 7-ds16-7 showed no fluorescence signal (Fig. 2Aii). The
fluorescence signal was reduced to baseline levels in competition-
binding experiments when excess amounts of the parental CD19
monoclonal antibody (mAb) 4G7, the parental CD16 mAb 3G8

or the parental CD33-scFv were added, whereas the signal was
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Figure 2. Simultaneous and specific antigen binding of the sctb. (A) Simultaneous binding to
CD19, CD33 and CD16. SEM cells were incubated with the sctb and simultaneous binding was
revealed by addition of two fusion proteins consisting of the extracellular domain of CD16
plus GFP (CD16ex-GFP) and CD33 plus RFP (CD33ex-RFP) (i). SEM cells incubated with a con-
trol sctb, 7-ds16-7, which did not bind to the CD7-negative SEM cells, showed no cell-bound
fluorescence signal after subsequent staining with CD16ex-GFP or CD33ex-RFP (ii). (B) The flu-
orescence signal produced by CD16ex-GFP and CD33ex-RFP was blocked by pre-incubation
of SEM cells with a 50-fold molar excess of the intact CD19 mAb 4G7 (ii), whereas incubation
with an isotype-matched control antibody produced no competition effect. (i) SEM cells were
incubated with the sctb and one of the GFP- or RFP-labeled fusion proteins. (C) After pre-
incubating the CD16ex-GFP fusion protein with the CD16 mAb 3G8 the signal was reduced

to background level (ii). No blocking occurred by addition of a non relevant isotype matched
antibody (i). (D) After pre-incubation of the CD33ex-RFP fusion protein with the CD33 scFv,
binding was blocked (ii). No reduction occurred with a non-relevant control scFv (i).

cytometry (Table 1). The sctb had an over-
all K| of 21.5 + 1.5 nM for antigen double-
positive BV-173 cells, while the affinities of
the bsscFvs were approximately 2-fold lower
for CD19 (K, = 42.4 + 5.7 nM") and 1.4-fold
lower for CD33 (K, = 29 + 1.9 nM") on these
cells. The avidity of the sctb for CD19- and
CD33-double-positive BV-173 cells was thus
approximately 2-fold higher than the affin-
ity of the monovalent CD19-specific scFv
contained in ds19-dsl6, and approximately
1.4-fold higher than the affinity of the CD33-
specific scFv contained in the bsscFv 33-dsl6,
which indicated both scFv components were
functional and contributed to the overall avid-
ity of the sctb for double-positive cells. In con-
trast, the affinity of the CD16-specific scFv
was almost unmodified. No difference was
observed between scFv carried in a bsscFv or
in the sctb, where it was engaged at both ends.
The K, value of the sctb for CD16 was 49 +
5.2 nM, and for the CD16-binding sites car-
ried in ds19-ds16 and 33-ds16 the values were
57.6 + 8.9 and 35 £ 2.2 nM," respectively.
These latter values deviated by less than 15%
from the value for the sctb, and thus remained
largely unchanged, with the deviations possi-
bly due to minor distortions of the CD16-scFv
in the individual context of these molecules
or their sequence-dependent ability to medi-
ate synapse-formation with NK-cells. The key
difference is that the affinity of these mole-
cules for CD16 remained practically constant,
whereas the avidity changed about 2-fold for
the double-positive cells due to the addition of
the extra scFv in the triplebody. These changes
are of the same order of magnitude as those
previously observed for other sctbs.!*?

In a second experiment, the cell surface
retention of all three molecules, the sctb and
bsscFvs ds19-ds16 and 33-dsl6, on intact
CD19- CD33-double-positive BV-173 cells at
37°C was measured. The retention half-lifes
(t,,) of ds19-ds16 and the sctb were 7 min
and 16 min, respectively (Table 1), indicat-
ing that the addition of the extra scFv domain
contributed to doubling the retention half-
life. Surprisingly, bsscFv 33-ds16 had a reten-

tion halflife of 17 min, which was similar to

not decreased after addition of a non-relevant IgGl isotype con-
trol antibody or a control scFv (Fig. 2B-D).

Two experiments were done to evaluate whether insertion of
a second scFv component into the sctb would result in a gain of
avidity for CD19- and CD33-double-positive cells. First, the equi-
librium binding constants (K,)) of the sctb and bsscFv molecules
were determined from binding curves recorded by calibrated flow
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that of the sctb. Both bsscFvs showed a similar retention time
of 9 min via their CD16 binding domain on CD16-transfected
CHO cells, indicating that the long retention time of 33-ds16 on
BV-173 cells was not due to the formation of aggregates.

