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Affinity-matured recombinant immunotoxin
targeting gangliosides 3'-isoLM1 and 3,6'-isoLD1
on malignant gliomas
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and leucine; PCR, polymerase chain reaction; RACE, rapid amplify c-DNA ends; RAS, arginine-alanine-serine; RIT, recombinant
immunotoxin; scFv, single-chain variable fragment; VH, variable heavy-chain; VL, variable light-chain

About 60 percent of glioblastomas highly express the gangliosides 3'-isoLM1 and 3'6-isoLD1 on the cell surface,
providing ideal targets for brain tumor immunotherapy. A novel recombinant immunotoxin, DmAb14m-(scFv)-PE38KDEL
(DmADb14m-IT), specific for the gangliosides 3'-isoLM1 and 3',6™-isoLD1, was constructed with improved affinity and
increased cytotoxicity for immunotherapeutic targeting of glioblastoma. We isolated an scFv parental clone from a
previously established murine hybridoma, DmAb14, that is specific to both 3'-isoLM1 and 3',6™-isoLD1. We then performed
in vitro affinity maturation by CDR hotspot random mutagenesis. The binding affinity and specificity of affinity-matured
DmAb14m-IT were measured by surface-plasmon resonance, flow cytometry, and immunohistochemical analysis. In
vitro cytotoxicity of DmAb14m-IT was measured by protein synthesis inhibition and cell death assays in human cell lines
expressing gangliosides 3'-isoLM1 and 3',6-isoLD1 (D54MG and D336MG) and xenograft-derived cells (D2224MG). As a
result, the K, of DmAb14m-IT for gangliosides 3™-isoLM1 and 3',6™-isoLD1 was 2.6 x 10~° M. Also, DmAb14m-IT showed a
significantly higher internalization rate in cells expressing 3'-isoLM1 and 3',6™-isoLD1. The DmAb14m-IT IC,, was 80 ng/
mL (1194 pM) on the D54MG cell line, 5 ng/ml (75 pM) on the D336MG cell line, and 0.5 ng/ml (7.5 pM) on the D2224MG
xenograft-derived cells. There was no cytotoxicity on ganglioside-negative HEK293 cells. Immunohistochemical analysis
confirmed the specific apparent affinity of DmAb14m-IT with 3'-isoLM1 and 3'6-isoLD1. In conclusion, DmAb14m-IT
showed specific binding affinity, a significantly high internalization rate, and selective cytotoxicity on glioma cell lines
and xenograft-derived cells expressing 3'-isoLM1 and 3',6-isoLD1, thereby displaying robust therapeutic potential for
testing the antitumor efficacy of DmAb14m-IT at the preclinical level and eventually in the clinical setting.

Introduction antibody (mAb) immunotherapy has substantial effects on medi-

cal care, many cancers are still resistant to mAb therapy alone.?

Over 17,000 cases of primary malignant brain tumors are diag-
nosed each year in the United States, and the incidence appears to
be increasing. The most common type of primary brain tumor is
glioblastoma multiforme, which has a median survival time of 40
to 50 weeks despite aggressive treatment.' Therefore, it is impera-
tive that we develop novel approaches to treat glioblastoma and
improve patients’ prognosis. Even though targeted monoclonal
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To enhance therapeutic efficacy, many researchers have fused
mAbs with cytotoxic drugs, radioisotopes, or toxins.?
Gangliosides are a group of sialic acid-containing glycosphin-
golipids with the antigenic hydrophilic carbohydrate section
extending extracellularly. The sequence of sugar residues that
defines classes or “series” of gangliosides can also be found on
glycoproteins. The appearance of novel or quantitative shifts in
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ganglioside phenotype following neoplastic transformation has
been reported in tumors of diverse origins.*> Of greatest poten-
tial as glioma-specific oncofetal antigens and therapeutic targets
are the surface gangliosides 3'-isoLM1 and 3',6™-isoLD1. Within
the central nervous system, 3-isoLM1 and 3',6"-isoLD1 marked
areas of rapid fetal astroglial proliferation and migration; they
also serve operationally as specific biomarkers of neoplasia in
glioblastomas.®” The gangliosides 3™-isoLM1 and 3',6-isoLD1
have been identified as therapeutic targets in malignant glio-
mas®’ due to their particular overexpression in glioblastomas.'!!
Since the expression of these molecules is normally restricted to
human adult brain tissue and the central nervous system,”'? they
can potentially be used as diagnostic markers and targets for can-
cer immunotherapy.

We previously produced the monoclonal IgM antibodies
DmADb14 (specific for both 3-isoLM1 and 3',6-isoLD1), SL50
(specific for 3'-isoLM1) and DmAbs 21 and 22 (specific for 3,6'-
isoLD1).® These mAbs are exquisitely specific, but the IgM anti-
body class, which is common for anti-carbohydrate mAbs, is not
optimal for preclinical studies or clinical trials. The distribution
patterns of 3'-isoLM1 and 3',6-isoLD1 were studied with these
specific mAbs by both immunohistochemistry and high perfor-
mance liquid chromatography. The ganglioside 3'-isoLM1 was
expressed in 48% of human gliomas," and 3',6'-isoLD1 (detected
by DmAbs 21 and 22) was expressed in 68% of high-grade glio-
mas. Biochemical analysis of postmortem samples from glioma
patients indicated that the gangliosides were expressed largely
in the periphery of tumors instead of the central tumor mass'?;
a similar xenograft study supported these observations."" The
potential role of these gangliosides in tumor cell migration/
invasion makes it possible to utilize them as exquisitely specific
cell-surface therapeutic targets to attack invasive and metastatic
glioblastoma cells.

Among our ganglioside-targeting mAbs, DmAb14 exhibited
high reactivity to both 3"-isoLM1 and 3',6-isoLD1," but as an
IgM," the molecule is not ideal for clinical applications because of
its large molecular size, poor tissue-penetrating ability, and com-
plicated functioning mechanisms. Hence, an alternative strategy
is use of genetically engineered single-chain variable fragments
(scFv, V,, and V) fused with Pseudomonas exotoxin, which tar-
gets antigens specifically expressed by malignant gliomas. The
constructed scFv unit can be engineered as a targeting guide to
direct natural toxins" or radioactive compounds' to kill antigen-
expressing tumor cells selectively. In addition, compared with the
intact immunoglobulin molecules IgG or IgM, the smaller scFvs
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have a greater potential to clear rapidly from the blood and deeply
penetrate tumors,"” leading to enhanced therapeutic efficacy.'®

In this study, we first cloned the V, and V| fragment sequences
from hybridoma DmAbI14 to construct scFvs that retained the
specificity against 3-isoLM1 and 3',6™-isoLDI. To yield high-
affinity scFvs, in vitro affinity maturation of DmAbI4-scFvs
was performed by complementary-determining region (CDR)
hotspot random mutagenesis. One of the best affinity-matured
scFvs, Dmabl4 min, was then converted into a recombinant
immunotoxin (RIT) by fusing it with a genetically engineered
Pseudomonas exotoxin, PE38KDEL, which carries a C-terminal
with the last four amino acids of KDEL (lysine, aspartic acid,
glutamic acid and leucine) to improve intracellular retention.
This RIT, DmAb14m-PE38KDEL (DmAb14m-IT), developed
to target the gangliosides 3"-isoLMI1 and 3',6-isoLD1, showed
matured affinity, robust cell internalization, and significant cyto-
toxicity, compared with the parental molecule and control RITs,
indicating its potential utility for treatment of malignant brain
tumors. An in vivo study will be organized in the future to test
its therapeutic application.