The results allow us to rule out the alternative, which is that
a fraction of the sctb population bound with monovalent affinity
to CD19 and another fraction with monovalent affinity to CD33
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on the double-positive cells. In this case, no change in molar
avidity for the sctb relative to the bsscFvs should have been seen.

Thermostability in human serum in vitro. Antibody-
derived proteins with potential as therapeutics must be thermo-
stable in human serum. To evaluate the proteolytic sensitivity
and possible thermic denaturation (heat inactivation), the sctb
was incubated in human serum at 37°C and binding to CD19,
CD33 and CDI16 on viable antigen single-positive cells was
measured by FACS-analysis. Half-life values were determined
(Table 1), and the values for binding to the different antigens
at times between 86 and 198 h were recorded. The results indi-
cated that each of the three scFv domains underwent thermic
denaturation with an individual, sequence-specific half-life.
However, the magnitude of all values was enough to assure that
the sctb had overall thermic stability that was sufficient for pre-
clinical development.
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Figure 3. The sctb mediates potent lysis of CD19- and CD33-double-
positive BV-173 cells with enriched MNCs from healthy human donors
as effector cells. (A) At the concentration of 1 nM the sctb induced sig-
nificant lysis over a broad range of E:T ratios and the extent of specific
lysis increased with increasing E:T ratios (black bars, sctb; grey bars,
control sctb, white bars, no ab). Data are presented as mean percent-
age lysis + standard error of the mean (SEM) obtained with MNCs from
at least four different healthy donors. * Statistically significant p values
< 0.05. (B) Whole blood was fractionated into PMN, MNC and comple-
ment-containing plasma to identify the relevant effector population for
the sctb. Black bars (left) indicate sctb at a concentration of 1 nM, white
bars indicate no ab. * Statistically significant (p < 0.05) killing. Data
acquired with MNCs from four different donors.
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Table 1. Equilibrium binding constants (K_), surface retention half-life
and stability in human serum of sctb 33-ds16-ds19 and the bsscFvs
ds19-ds16 and 33-ds16

Tested on cells for

el o 19 +33 19 33 16
K, [nM]"
sctb ds19-ds16-33 21£1.5 49 +5.2
bsscFv ds19-ds16 42+5.7° 57 £8.9°
bsscFv 33-ds16 29+19> 35+202°
Surface retention t, [min]™
sctb ds19-ds16-33 16 + 2 n.d.
bsscFv ds[CD19xCD16] 7+2 9+5
bsscFv [CD33xdsCD16] 17+3 9+9
Stable in hu serum 37°C t, [hrs]™
sctb ds19-ds16-33 86+ 4 198 + 2 186 + 2

“Tested on BV-173 cells and CHO 16-10 cells, respectively; “ Tested on
BV-173 cells and CHO 16-10 cells, respectively; ** CD19-positive SEM,
CD33-positive THP1 and CD16-positive CHO cells; 2"; ® 3; hu, human.

Measurement of ability to mediate ADCC. The ability of
the molecules to mediate ADCC of human leukemic cells with
MNC:s from healthy, unrelated human donors as effector cells
was determined using CD19- and CD33-double-positive pro-B
ALL derived cell line SEM and the BV-173 cell line with pre-B
phenotype. To investigate which fraction of blood leukocytes
contained the relevant effector cells for this lytic effect, whole
blood from healthy, unrelated donors was fractionated into
plasma, mononuclear-(MNC) and polymorphonuclear cells
(PMN; neutrophilic granulocytes), and plasma, respectively. The
different fractions were then used in *'Cr-release assays against
BV-173 cells (Fig. 3B). The sctb triggered significant tumor cell
lysis only in combination with MNCs, suggesting that CD16-
positive NK-cells were the sole relevant effector cells because
CD16-positive macrophages and mast cells were not contained in
this fraction, and monocytes are CD16-negative.’® Cell mediated
cytotoxicity thus resided exclusively in the MNC fraction and
plasma-mediated killing, due for some intact Igs to complement-
activation, was not observed.

In another recent study of the sctb 33-ds16-33, our team
demonstrated that, within the MNC fraction, NK cells were the
main CD16-positive cell type responsible for the cytolytic effect,
and that T cells and NKT cells did not contribute."”” By anal-
ogy, we conclude that the same was probably also true for the
sctb 33-ds16-ds19. ADCC reactions were performed with freshly
prepared unstimulated MNCs. The sctb 33-ds16-ds19 induced
target cell lysis by ADCC over a broad range (80:1 to 1:1) of
effector-to-target cell (E:T) ratios (Fig. 3A). The extent of lysis
steadily increased with the E:T ratio, which demonstrated that
lysis of the tumor cells depended on the presence of effector cells.
The control sctb with specificity for CD7 induced no significant
lysis, which suggests that the effect was antigen-specific.

To investigate whether the increased avidity of the sctb com-
pared with the bsscFvs that had single specificities for CD19 and
CD33 was correlated with an enhanced cytotoxic potential, the
ability of the recombinant molecules to mediate ADCC was
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Figure 4. Dose-dependent induction of ADCC of different leukemia-
derived cell lines by the sctb and bsscFv controls. The CD19- CD33-
double-positive leukemic cell lines BV-173 (A) and SEM (B) were used

as targets to compare the lytic efficacy of the scFv fusion proteins at a
constant E:T cell ratio of 40:1. The sctb (filled square), the bsscFv ds19-
ds16 (open inverted triangle) and the bsscFv 33-ds16 (open triangle)
triggered ADCC in a dose-dependent manner. The non-relevant control
bsscFv (open diamond) induced no significant killing. Data points
represent mean percentage of lysis + SEM obtained with isolated MNCs
from seven different healthy donors for BV-173 and eight for SEM cells.
* Statistically significant differences between killing induced by sctb
and bsscFv 33-ds16.

evaluated in parallel for two different CD19- CD33-double-
positive leukemic cells. The cell lines SEM and BV-173, which
represent different B lymphoid malignancies and reflect differ-
ent stages of B cell maturation, were used for the experiments.
SEM cells are derived from a pro B-ALL with translocation
t(4;11) to the MLL-locus, BV-173 from a Philadelphia-positive
(Ph’-positive) CML at blast crisis with a pre-B ALL phenotype.
Ph’-positive ALL often have poor prognosis and frequently co-
express myeloid markers.?"3' Both leukemic cells were lysed in a
dose-dependent manner by the sctb and the bsscFvs, whereas a
control molecule with specificity for CD7 and CD16 was inef-
fective (Fig. 4). For BV-173 cells, the sctb was far more effec-
tive than the bsscFvs, and the dose-response curve was shifted
to lower concentrations by about 25-fold relative to the curve for

the ds19-ds16. The curve was shifted by about 1.5-fold relative
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to the curve for the 33-ds16 bsscFv (Fig. 4), but the sctb reached
a higher maximum lysis than the bsscFv 33-ds16. These differ-
ences are also reflected by the corresponding numerical EC, val-
ues listed in Table 2. For SEM cells, the difference between the
sctb and the bsscFvs was less pronounced and not statistically
significant, although a small left-shift of the dose-response curve
for the sctb relative to the ds19-ds16 bsscFv was detected. The
differences between the two cell lines are probably due at least
in part to higher surface densities of both CD19 and CD33 on
BV-173 than on SEM cells (Table 3). However, these cells reflect
different stages of B lymphoid maturation (pre-B vs. pro-B),
and the leukemia initiating cells were immortalized by different
translocations (t 4—11 vs. t 9-22). The cell lines therefore were
likely to display intrinsic differences in their susceptibility to NK
cell-mediated lysis.

For both cell lines, the EC, values for the 33-ds16-ds19 were
in the picomolar range, which indicated a very high specific activ-
ity. For the leukemic cell line BV-173, the sctb obtained an equal
level of ADCC-activity at 22.9-fold lower concentrations than
ds19-ds16 and at a 1.5-fold lower concentration than 33-dsl16.
These findings indicated that the gain in avidity of the sctb trans-
lated into a significant and strong gain in ADCC-activity.

Discussion

The key findings of this study are that tumor antigens CD19 and
CD33 are arranged on the surface of CD33-positive ALL cells
such that they can be connected successfully by sctbs, and that
sctbs addressing this combination of antigens mediate a more
effective elimination of the cancer cells by CD16-positive NK
cells than the control bsscFvs 33-ds16 and ds19-ds16. This result
was not obvious because of our limited knowledge of the surface
architecture of human leukocytes. The prevailing paradigm, the
“protein-island model,” states that integral transmembrane pro-
teins are clustered into islands, and that certain proteins, such as
the T cell antigen receptor (TCR) and the signal transducer LAT
on human T cells, are normally located in separate islands that
can merge upon appropriate signals and activation.?*% Therefore,
CD19 and CD33 on MLL cells might conceivably have segre-
gated into separate islands located far enough apart that they
could not be successfully bridged by a single sctb molecule.