Results

Construction of the V,CDR2 and V CDRI libraries. The
affinity of DmAb14-scFv was improved through random muta-
genesis based on hotspots within either the V,CDR2 region or
the V. CDRI region (Fig. 1A). This approach is based on the fact
that the DNA encoding the variable regions of antibodies con-
tains mutational hotspots, which are nucleotide sequences where
mutations are frequently concentrated during the in vivo affin-
ity maturation process. Moreover, the mutation of hotspots that
have significant contact with the antigens could alter the affinity
of the antibodies. The amino acid sequences of V,CDR2 and
V,CDR1 are shown in Table 1. The libraries introduced ran-
domizations in the hotspot motif residues S75, N76, G77, K86,
S87, and K88 for V,CDR2 and R25, A26, S27, S32, and Y33 for
V,CDRI in separate experiment sets as described in “Materials
and Methods.” In the cloning step, three V, libraries were mixed
and yielded 6 x 10* clones, and four V| libraries yielded 5 x 10*
clones. Twenty clones were sequenced from the V, library and 14
from the V| library to verify that the construction of the library
was appropriate. Sequencing data shows that each clone had dif-
ferent amino acid combinations in the region targeted for muta-
tions. The size of the libraries ensured that most of the DNA
sequences were represented.

cancer cell death.*

Figure 1 (See next page). (A) PCR construction of mutant libraries. A primer fragment was first generated by using upstream DmAb14-scFv-F (Ncol)
primer and downstream V, CDR2-aR, -bR, or -cR primers containing degeneracies (NNS) in the targeted V, ,CDR2 region. Another primer fragment was
generated by using downstream DmAb14-scFv-R (Notl) and upstream V CDR1-aF, -bF, -cF, or -dF primers containing degeneracies (NNS) in the targeted
V,CDR1 region. DmAb14-scFv parental plasmid served as the template for amplification. The V, ,CDR2 fragments (280 bp) generated (panel A) and
DmAb14-scFv-R(Notl) were paired and used as upstream and downstream primers (respectively) to generate the whole length of the scFv with V, mu-
tation pool. Upstream DmAb14-scFv-F(Ncol) and downstream V, CDR1 (260 bp) primers, shown in panel A, were paired to generate a 750-bp scFv with
a V, mutations library. (B) Different attacking mechanisms of IgM antibody and scFv-PE38KEDL RIT toward cancer cells. Left side of Figure 1B shows
that IgM antibodies first form a pentamer to bind several identical epitopes on the cancer cells, and then need complements and/or phagocytes to
fulfill the killing of the cancer cells'; Figure 1B (right side) displays the functioning mechanism of scFv-PE38KEDL RITs, which initializes by binding the
surface epitope. Once the scFv-PE38KDEL RITs are internalized, the PE38KEDL toxin can eventually travel to the endoplasmic reticulum (ER) to cause
the inactivation of eukaryotic translation elongation factor 2 (eEF2) by ADP-ribosylation, which results in translation inhibition and consequently
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Table 1. Nucleotide and amino acid sequence of VHCDR2 and VLCDR1 and their mutants; IC, and EC, value tested on D54MG cells shown

IC EC

50 50
(ng/ml)  (uM)
Position: 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88
DmAb14-V, CDR2 E | N P S N G R T N Y N E K F K S K N/A 0.45
Parental Amino Acid
DmAb14-V CDR2 Mutant?
No.86 E | N P M D S R Y N E K F K S K N/A 0.9
No.126  E | N P L P P R E K F K S K N/A 28
Position: 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
DmAb14-V CDR1*Parental R A S E S V E S Y G N N F M H N/A 0.45
Amino Acid
DmAb14-V CDR1Mutant
No. 23 R A R E A V E S Y G N N F M H N/A 0.8
No.104 P W R E S V E S Y G N N F M H N/A 4.7
No.184 L Y G E S VvV E S Y G N N F M H N/A 0.2

*When V, CDR2 had mutations, V,CDR1 kept parental residues. When V CDR1 had mutations, V, CDR2 kept parental residues. *Hot-spot positions are

underlined and boldfaced.

Selection of V,CDR2 and V CDRI libraries and analy-
sis of selected clones. Recombinant phages were rescued from
500 individual phage clones from each library, and these phages
were randomly selected and tested for reactivity against puri-
fied gangliosides by phage ELISA. High signals of ELISA were
observed in 10 clones from the V , library and 8 clones from the
V| library. The selected clones were repeatedly tested with phage
ELISA and sequenced. Two clones from the V, library, and three
from the V| library, were found to constantly exhibit strong sig-
nals during reaction with gangliosides and contain full-length
scFv without stop codons (Table 1). V,CDR2 mutant clones
86-MDS and 126-LPP retained the same residues as the parental
V,, at positions 86-88, but these two clones exhibited mutations
at S75M, N76D, G77S and S75L, N76P, G77P, respectively.
The V,CDRI1 mutant clone 23-RA showed mutations at S27R
and S29A, whereas the mutant clones 104-PWR and 184-LYG
showed PWR and LYG respectively at positions 25-27 in place
of RAS in the parental clone (Table 1).

Apparent affinity and cytotoxicity of V,CDR2 and
V,CDR1 mutant immunotoxins. V, ,CDR2 and V CDRI
mutant immunotoxin clones were prepared, and the cytotoxic-
ity and binding affinity of each were measured by using puri-
fied RIT proteins on D54MG glioblastoma cells. The V ,CDR2
mutants did not show improved apparent affinity. The affinities
of mutant clone 86-MDS, with mutations at positions V., 7577
and EC, = 0.9 pM, and clone 126-LPP (EC, = 28 pM) were
not as good as that of the parental clone (EC, = 0.45 pM) (Table
1). Of the three V. CDR1 mutants, clone 184-LYG showed bet-
ter apparent affinity (EC,) = 0.2 pM) than both the parental
and the V, ,CDR2 mutant clones. The other two V CDRI
mutant clones, 23-RA (EC ) = 0.8 uM) and 104-PWR (EC|
= 4.7 pM), did not display improved affinity compared with
the parental and V, ,CDR2 mutant clones (Table 2). Neither
the V, ,CDR2 nor the V, CDR1 mutant immunotoxins showed
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significant cytotoxicity in the protein synthesis inhibition assay
(data not shown).

Construction of combined V,CDR2 and V, CDRI mutant
immunotoxins. Our goal was to obtain an scFv with increased
affinity for gangliosides 3'-isoLM1 and 3',6-isoLD1 which,
when converted to an immunotoxin, would improve cytotoxic-
ity toward malignant brain tumor cells expressing these gan-
gliosides. Neither V ,CDR2 nor V CDRI affinity-matured
mutants alone showed improved apparent affinity or signifi-
cant cytotoxicity compared with the parent. The V, and V|
mutants were therefore combined to form an scFv with muta-
tions in both V,CDR2 and V CDRI. Six recombinant clones
were constructed as described in “Materials and Methods,” and
the following immunotoxins incorporating scFvs were pre-
pared: DmAb14-8623-PEKDEL, DmAb14-86104-PEKDEL,
DmAb14-86184-PEKDEL, DmAb14-12623- PEKDEL,
DmAb14-126104-PEKDEL, and DmAb14-126184-PEKDEL
(Table 2). Each immunotoxin was purified to over 90% homo-
geneity and was eluted as a monomer by using TSK gel filtra-
tion chromatography. The purified immunotoxins were used
in cytotoxicity assays and apparent affinity measured by flow
cytometry.