Molecular modeling had previously predicted the two distal
antigen-combining sites of a sctb in our standard format to be
located at most 20 nm apart.!” The data presented here suggest
that CD19 and CD33 on MLL cells are either located in the same
islands or that the islands are sufficiently mobile to allow the two
proteins to come within a 20 nm distance often enough to permit
their connection by the sctb, which resulted in the 23-fold gain in
ADCC activity reported here for the triplebody over the bsscFv
ds19-dsl16.

The main elements of evidence supporting this conclusion
are: (1) The sctb was capable of simultaneous binding to CD19
on SEM cells and to the fluid phase fusion proteins CD33ex-
RFP and CD16ex-GFP (Fig. 2); (2) The avidity of the sctb for
binding to CD33- plus CD19-double-positive cells with a K of

21 nM (Table 1) was increased 2-fold over the monovalent
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Table 2. EC, for ADCC by sctb 33-ds16-ds19 and bsscFvs ds19-ds16, 33-ds16°

Target cells sctb (max) bsscFv ds19-ds16 (max) bsscFv 33xds16 (max) Fold difference
BV-173 7.2+2(42.2) 167.2 + 1 (48.5) 11.2 £ 2 (24.5) 23.2/1.5
SEM 203.7 £2(22.9) 4496 £ 1 (27.9) 119.5+ 1 (6.6) 2.2/-

°EC,, values were calculated from the dose-response curves (Fig. 4). Values in pM (picoMol/L). (max), maximum lysis in [%] achieved for this fusion
protein; fold-difference, first number is the quotient of values listed in column 3 over column 2; number after the slash, quotient of numbers from

column 4 over column 2.

affinity of the bsscFv ds19-dsl6 (42 nM) and 1.4-fold over
33-ds16 (29 nM). These effects would not have been expected
if the triplebody were capable of binding tumor cells with only
one of its two distal scFvs at any given time, but not with both
simultaneously. In the latter case, the avidity of the whole triple-
body should not have been greater than the monovalent affinity
of the strongest binding control bsscFv and (3) the dose-response
curve for the sctb in ADCC experiments with BV-173 cells was
shifted to lower concentrations by about an order of magnitude
relative to both bsscFvs (Fig. 4A). This result would not have
been expected if the triplebody had contributed to specific killing
only by monovalent binding to either CD19 or CD33, but not to
both simultaneously.

The increase in surface retention half-life from 7 min for the
bsscFv ds19-ds16 to 16 min for the sctb (Table 1) lends additional
support to the conclusion that simultaneous binding of both scFvs
specific for the tumor antigens did occur. The shift of the dose-
response curve towards lower concentrations was less pronounced
for SEM than for BV-173 cells (Fig. 4), which may be due in part
to the fact that the SEM cells used here carried only 2,300 mole-
cules of CD33 per cell and 89,000 CD19 molecules/cell (Table 3).
The probability of dual targeting was therefore lower for SEM
than for BV-173 cells, which carried 12,400 molecules of CD33
and 109,000 of CD19 per cell. The maximum level of lysis
obtained with bsscFv 33-ds16 was lower for SEM than for BV-173
(Fig. 4), probably also due to the differences in CD33 density
between these two cell lines (Table 3). Similarly, the maximum
degree of lysis achieved by bsscFv ds19-ds16 for both lines was
greater than the level achieved by 33-ds16 (Fig. 4), possibly due
again to the greater CD19- than CD33-densities of both lines.

We can offer no satisfactory explanation for the observation
that the gain in specific cytolytic activity was greater by about an
order of magnitude than the gain in avidity for the sctb compared
with the bsscFv (Tables 1 and 2). However, similar observations
have been made consistently for three different sctbs, 19-16-19,
33-16-33 and 123-16-33, and the numerical values were so close
in all cases that the data are taken to reinforce each other.!'* The
sctb 19-16-19 had an approximately 3-fold greater avidity than
bsscFv ds19-ds16 and an EC, | lower by about 25-fold." Similar
numbers were obtained for the comparison between sctb 33-16-
33 and bsscFv 33-ds16," and those reported here for the com-
parison between sctb 33-ds16-ds19 and bsscFv ds19-ds16, with
the exception that here the difference in avidity was only 2-fold
and the drop in EC,| 23-fold (Table 1).