Apparent affinity of combined mutant immunotoxins
toward cell lines. The apparent affinity of the six affinity-
matured DmAb14-scFv combined mutant immunotoxins toward
D54MG cells is summarized in Table 2. These immunotoxins
were found to be capable of binding to ganglioside-expressing
cells using flow cytometric analysis. Two of the combined mutant
immunotoxins, DmAb14-86184 and DmAb14-12623, showed
an increased apparent affinity toward D54MG cells, about 7 to
35 times higher than that of the V ,CDR2 or V,CDR1 mutant
immunotoxins (Table 1) and about 10 to 15 times higher than
that of parental DmAb14-IT. The combined mutant DmAb14—
86184-MDSLYG showed higher affinity, with an Ecso of
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Table 2. The combination mutant clones have mutations in both V, CDR2 and V CDR1*

V,CDR2 V,CDR1

DmAb14Parental E | NP S N G R T N Y N E K F
DmAb14-8623 E | NP M D S R T N Y N E K F
DmAb14-86104 E | NPM D S R T N Y N E K F
DmAb14-86184 E | NPM D S R T N Y N E K F
DmADb14-12623 E | NP L P P R T N Y N E K F
DmAb14-126104 E | NP L P P R T N Y N E K F
DmAb14-126184 E | NP L P P R T N Y N E K F

*Hot-spot positions are underlined and boldfaced.

0.073 wM, than DmAb14-86-MDS, DmAb14-184-LYG, or
parental DmADb14, with EC, values of 0.9 uM, 0.2 pM, and
0.45 wM, respectively. The other combined mutant DmAb14—
12623LPPREA showed the highest EC, of 0.029 uM and had
a similar pattern to that of DmAbI4-86184-MDSLYG, with
EC,, values higher than DmAb14-126-LPP (EC, 28 pM) and
DmAb14-23-REA (EC, 0.8 pM). The other affinity-matured
combined mutants did not show significantly improved apparent
affinities.

Cytotoxicity of combined mutant immunotoxins on cell
lines. The cytotoxicity of the combined mutant immunotoxins
on ganglioside-expressing D54MG cells was then investigated.
As shown in Figure 2A, only one of the six combined affinity-
matured mutant immunotoxins, DmAb14—86184-PEKDEL,
showed cytotoxicity on D54MG cells with an IC, of 80 ng/mL
(1.2 pM). The combined mutant DmAb14-12623-IT did not
show any cytotoxicity, though it had the highest apparent affin-
ity (Fig. 2B). The positive control, D2C7-IT, is an anti-epider-
mal growth factor receptor (EGFR)wt/EGFRVIII scFv RIT and
the negative control, anti-Tac-IT, is an anti-interleukin-2 (IL-2)
receptor scFv RIT. The other combined mutant immunotoxins
did not show significant cytotoxicity on D54MG cells, though
DmAb14-12623-PEKDEL showed the highest apparent affin-
ity to D54MG cells. This was the first time that an scFv RIT
showed cytotoxicity on ganglioside-expressing cells. Therefore,
the clone DmAb14-86184-PEKDEL was chosen and renamed
DmAb14m-PE38KDEL (DmAb14m-IT) for future studies.

Cytotoxicity of DmAbl4m-IT on cell lines and xenograft-
derived cells. The cytotoxicity of DmAbI4m-IT was further
tested on different glioblastoma cell lines and xenograft-derived
cells known to express surface gangliosides. Cytotoxicity (IC,))
was evaluated on the basis of both the protein synthesis inhibi-
tion assay ([°H] leucine incorporation) (Fig. 2C, 2E) and the cell
death assay (WST-8) (Fig. 2D, 2F). The parental DmAb14-IT
did not display any cytotoxicity on any ganglioside-expressing
cells. In contrast, the affinity-matured DmAb14m-IT exhibited
an IC, of 5 ng/mL (74.6 pM) in the D336MG cell line (Fig.
2C, 2D), and an ICSO of 0.5 ng/mL (7.5 pM) in the D2224MG
xenograft cells (Fig. 2E, 2F). The mutant immunotoxin was not
cytotoxic to the ganglioside-negative cell line HEK293, a human
embryonic kidney 293 cell line, indicating that the cytotoxic
effect of this immunotoxin was selective to antigen-positive cells.
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EC,, IC, (ng/ml)

(nM)

KSK RA S ESVESYGNNTFMH 45 NA
K SK RAREAVESYGNNTFMH 5494 NA
K SK PWRESVESYGNNFMH 3525 NA
KSK LY GESVESYGNNTFMH 726 80
K SK RAREAVESYGNNTFMH 288 NA
K SK PWRESVESYGNNFMH 1420 N/A
KSK LY GESVESYGNNTFMH 12721 NA

mAbs

Internalization of DmAb14m-IT to human glioma D336 MG
cell line and D2224MG xenograft cells. Surface fluorescence
was quenched by using anti-Alexa-488 antibody to determine
the internalization fraction. Internalization was measured as
a percentage of the total amount bound to ganglioside bind-
ers by comparing the Alexa-488 fluorescence of the quenched
cells (intracellular compartment) to that of the unquenched
cells (both intracellular and cell-surface compartments) using
flow cytometric analysis. Unquenchable surface fluorescence
(background) was estimated in parallel tubes on ice (no inter-
nalization at 0°C). The amount of unquenchable fluorescence
of Alexa-488-labeled DmAb14m-IT and parental DmAb14-IT
immunotoxins were about 24% and 8.5%, respectively, when
incubated with D336MG cells, and 13% and 1.2%, respectively,
when incubated with D2224MG xenograft cells. Each individual
experiment was corrected for this “background fraction” before
the internalization percentage was calculated.

As the duration of incubation at 37°C increased, the inter-
nalization percentage of DmAb14m-IT in D336MG cells also
increased from 0.82% at 15 min, 14% at 30 min, 16% at 1 h,
30% at 2 h, and then dramatically to 98% at 4 h, eventually
reaching 100% at 8 h. (Fig. 3B) In contrast, the internalization
percentage of parental DmAb14-IT fluctuated between 6% and
12% throughout the incubation period (Fig. 3B). Meanwhile,
DmAb14m-IT internalization in D2224MG xenograft cells
began increasing after 30 min and reached 43% at 1 h, 80%
at 2 h, 94% at 4 h, and 100% at 8 h (Fig. 3A). The parental
DmAbI14-IT did not show a significant internalization percent-
age in D2224MG xenograft cells (Fig. 3A).

Binding affinity of DmAb14m-IT to D336MG cells by
equilibrium binding titration. To accurately determine the equi-
librium dissociation value of DmAb14m-IT, a cell-binding assay
was performed by using a equilibrium binding titration curve,
in which an isotope-direct-labeled immunotoxin reacted with a
ganglioside-expressing D336MG cell line. DmAb14m-IT was
labeled with '®1; the binding of DmAb14m-IT to live D336MG
cells at 4°C was assayed as described in “Materials and Methods.”
The data were plotted for Scatchard analysis (Fig. 3C, 3D) in
which the slope of the plot thus obtained was 0.38 nM™, giving
a K of 2.6 nM, and a regression coefficient of 0.982. This K
value is 10 times lower than that measured by flow cytometry in

the same D336MG cells.
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A DmAb14-86184-1T (DmeAbl4m-IT) vs D54 MG Cells

B DieAb14-12623-1T vs DSH MG cells
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Mean values of three experiments + SD are shown.

Figure 2. Cytotoxicity of immunotoxins on D54MG cells. Inhibition of protein synthesis was determined as percentage of [*H] leucine incorporation in
D54MG cells, after 20 h of treatment with immunotoxins. The graph shows protein synthesis as measured by counts per minute of [*H] leucine incor-
porated into protein. The dashed line indicates 50% inhibition of protein synthesis, the point at which half of the [*H]-leucine has been incorporated
in the absence of toxin. The DmAb14-86184-IT (DmAb14m-IT) IC_; on D54MG cells is 80 ng/mL (1.2.M) (A). The DmADb14-12623-IT IC, on D54MG cells
is none applicable (B). The value shown is the mean + SD calculated from the means of three separate experiments. Cytotoxicity of DmAb14m-IT on
cell lines and xenograft-derived cells. By using protein synthesis inhibition and cell death assays (WST-8), cytotoxic activity (IC, ) of affinity-matured
DmAb14m-PEKDEL was measured on different ganglioside-positive cell lines and xenografts (in ng/mL). DmAb14m-IT exhibited IC, of 5 ng/mL (74.6
pM) on D336MG cells (C, D) and 0.5 ng/mL (7.5 pM) on xenograft D2224MG cells (E, F) in both measurements. DmAb14-scFv parental IT did not show
any cytotoxic activity on those cells. Each assay was performed in triplicate, and at least three different assays were performed with each cell line.

Binding specificity of DmAb14m-IT to gangliosides by
ELISA analysis. Binding specificity of DmAbl4m-IT was fur-
ther verified by ELISA analysis. The reaction of DmAbl4m-IT
against purified gangliosides including four series of gangliosides,
shown in Figure 4. Among the 11 gangliosides, two oligosialo-
gangliosides 3'-isoLM1 and 3',6-isoLD1 were specifically rec-
ognized by parental DmAb14-IT and DmAb14m-IT compared
with those shown by the structural control D2C7-IT, which is
an RIT consisting of the anti-EGFRwt/EGFRVIII scFv and the
PE38KDEL with the same construct as DmAbl4m-IT. Also
notable is the lack of recognition of the nine gangliosides isoLA1,
Fuc-3-isoLM1, 3-LM1, 3',8-LD1, GD1b, GT1b, GD3, GD2
and GM2 by DmAbI4m-IT. Different reaction systems were
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used for scFv IT and positive IgMs; nonetheless, significantly
higher signals were obtained for SL50 IgM (specific mAb for
3"-isoLM1) and DmAb22 IgM (specific mAb for 3',6-isoLD1)
than that of the negative control MOPC IgM on 3"-isoLMI and
3',6"-isoLD1, respectively, indicating that the gangliosides were
properly coated.

Immunohistochemical analysis. Since gangliosides such as
3"-isoLM1 and 3',6™-isoLD1 are known to be expressed in glio-
blastoma tissues, immunohistochemistry was performed in
glioblastoma and normal brain frozen tissue specimens (Fig. 5).
Immunostaining by DmAb14m-IT demonstrated predominantly
cell-surface patterns (Fig. 5A) in D4088 glioblastoma sections.
Proliferating endothelial of normal brain cells were negative for
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Figure 3. Time course of internalization of immunotoxins. Xenograft D2224MG (A) and cells D336 MG (B) were incubated with 50 nM Alexa-488-la-
beled DmAb14m-IT or DmAb14-IT at 37°C for different times. After anti-Alexa-488 quenched the cell surface fluorescence, the internalized immu-
notoxins were measured. In both cells DmAb14m-IT showed significantly higher internalization rate than that of the DmAb14-IT. The data shown
represent the mean = SD of three similar experiments. Scatchard analysis. Defined affinity determination for °I-labeled DmAb14m-IT vs. ganglioside-
positive D336MG cells in contrast with gangliosides-negative HEK293 cells. The saturation curve was presented. (C) Scatchard plots for activity of the

DmAb14m-IT (Fig. 5A). The structure-matched scFv-RIT nega-
tive control, anti-Tac-IT, did not react with D4088 glioblastoma
cells (Fig. 5B). Also, immunostaining by DmAbl4m-IT and
anti-Tac-IT in normal brain tissue did not show any significant
reaction (Fig. 5C, 5D). These results show that DmAbl4m-IT
specifically reacted with gangliosides in glioblastoma tissue.

Discussion

As is known, IgM antibodies are not ideal for the immunother-
apy of malignant gliomas due to several intrinsic drawbacks, such
as high molecular weight, huge pentamer formation, poor tissue
penetration, and indirect killing mechanisms (e.g., complement
proteins and phagocytes are required).” Therefore, in this study,
we developed an scFv RIT with low molecular weight, high bind-
ing affinity, high internalization rate, as well as direct and robust
cytotoxicity to target malignant glioma cells that express ganglio-
sides 3"-isoLM1 and 3',6"-isoLD1. This scFv RIT is derived from
our previously established DmAb14 IgM, which is a ganglioside
3-isoLM1- and 3',6™-isoLD1-specific antibody (Fig. 1B). The
approach used to increase the affinity of the parental DmAb14-
scFv was to randomly mutagenize hotspot residues in V,,CDR2
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and V,CDRI1 (Fig. 1A). Hotspots are regions of DNA that are
frequently mutated during the in vivo affinity maturation of
antibodies.?® Several different mutations that conferred increased
affinity were identified,” and when the mutations in V,,CDR2
and V,CDR1 were combined in a single construction, the anti-
body's affinity was even higher.

While the analysis of mutant clones selected by phage
ELISA screening revealed the presence of a variety of different
sequences, there was a pattern to the amino acid substitutions
(Table 1). In the mutant clones, three amino acids of V,CDR2
(75-77) and three amino acids of V, CDRI (25-27) were con-
sistently different from the parental sequence, which indicates
that these residues could be required for interacting with the
antigens. After the binding affinity of each individual mutant
had been tested, two of five individual mutants displayed a slight
improvement (Table 1), but none of them showed any cytotoxic-
ity. We combined the two mutations in V,CDR2 and the three
mutations in V, CDRI1 into one scFv construct, from which six
combined mutants were derived (Table 2). Their binding affini-
ties were tested against D54MG cells. Two (DmAb14-86184-1T
and DmAb14-12623-1T) of the six combined mutants showed
significant increased apparent affinity (72.6 nM and 28.8 nM,
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structure of all gangliosides tested in the ELISA were illustrated.

Figure 4. DmAb14m-IT specificity to gangliosides by ELISA. Both parental DmAb14- IT and DmAb14m-IT showed significant reaction signal toward
3"-isoLM1 and 3'6"-isoLD1 among the different series of gangliosides compared with negative structural control D2C7-IT. SL50 IgM and DmAb22 IgM
served as positive controls for 3'-isoLM1 and 3',6-isoLD1, respectively, and MOPC served as the negative control IgM to confirm the ganglioside coat-
ing. DmAb14 immunotoxins specifically react with 3'-isoLM1 and 3',6™-isoLD1 by the epitope of the N-acetylneuraminic acid and N-glycolylneuraminic
acid side chain with N-acetylglucosamine linked by B1-3 of oligosialogangliosides. The mean values of three experiments (mean + SD at 450 nm). The