Avidity is probably a key parameter contributing to the spe-
cific cytolytic potential of scFv-fusion proteins, but other hidden
parameters must provide an additional important contribution.
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Table 3. Antigen densities of CD19 and CD33 on two mixed lineage
leukemia-derived cell lines®

Antigen density

[molecules/cell] BV-173 SEM
CD19 109,000 89,000
CD33 12,400 2,300

2densities measured by calibrated cytofluorimetry using the
commercial QuiFiKit" (Dako) as described in Materials and Methods and
in reference 10.

One possibility is that triplebodies may permit the formation
of a particularly effective synapse between effector and target
cell, more effective than what is reflected by the simple numeri-
cal increase in binding activity. Signals emitted into the cell by
engagement of two different target molecules by an sctb may con-
tribute more strongly to the elimination of the tumor cell than
the signals triggered by bsscFvs, which have only monovalent
binding to the target.

Development of sctbs for clinical applications should proceed
with caution because scFv-domains and tandem bsscFvs have a
tendency to form high molecular weight aggregates. Aggregates
must be avoided for all human therapeutics intended for intrave-
nous injection. However, after electrophoresis in non-denatur-
ing polyacrylamide gels followed by immunoblotting, no high
molecular weight aggregates comprising the sctb were detected
in our preparations (Sup. Fig. 1), although the preparations still
contained high molecular weight contaminants (Fig. 1). Another
triplebody extensively studied by our team, 19-16-19," has been
analyzed by size exclusion chromatography (SEC) and far less
than 5% of the total protein eluted at a mobility greater than
the monomers. For further preclinical development of any triple-
body, a more detailed search for aggregates is clearly required.

The available data suggest that the triplebodies studied so far by
our team may have had a lower tendency to form aggregates than
anticipated based on existing knowledge about monomeric scFvs
and tandem bsscFvs. The reason may be either that the triplebody
format is less prone for aggregate-formation than the monomeric
and bispecific formats or the disulfide stabilization contained in
our scFv components prevented aggregation or a combination of
both. We consider it unlikely that aggregates significantly altered
the biological properties of the molecules reported here and inter-
fered with our ability to correctly interpret the data.

Aggregate formation is an intrinsic protein property governed
by the primary amino acid sequence, and can therefore occur
at any concentration. However, aggregation most often occurs
when the protein therapeutics are formulated at very high con-
centrations. Some of the antibodies in current clinical use are
formulated at concentrations between 30 and 150 mg/ml, close
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to 1 mM, and at these concentrations aggregation becomes a
major concern. However, in our study the triplebodies were used
in nanomolar concentrations and aggregation is less likely to have
distorted the data and their interpretation at these concentrations.
Before further developing triplebodies for clinical use, it will be
necessary to carefully scrutinize them both experimentally and
by computer-assisted methods for the propensity to form aggre-
gates. Computer algorithms, such as AggreSolve™ (Lonza), are
sufficiently powerful to reliably pinpoint amino acid residues
contributing to aggregate-formation, and experimental analysis
by physico-chemical methods is an absolute requirement for clin-
ical development, at a minimum by SEC. However, the observa-
tions reported here and the conclusions drawn are unlikely to
have been gravely distorted by hidden aggregation.

Dual-targeting triplebodies offer the promise of enhanced
specificity of lysis of antigen double-positive over single-positive
target cells, as in the case reported here of results for CD19-
and CD33-double-positive mixed lineage leukemia cells over
healthy hematopoietic cells that express only one of these two
antigens. Preferential lysis of double-positive over single-positive
cells has not yet been demonstrated, but efforts to study this
ability in a rigorous manner are underway. If preferential lysis
could be achieved by dual targeting, then this would be impor-
tant progress. The relevant new finding of the present study is
that CD19 and CD33 are arranged on the surface of mixed-
lineage leukemia cells in such a manner that they can be con-
nected by a single molecule of our dual-targeting sctb and that
this allows for more effective ADCC lysis by NK-cells than the
effects achieved by the bispecific agents 33-ds16 and ds16-ds19.
Dual targeting triplebodies in the format presented here there-
fore are attractive candidates for further preclinical and clinical
development.