respectively), compared with the parental clone (450 nM) and
other individual or combined mutants (Table 2). Furthermore,
the cytotoxicity assays were tested on a D54MG, which is a clas-
sic ganglioside-expressing cell line, using both affinity-matured
mutants (DmAb14-86184-1T, DmAb14-12623-IT), as well as
the parental DmAb14-IT. The positive control, D2C7-IT,*># is
an anti-EGFRwt/VvIIl scFv RIT and the negative control, anti-
Tac-IT,* is an anti-IL-2 receptor scFv RIT. Most malignant
gliomas overexpress EGFRwt or EGFRVIII proteins, while IL-2
receptor is rarely expressed, if at all, in malignant glioma cells.
DmAb14-86184-1T was then found as the first RIT that tar-
gets gangliosides 3'-isoLM1 and 3',6-isoLD1 with significant
cytotoxicity toward ganglioside-expressing cells with an IC, | of
80 ng/mL (1.2 pM), shown in Figure 2A. While DmAb14—
12623-IT did not reveal any cytotoxicity on D54MG cells, it
had the highest affinity (Fig. 2B), which might indicate that
binding affinity was needed for the cytotoxicity but not the most
crucial factor. Therefore, we renamed DmAab14—-86184-1T as
DmADb14m-IT. Since there were many other glioma cell lines and
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xenograft-derived cells expressing gangliosides 3'-isoLM1 and
3',6"-isoLD1, such as the D336MG cell line and the D2224MG
xenograft cells, the cytotoxicity of DmAb14m-IT was then tested
on the D336MG cell line and the D2224 xenograft cells. The
IC,, of the DmAb14m-IT varied among the different cell lines
and xenograft cells (Fig. 2), which was likely caused by the dif-
fering amount of gangliosides expressed on different cells. It is
also possible that 3'-iso)LM1 and 3',6™-isoLD1 are present in dif-
ferent proportions of different cell types. Generally, 3'-isoLM1 is
expressed in a much higher density than 3',6-isoLD1.% Xenograft
D2224MG cells were screened by an anti-ganglioside mAb, spe-
cific for 3'-isoLM1'" and 3',6"-isoLD1,* which revealed that 88%
of xenograft D2224MG cells were positive for 3™-isoLM1 and
only 2% for 3',6-isoLDI1. Hence, 3-isoLM1 may be the main
ganglioside expressed on xenograft D2224MG cells. In fact, the
xenograft D2224MG cells were determined to have a higher ratio
of 3"-isoLM1 to 3',6-isoLD1 than D336MG and D54MG cells.
Since the DmAb14m-IT shows a more potent effect on xenograft
D2224MG cells (Ic,, of 0.5 ng/mL, 7.5 pM, Figure 2E and F)
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Figure 5. Immunohistochemical analysis by DmAb14m-IT against glioblastoma and normal brain frozen tissues. Glioblastoma tissues glioblastoma-
D4088 (A, B) and normal adult brain tissues (C, D) were stained by DmAb14m-IT (A, C) and structural negative control Anti-Tac-IT (B, D). Magnification:

than on D336MG cells (IC, of 5 ng/mL, 74.6 pM, Figure 2C
and D), the DmAb14m-IT might have a greater binding affinity
for 3"-isoLMI1 and greater benefit for patients with 3'-isoLM1-
dominant brain tumors. Plus, the toxic side effects might be
avoided because 3'-isoLM1 is expressed in the human brain tissue
only during fetal development.?® In addition, the 3'-isoLM1 gan-
glioside is also expressed in other types of tumors, e.g., small cell
lung carcinoma.”® The immunohistochemical studies reported
that the 3',6-isoLD1 was detected in CNS neoplasms of glial and
non-glial origin. Of non-glial tumors, 62% of epithelial cancers
such as breast, pancreas, and prostate cancers, were reactive with
an anti-3',6'isoLD1 mADb,” which suggests the current immuno-
toxin might be also useful in the treatment of those tumors.
Because of the promising cytotoxicity on ganglioside-express-
ing cells, the investigation of internalization became primary
over other characterization studies. Many RITs are chimeric
proteins used for cancer therapy, consisting of a targeting part
linked to the catalytic domains of a natural toxin.”” We selected
Pseudomonas exotoxin A (PE38) as the toxin component. This
potent bacterial toxin is composed of three domains,? which is
able to enter tumor cells, inhibit protein synthesis, and eventually
kill cells (Fig. 1B). Thus, the internalization of the immunotoxin
by the tumor cell becomes one of the crucial factors determining
the cytotoxicity. With xenograft D2224MG cells and D336MG
cells, DmAbI4m-IT was found to be internalized significantly
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faster than the parental IT, with xenograft D2224MG cells (Fig.
3A) and D336MG (Fig. 3B) cells demonstrating internaliza-
tion rates of 94% and 98%, respectively, within 4 h, while the
parental IT had no significant internalization within the same
time period (Figs. 3A and B). The mutant IT internalized into
D2224MG xenograft cells faster than D336MG cells, which
may explain why DmAb14m-IT was more potent in xenograft
D2224MG cells. This also shows that the significant internaliza-
tion could be crucial for determination of significant cytotoxicity.

The parental DmAb14-IT and DmAb14m-IT differ only in
the mutated amino acid residues in V,CDR2 and V,CDR1 of
the single chain. Both showed specificity and binding affinity to
the ganglioside-positive cells; however, only the mutant IT dis-
played cytotoxicity; again, the negative internalization event of
parental DmADb14-IT could explain this issue.

For a better understanding of the equilibrium dissociation
value, the binding affinity of DmAbl4m-IT was tested on the
D336MG cell line by using equilibrium binding titration curves.
The data were then analyzed and presented in a Scatchard plot
(Fig. 3C, 3D), which revealed a more accurate equilibrium dis-
sociation value of 2.6 x 10> M (Fig. 3D). It is possible that the
V,, and V| loop may require all these residues to be present for
proper conformational flexibility to achieve increased affinity,
and to enable better structural conformation for internalization
as compared with the parental IT and other mutant ITs."
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Both the parental DmAbl14-IT and DmAbl4m-IT were
confirmed to react with purified 3-isoLM1 and 3',6-isoLD1,
whereas D2C7-IT, an RIT specific to EGFRwt/vIIL,*** did
not display any binding ability among the series of gangliosides
(Fig. 4). This indicates that DmAb14m-IT specifically recog-
nizes, and binds to the epitope structure of the galactose with
N-acetylneuraminic acid, the N-glycolylneuraminic acid side
chain, and N-acetylglucosamine linked by B1-3 of oligosialo-
gangliosides, but does not recognize or bind to other structures
of the gangliosides.

In addition, the structure control D2C7-IT did not show any
reactivity in ganglioside ELISA, but both the DmAb14m-IT and
the D2C7-scFv-IT showed significant cytotoxicity against glio-
blastoma cells. This result clearly proved that these two immu-
notoxins targeted different tcumor antigens on glioblastoma cells;
therefore, D2C7-IT could be an excellent positive control for
cytotoxicity in future studies.

Additional immunohistochemical analysis further supported
the specificity of DmAb14m-IT to glioblastoma tissue (Fig. 5A)
in comparison with normal brain tissue (Fig. 5C).

In summary, an anti-ganglioside scFv immunotoxin with
high cytotoxicity and glioblastoma specificity was developed.
This goal was achieved by using intrinsic mutational hotspots
as targets for in vitro antibody affinity maturation. The paren-
tal clone DmAb14-scFv-IT had the proper affinity but did not
have any cytotoxicity, whereas the affinity-matured mutant,
DmAb14m-IT, showed a much higher affinity and increased
cytotoxicity to ganglioside-positive cell lines and glioma xeno-
graft cells because of its higher internalization rate. DmAb14m-IT
exhibited strong cytotoxic effects on the human glioblastoma
D2224MG xenograft cells and no cytotoxic effects on the gan-
glioside-negative cell line HEK293, demonstrating the selectivity
of the immunotoxin. Moreover, the increased cytotoxicity of the
mutant immunotoxin may provide a clinical benefit with a low
dose which could decrease nonspecific toxicities. This study was,
to the best of our knowledge, the first time that an scFv recombi-
nant immunotoxin, derived from IgM secretion hybridoma, that
targets 3'-isoLMI and 3',6"-isoLD1 gangliosides has been shown
to have retained DmADI4 specificity, high binding affinity, and
significant cytotoxicity on 3™-isoLM1 and 3',6"-isoLD1 ganglio-
side-expressing tumor cells. This may not only be applied to glio-
blastoma cells, but also used to target other peripheral malignant
tumors, such as lung, breast, pancreas, and prostate cancers.”***
Compared with the monoclonal IgM (900 kDa), the lower
molecular weight of the scFv immunotoxin (67 kDa) may con-
fer advantages to the molecule, such as better penetration, faster
circulation, and easier passage through the blood-brain barrier
as this barrier may be compromised in the setting of high-grade
brain tumors.?” All of these advantages suggest great potential for
applications in clinical therapy.

Unlike other common brain tumor immunotherapy targets
such as EGFR, which is overexpressed in the brain tumor but
also retains certain expression levels in normal brain tissue and
other normal peripheral tissues, gangliosides are widely expressed
in glioblastoma tissue exclusively. This restriction to the tumor
cells makes gangliosides an ideal brain tumor target. The study of
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gangliosides, however, has been ongoing for over 25 y; it is truly
a difficulc antigen target to investigate, perhaps due to its com-
plicated side-chain structure, and so far few successes have been
reported. Our findings strongly suggest that the immunotoxin
described here displays a robust potential for the clinical diag-
nosis and treatment for malignant glioma patients in the future.

Materials and Methods

Cell culture. The human malignant glioma-derived cell lines
D54MG and D336MG were used, which were established and
maintained in our laboratory, as ganglioside-expressing cell lines.
The human embryonic kidney cell line HEK293 was used as a
negative control. All cell lines were cultured in Improved MEM
Zinc Option (Richter’s zinc option; Invitrogen) supplemented
with 10% FBS (Invitrogen) and passed at confluence with 0.25%
trypsin-EDTA (Invitrogen).

Disaggregation of xenograft tumor samples. Xenograft tis-
sues from malignant gliomas (D2224MG and BT56), obtained
under sterile conditions from animals housed in the Duke
Cancer Center Isolation Facility, were prepared for cell culture
in a laminar flow hood using a sterile technique. Tumor material
was finely cut with scissors and added to a trypsinizing flask con-
taining approximately 10 mL of 100 pg Liberase (Roche). This
mixture was stirred at 37°C for 10 min, and a cell-rich superna-
tant was obtained. The dissociated cells were filtered through a
100-pm cell strainer (BD Falcon, BD Biosciences), washed with
complete medium, and pelleted at 1000 rpm for 5 min. The cell
suspension was further treated with Ficoll-Hypaque to remove
any red blood cells and was then washed once in a complete
medium. The cells were cultured and passaged until sufficient
numbers were obtained; they were then harvested with 0.25%
trypsin-EDTA.

Cloning of variable heavy (V) and variable light (V)
domains of DmAbIl4. Total cellular mRNA was isolated
from 10° DmAb14-hybridoma cells by using the RNeasy Kit
(Invitrogen). Primary V, and V| genes of the parental DmAb14
clone were amplified by RACE-PCR (Rapid Amplification of
c¢DNA Ends-PCR) using a SMART 5-RACE ¢DNA amplifi-
cation kit (Clontech). The 3' primers were murine heavy-chain
(HC) and light-chain (LC) constant region sequences of the
immunoglobulin (V,: 5-GGCCAGTGGA TAGTCAGATG
GGGGTGTCGT TTTGGC-3" and V,: 5-GGATACAGTT
GGTGCAGCAT C-3"). The primary V,, and V, cDNA genes
obtained from 5'-RACE were then used as templates to specifically
amplify the V|, and V| fragments respectively by using specific
primers introduced at restriction enzyme sites and a (Gly,Ser),
linker sequence for scFv assembly and subsequent subcloning.

The oligomers used for these reactions were as follows:

DmAbl4-H-F (Neol), 5-GCCGCCACCA TGGagGTCCA
ACTGCAG-3; DmAbI4-H-R (linker), 5-AGATCCGCCA

CCACCGGATC CCCCTCCcGCC TGAGGAGACG
GTGAC-3; DmAbl4-L-F  (linker), 5-GGTGGTGGCG
GATCTGGAGG TGGCGGCAGC GGTAACATTG

TGCTG-3; and DmADb14-L-R (EcoR]), 5-GCAGCCGAAT
TCATTTTTAT TTCCAGCTTG-3". The outcome-specific V
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and V| sequences were aligned and verified according to the Kabat
alignment scheme. DmAb14-scFv was constructed by using PCR
splicing technology. In brief, the pre-mixed Advantage 2 DNA
polymerase (Clontech) was mixed with 50 ng each of V,, and
V| PCR fragments at a 1:1 ratio in the presence of bovine serum
albumin (BSA) in a 50 pL volume. The PCR mix was cycled by
using the following profile: 1 cycle at 96°C for 5 min; followed by
5 cycles each at 94°C for 1 min, 55°C for 1 min, and 72°C for 1
min and 30 sec; and a final cycle at 72°C for 7 min. The program
was paused at 4°C for 2 min to add premixed oligomers, namely,
the forward and reverse primers that had been used to generate
the V,, and V| fragments. The reaction was then continued as
follows: 1 cycle at 96°C for 5 min; followed by 25 cycles each at
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min and 30 sec;
and finally terminated at 72°C for 7 min. A 750-bp PCR prod-
uct generated from this reaction was purified by using Qiagen
Quick Spin columns (Qiagen, Inc.), and double digested with
Neol and EcoRI and subcloned into a T7 bacterial expression vec-
tor pET25b(+) (Novagen). The parental DmAb14-scFv sequence
was verified by the dideoxy chain-termination method.

Preparation of recombinant immunotoxins. The DmAb14-
scFv IT was generated by PCR using parental DmAb14-scFv
plasmid as a template and primers introduced at the Ndel and
Hindl1I restriction enzyme sites. After Ndel and HindlIl diges-
tion, the scFv fragment was inserted into pRB199 bacterial
expression vector that had been engineered with the sequence
for domains II and III of Pseudomonas exotoxin A (PE38KDEL)
according to a previously described protocol.’® The parental
DmADbI14-scFv IT was expressed under control of the T7 pro-
moter in E. coli BL21 (N DE3) (Stratagene). All recombinant
proteins remained in the inclusion bodies. The IT proteins were
then reduced, refolded, and further purified as monomers (67
kDa) by using ion-exchange and size-exclusion chromatography
to greater than 90% purity.

Construction of DmAbI14-scFv phagemid. The parental
DmADbI14-scFv phagemid was constructed by PCR amplifica-
tion from parental DmAbI4-scFv-pRB199 PE38KDEL. The
following oligomers were used and were introduced at the Ncol
and Notl restriction enzyme sites: DmAb14-scFv-F (Ncol),
5-GCCGCCACCA TGGAGGTCCA ACTGCAG-3', and
DmADb14-scFv-R (NVorl), 5-ATGATGTGCG GCCGCTTTTA
TTTCCAGCTT G-3". The PCR product was digested with Ncol
and Notl and inserted into the phagemid vector pHEN2. The
resulting parental phagemid DmAb14-scFv-pHEN2 was used as
a template for further construction of mutant phage libraries.

Construction of V, mutant library. The V ,CDR2 of
DmADbI14 consisted of 18 amino acids. DNA oligomers were
designed to generate 3 libraries, each randomizing 9 nucleotides
(3 consecutive amino acids). Degenerate oligomers were used
with the sequence NNS for randomizing (N randomizing with
all 4 nucleotides, and S introducing only C or G).*! Parental
DmADb14 phagemid was used as a template to introduce 3 amino
acid randomizations in the CDR2 heavy chain in 3 separate
2-step PCRs (Fig. 1A and B).