Material and Methods

Cell lines and hybridomas. Chinese hamster ovary (CHO)
cells, stably transfected with a human CD16a cDNA expres-
sion vector, were from Dr. J. van de Winkel (University Medical
Centre, Utrecht, The Netherlands). The 4G7 hybridoma CD19,
mlgGl,* was from Dr. R. Levy (Stanford University, Palo
Alto, CA). The hybridoma 3G8 FcgRIII, CD16, mlgGl,*
was from the American Type Cell Culture Collection (ATCC,
Manassas, VA). CHO cells, the hybridomas, the AML derived
cell line THP1 (German Collection of Microorganisms and Cell
Cultures, DSMZ, Braunschweig, Germany), the T-ALL derived
cell line CEM (ATCC), the pro-B ALL-derived cell line SEM,*
and the pre-B phenotypic cell line BV-173 (DSMZ?®) were cul-
tured in Roswell Park Memorial Institute 1640 Glutamax-I
medium (Invitrogen, Karlsruhe, Germany) containing 10% fetal
calf serum (FCS; Invitrogen) respectively 20% FCS for BV-173,
100 units/ml penicillin (Invitrogen) and 100 pg/ml strepto-
mycin (Invitrogen). Human embryonal kidney (HEK) 293T
cells (ATCC) were maintained in DMEM Glutamax-I medium
(Invitrogen) supplemented with 10% FCS, penicillin and strep-
tomycin at 100 units/ml and 100 pg/ml, respectively.
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Bacterial strains and plasmids. Escherichia coli strain XL-1
blue (Stratagene, Amsterdam, The Netherlands) was used as
host for the amplification of the plasmids and cloning. For con-
struction and eukaryotic expression the vector pSecTag2HygroC
(Invitrogen) was employed.

Construction of recombinant antibody fragments. To
generate the expression plasmid for the sctb 33-ds16-dsl9, the
c¢DNA coding for the CD33 scFv was excised from the vector
pAK400-CD33-K132,% and cloned as an Sfil cassette into Sfil
digested pSecTag2HygroC-Strep-ds19-ds16-dsl9,"  generating
the plasmid pSecTag2HygroC-CD33-dsCD16-dsCD19. To con-
firm correct construction, the final constructs were sequenced®
on an Applied Biosystems automated DNA sequencer (ABI Prism
310 Genetic Analyzer; Perkin-Elmer, Ueberlingen, Germany).

Expression and purification of recombinant fusion proteins.
For expression of the bsscFvs ds19-ds16," and 33-ds16," the sctb
33-ds16-ds19 and the CD7-specific control bsscFv 7-ds16,'' HEK
293T cells were transfected with the respective expression plasmid
using the calcium phosphate technique including chloroquine.?”
Stable production cell lines for each construct were obtained
after transfection with the plasmids linearized with the restric-
tion enzyme Fspl. Positive clones were selected in the presence of
200 pg/ml Hygromycin B (Roth, Karlsruhe, Germany) and sin-
gle cell clones were isolated by limiting dilution. Supernatants
were analyzed for the presence of antibody fragments by flow
cytometry. Culture supernatants containing the recombinant
protein were collected at four time points over a period of one
week and dialyzed at 4°C against a buffer containing 50 mM
NaH,PO,, 300 mM NaCl and 10 mM imidazole at pH 8.0.
The recombinant His-tagged proteins were purified by affinity
chromatography with nickel-nitrilotriacetic acid (Ni-NTA) aga-
rose beads (Qiagen) and finally dialyzed against phosphate buff-
ered saline (PBS). Fusion proteins with green fluorescent protein
(GFP) or with the red fluorescent protein (RFP) were transiently
expressed in HEK 293T cells and purified as described in refer-
ence 11.

Sodium dodecyl sulfate (SDS)-PAGE and western blot
analysis. Reducing SDS-PAGE was performed by standard pro-
cedures.” In western blot experiments, the recombinant proteins
were detected either with a horseradish peroxidase (HRP)-
conjugated antibody specific for the Strep-tag (IBA, Goettingen,
Germany) or with an unconjugated penta-His antibody (Qiagen,
Hilden, Germany), and a secondary HRP-coupled goat anti-
mouse IgG antibody (Dianova, Hamburg, Germany). Western
blots were developed using enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech, Freiburg, Germany).