The following oligonucleotides were used: (a) DmAbl4-
V,,CDR2a-R, 5-GTTAGTACGA CCGTTSNNSN
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NSNNAATCTC TCCAATCC-3'; (b) DmAb14-V, ,CDR2b-R,

5'AATATAGTTA  GTACGSNNSN  NSNNAGGATT
AATCTCTCC-3'; (©) DmAb14-V, CDR2c-R,
5'TACAGTCAGT ~ GTGGCSNNSN  NSNNGAACTT

CTC-3"; (d) DmAbl4-scFv-F (Neol), 5-GCCGCCACCA
TGGAGGTCCA ACTGCAG-3'; and (e) DmAbl4-scFv-R
(Notl), 5'-ATGATGTGCG GCCGCTTTTATTTCCAGCTT
G-3'. In the first PCR, 50 pg of the phagemid DmAb14-scFv-
pHEN2 was used as a template in 3 separate reactions involving
20 pmol of DNA oligomer DmAb14-scFv-F (Neol), along with
20 pmol of DNA oligomer DmAb14—VHCDRZa—R, DmAbl4-
V,,CDR2b-R, or DmAb14-V CDR2c-R (Fig. 1A). The tem-
plate and oligonucleotides were mixed with Advantage 2 PCR
Kit (Clontech) in a 50 wL volume and then cycled using the fol-
lowing profile: 1 cycle at 95°C for 5 min, followed by 30 cycles
each at 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min.
This reaction generated 280-bp products that contained muta-
tions. The products were purified by using Qiagen Quick Spin
columns (Qiagen, Inc.) and then quantified by visualization on a
1% agarose gel. The purified products generated in the first PCR
were used as primers in a second PCR.

In the second reaction, approximately 2 pmol of each of the
3 products containing mutations (obtained from the first reac-
tion and the Neol restriction enzyme site), along with 20 pmol
of the DNA oligomer DmADb14-scFv-R (No#l) and 50 pg of the
parental phagemid DmAb14-scEv-pHEN?2 as a template to gen-
erate the whole length of the scFv-V, mutation pool (Fig. 1B).
The PCRs were set and cycled by using the profile described
above. Each reaction generated 750-bp insert libraries. The PCR
product was digested with Ncol and Nozl and purified by using
Qiaquick columns (Qiagen, Inc.). The purified PCR product
(80 ng) was ligated with 150 ng of the phage display vector
pHEN2 (predigested with Ncol and Norl) and desalted. Then,
40 ng of ligated products was used to transform E. coli TGl
(Stratagene) by electroporation. Three transformations were
performed to create a library containing 6 x 10% clones. The
phage libraries were then rescued from the transformed bacteria.
Cells from each transformation were grown in 10 mL of 2 x
YT (Bacto Yeast Extract and Bacto Tryptone) containing 2%
glucose at 37°C with shaking at 250 rpm. After 1 h, ampicillin
(100 pg/mL, final concentration) was added, along with 1 x
10" plaque-forming units (pfu)/mL of VCSM13 Interference-
Resistant Helper Phage (Stratagene, Agilent Technologies). The
cultures were grown for 1 h, pelleted, resuspended in 10 mL of
2 x YT supplemented with ampicillin (100 pg/mL) and kana-
mycin (50 pg/mL), and grown for 16 h at 30°C with shaking
at 250 rpm. The bacteria were pelleted by centrifugation in a
Sorvall $834 rotor at 8000 rpm for 20 min. The phage-contain-
ing supernatants were filtered through a 0.45 pum syringe filter
unit. The phages were precipitated by adding 2 mL of PEG/
NaCl (20% PEGS8000 in 2.5 M NaCl [w/v]) and incubated on
ice for 30 min. The precipitated phages were pelleted by cen-
trifugation in a Sorvall SS34 rotor at 10,000 rpm for 20 min
and resuspended in 1 mL of NTE [100 mM NaCl, 10 mM Tris
(pH 7.5), and 1 mM EDTA]. The rescued phage libraries were
titered and stored at 4°C.
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Screening of V|, mutant library by phage ELISA. A diluted
V,,CDR2 mutant phage library was cultured and diluted.
Recombinant phage-containing supernatants were rescued from
individual clones and screened by antigen-based phage ELISA.
Single colonies were selected from the diluted library plates and
inoculated into 1 mL of 2 x YT medium supplemented with
2% glucose and 100 pg/mL of ampicillin. The colonies were
cultured overnight at 37°C with shaking at 250 rpm. To one
cultured colony preparation were added 450 pL of 2 x YT sup-
plemented with 2% glucose and 100 pwg/mL of ampicillin con-
taining 2.5 x 10® pfu of VCSM13 Interference-Resistant Helper
Phage (Stratagene) in 1.2-mL Cluster Tubes (Corning, Inc.). To
another preparation, 50 pL of the overnight culture was added
and then incubated the colony at 37°C for 2 h with shaking at
250 rpm. The cells were pelleted and resuspended in 500 L 2 x
YT containing 100 pg/mL ampicillin and 50 pg/mL kanamycin
without glucose and then grown for 16 h at 30°C. The cells were
again pelleted by centrifugation at 2800 rpm at 4°C, and the
phage-containing supernatants were saved.

Purified gangliosides 3-isoLM1 and 3',6-isoLD1 conjugated
with BSA (purified from the D54MG xenograft, Sahlgrenska
University Hospital, Gothenburg, Sweden) in PBS were immo-
bilized overnight in 96-well plates (Nunc, Thermo Fisher
Scientific) containing 50 ng/well at room temperature. The plates
were blocked with 1% BSA/PBS at 37°C for 30 min and then
washed 3 times with 0.05% Tween 20 in PBS by using a Bio-Rad
Auto-Washer (Bio-Rad 1575 Immuno Wash Microplate Washer).
Then, 100 wL/well of phage-containing supernatant was added
for a 1 h incubation at 37°C and the plates were washed 3 times,
as above. For phage ELISA, 100 pwL/well of anti-M13 antibody-
horseradish peroxidase (HRP) conjugate (Pharmacia Biotech)
in blocking buffer was added, diluted according to the manu-
facturer’s instructions, to detect phage binders. For monoclonal
IgM antibody, 100 pL/well of anti-mouse IgM HRP conju-
gate (p-Chain Specific; Sigma) was added in blocking buffer
(1:10,000 dilution). After 30 min of incubation at 37°C, the
plates were washed; 100 pwL/well of 3,3',5,5'-tetramethyl benzi-
dine (1-Step Ultra TMB-ELISA, Pierce) solution was used as a
substrate for detection. After a blue color developed, 50 pL TMB
Stop Solution (Pierce) was added to stop further color develop-
ment. Absorption was measured at 450 nm. Clones reacting to
gangliosides were referred to as positives.

Construction of V| mutantlibrary. The V, CDR1 of DmAb14
consists of 15 amino acids. Parental DmAbI14 phagemid DNA
was used as a template in 4 separate 2-step PCRs that introduced
randomizations in the hotspot located in the light-chain CDR1
(Figs. 1A and C).

The following oligonucleotides were used: (a) DmAbl4-

V,CDRI1a-F, 5-ACCATATCCT GCNNSNNSNN
SGAAAGTGTT GAGAGTTATG GC-3'5 (b) DmAbl4-
V,CDRIb-F, 5-ACCATATCCT GCAGANNSNN
SNNSAGTGTT GAGAGTTATGGC-3; () DmAbl4-
V,CDRIc-F, 5-ACCATATCCT GCAGAGCCNN
SNNSNNSGTT GAGAGTTATG GC-3'; (d) DmAbl4-
V,CDRId-F, 5-GCCAGTGAAA GTGTTNNSNN

SNNSGGCAAT AATTTTATGC AC-3'; (¢) DmAb14-scFv-F
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(Neol), 5-GCCGCCACCA TGGAGGTCCA ACTGCAG-3';
and (f) DmAbl4-scFv-R  (Norl), 5-ATGATGTGCG
GCCGCTTTTA TTTCCAGCTT G-3.