Flow cytometric analysis. Immunofluorescence analysis was
performed on a FACSCalibur™ instrument using CellQuest
software (Becton Dickinson, Heidelberg, Germany) as described
in reference 11. For each sample, 1 x 10* events were collected
and whole cells were analyzed using appropriate scatter gates to
exclude cellular debris and aggregates. The recombinant antibody
derivatives were detected using a penta-His antibody and a phyco-
erythrin (PE)-conjugated goat anti-mouse IgG antibody (DAKO
Diagnostica GmbH, Hamburg, Germany), unless otherwise stated.
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K values were determined as described in reference 11 and
38. The highest mean fluorescence value was set to 100% and all
data points were normalized. The experiments were repeated six
to seven times and mean values are reported. The K| values were
calculated using a nonlinear regression curve fit. Cell surface
antigen densities were determined by calibrated cyto-fluorimetry
using QuiFiKit® (Dako) according to published procedures."

Cell surface retention assay. Cell surface retention assays were
performed by published procedures, under conditions preventing
the internalization of antigens.”” Briefly, 4 x 10° SEM cells were
incubated for 1 h on ice, with 10 pg/ml of either the sctb 33-ds16-
ds19 or the bsscFvs ds19-ds16 or 33-ds16. Cells were washed twice
with 12 ml of cold FACS buffer (0.15 M sodium chloride, 10 mM
sodium phosphate, 1% bovine serum albumin, 0.1% sodium
azide, pH 7.2) and then collected by centrifugation. The cells were
resuspended in 4 ml FACS buffer and incubated at 37°C. At dif-
ferent time points the cells were washed again to remove dissoci-
ated molecules and resuspended in FACS buffer. Aliquots of 0.5 x
10° cells were removed, placed on ice for 5 min and washed again.
Molecules retained on the cell surface were then detected by FACS,
stained as described above. All data points were normalized to the
time point t,. Experiments were performed three times and mean
values are reported. Half-life values for cell surface retention were
obtained by fitting the data to a single-phase exponential decay.

Measurement of thermic stability in human serum. The sctb
33-ds16-ds19 was incubated in human serum at sub-saturating
concentrations of 2.5 pg/ml in a total volume of 350 wl at 37°C.
Residual binding activity was determined at various time points
by flow cytometry. The time point t, was set to 100% and all data
were normalized to this value. The experiments were performed
four times and mean values are reported. The half-life values for
each of the binding sites were calculated from a one-phase expo-
nential decay curve fit.

Isolation of mononuclear cells (MNCs) and polymorph
nuclear cells (PMNs) from unrelated healthy human donors.
Citrate buffered peripheral blood samples, drawn from healthy
volunteers, were obtained after receiving informed consent, and
with the approval of the Ethics Committee of the University
of Erlangen-Nuremberg. MNCs or PMNs were enriched by
Lymphoflot (Biotest, Dreieich, Germany) Ficoll density centrifu-
gation in Leukosep tubes (Greiner, Frickenhausen, Germany)
according to manufacturer’s instructions and suspended in
Roswell Park Memorial Institute 1640 Glutamax-I medium
(Invitrogen) containing 10% FCS and penicillin and streptomy-
cin at 100 units/ml and 100 pwg/ml, respectively. Viability was
verified by Trypan blue exclusion and exceeded 95%.

ADCQC reactions. ADCC assays, using MNCs from healthy
donors as effector cells at different or constant effector-to-target
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(E:T) ratio, were performed in triplicate using a 3 h 5'Cr release
assay as described in reference 40. Dose response curves were
recorded using several equimolar 5-fold or 25-fold serial dilutions
of the respective antibody fragments at a constant E:T ratio of
40:1. E:T ratio dependence of lysis was determined at a constant
concentration of 1 nM of the antibody fragments. Background
lysis induced by MNCs alone was subtracted from each data
point for the dose response curves and EC, values (concentra-
tion of fusion protein producing 50% of maximum specific lysis)
were calculated by using a nonlinear regression curve fit (variable
slope). The experiments were repeated seven to eight times and
mean values are reported.

Graphical and statistical analysis. Graphical and statistical
analyses were performed using Graph Pad Prism Software (Graph
Pad Software Inc., San Diego, CA). Group data are reported as
means + standard error of the mean (SEM). Differences between
groups were analyzed using unpaired (or, where appropriate)
paired Student’s t-test. p values < 0.05 were considered significant.
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