In the first reaction, 50 pg of the DmAb14-scFv phagemid
DNA was mixed with 20 pmol of each pair of DNA oligomers in
a 50 pL volume as follows: (a) + (f), (b) + (f), (c) + (f), and (d) +
(f). The mixture was cycled by using the same profile used to gen-
erate the heavy-chain CDR2 mutant library. The reactions gen-
erated 260-bp products exhibiting randomization of the hotspot
in the light-chain CDRI1. After purification and quantification,
2 pmol of the 260-bp fragments generated in the first PCR, was
subjected to a second PCR, along with 20 pmol of DNA oligomer
(e) and 50 pg of parental DmAbl4-scFv phagemid DNA as a
template (Fig. 1C). The PCR (50 L) was performed by using an
Advantage 2 PCR Kit (Clontech) and following the above-men-
tioned profile. The reactions generated a 750-bp library, which
showed randomization of the hotspot in V, CDRI. The PCR
products were then digested with the restriction enzymes Ncol
and Notl, purified, and ligated with the pHEN2 phage vector as
described for the heavy-chain CDR2 mutant libraries. The liga-
tion was desalted, and one-tenth (40 ng) of the reaction was used
to transform E. coli TG1. The V,CDRI1 mutant phage library
containing 5 x 10* clones was rescued as described in the heavy-
chain CDR2 construction.

Selection of V CDRI1 library by phage ELISA. A diluted
V,CDR1 phage library was cultured and plated. The tech-
nical procedures used were the same as those described in the
V,,CDR2 libraries selection.

Construction of V,CDR2 and V CDRI combination
libraries. The heavy-chain CDR2 mutant was used as a tem-
plate to generate the V , fragment. For this purpose, the primers
DmAbl14-H-F (Ndel), 5-GGCGCATATG CATGTCCAAC
TGCAG-3', DmAbl14-H-R (linker), 5-AGATCCGCCA
CCACCGGATC CCCCTCCGCC TGAGGAGACG
GTGAC-3' in a 50 pL volume, and an Advantage 2 PCR
Kit (Clontech) were used; a 420-bp product was obtained.
The light-chain CDR1 mutant was used as a template to gen-
erate the V  fragment. The primers DmAb14-L-F (linker),
5-GGTGGTGGCG GATCTGGAGG TGGCGGCAGC
GGTAACATTG TGCTG-3', DmAbl4-L-R (Hindlll),
5-CAAGCTGGAA ATAAAAAAAG CTTGGCAGC-3" in a
50 wL volume, and an Advantage 2 PCR Kit (Clontech) were
used to generate a 335-bp PCR product. Mutant V, and mutant
V|, DNA fragments were overlapped by a 15-amino acid linker
sequence and connected by using the splicing PCR technique
described above, except that the oligomers used in this reac-
tion were DmAb14-H-F (Ndel) and DmAb14-L-R (HindIll),
which are listed above, in this section. This reaction generated
750-bp products that contained mutations in both the V, and
V| regions. The products were purified by using Qiagen Quick
Spin columns (Qiagen, Inc.), digested with Ndel and HindIll,
and cloned into a T7 expression vector pRB199 in which scFv
was fused to a truncated version of Pseudomonas exotoxin A
(PE38KDEL). The sequence was then verified.

Analysis of selected clone by DNA sequencing. Sequencing
was performed by the Duke University DNA Sequencing Facility
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on an Applied Biosystems Dye Terminator Cycle Sequencing
system (Life Technologies Corp.) by using AmpliTaq DNA
Polymerase and ABI 3730 PRISM DNA sequencing instruments.
Sequencing analysis was performed using the NCBI nucleotide
BLAST program.

Cell-binding assay and constant EC, by flow cytometry.
A modification of the method reported previously** was used
to detect scFv immunotoxin binding to ganglioside-expressing
cells. To prevent internalization of the immunotoxin during the
assays, all reagents and the buffer were kept on ice. In brief, cells
to be tested for scFv immunotoxin binding were harvested by
trypsinization, rinsed with 1% FBS in PBS, and portioned to
assay tubes (approximately 10° cells per sample). The scFv immu-
notoxins were serial-diluted in 100 wL of 1% FBS-PBS, with an
initial amount of 25.6 pg. The cells were incubated with 100 pL
of various dilutions of the purified scFv immunotoxin or anti-
Tac(Fv)-PE38KDEL, a negative control that does not bind to
gangliosides, for 1 h on ice. The cells were then washed twice
in 1% FBS-PBS and incubated with rabbit anti-Pseudomonas
exotoxin A antibody (Sigma) for 30 min on ice. After the cells
were washed twice, they were reacted with goat anti-rabbit IgG-
FITC conjugate (Sigma) for 30 min on ice. The stained cells were
again washed twice and then subjected to flow cytometry. An
identical protocol was used for binding of the scFv immunotoxin
in this study. All reagents were determined to be at saturation
point, and binding reached equilibrium for the described condi-
tions in all antibody-binding experiments. Equilibrium constants
EC,, (apparent affinity) were determined by using the Graph Pad
Prism Software (version 4.0) for 1-site binding and nonlinear
regression analysis.

Determination of affinity constants (K ) by Scatchard anal-
ysis. Before the accurate K| value was determined by Scatchard
analysis for the final combined mutant, the affinity determina-
tion used equilibrium binding titration curves to determine equi-
librium dissociation constants K .

The same number of cells was prepared for each individual
tube, and the serial diluted Alexa-488 direct-labeled mutant-IT
was added to each tube, with one tube for the negative control-IT.
We incubated the samples on ice for 1 h. This allowed ample time
for the binding reaction to reach 90% equilibrium for antibody
clones. We washed the sample two times with 500 wL PBS buf-
fer and then resuspended it in 500 L PBS and stored it on ice in
the dark until analyzed by flow cytometry. We gathered 10,000
events to create a bivariate plot using the fluorescence channels
that detect Alexa-488. We collected the statistical information
from the given histogram of geometric mean, plotted the statisti-
cal data against the concentration of antibody to the GraphPad
Prism4, and used nonlinear least-squares to fit the curve; the K
value was calculated.

For Scatchard analysis, affinity measurements were per-
formed by using lodogen-labeled scFv immunotoxin binding to
cells positive and negative for ganglioside expression. The cells
were seeded in a 24-well plate, cultured until confluence, fixed in
0.25% gluteraldehyde for 5 min at room temperature, washed 3
times with incubation buffer (115 mM PO, [KH,PO,+K,HPO]
with 0.05% BSA and 0.05% gelatin), and frozen at -80°C until
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use. Negative control scFv immunotoxin and ['*I]-labeled sam-
ple scFv were serially diluted starting from 8 pg/mL to 4 ng/
mL, followed by the addition of various dilutions of ['*I]-scFv
immunotoxins to corresponding triplicate wells and incubation
of the cell plates overnight at 4°C. The next day, the free radio-
active antibody was removed and the cell plates were washed
4 times with the incubation buffer. Then, 500 pL/well of 2N
sodium hydroxide was added, and the cell plates were incubated
overnight at 37°C. The cells were completely suspended and
transferred (including cell debris) into 2-mL screw-capped tubes,
which were placed in a gamma counter, in order, and the cells
were counted. The data obtained were analyzed by normaliza-
tion based on standard curve and equilibrium constants, and a
Scatchard plot was determined with Prism software (version 4.0)
for nonlinear regression analysis.

Cytotoxicity assays. Cytotoxicity was measured by using both
protein synthesis inhibition and cell death assays. In both assays,
cells were plated in 96-well plates (Nunc) at a concentration of 1
x 10% cells/200 wL/well. Immunotoxins were serially diluted in
PBS supplemented with 0.2% BSA starting from 10 ng/pL and
20 pL of each dilution was added to the corresponding wells,
resulting in a maximum immunotoxin concentration of 1000 ng/
mL. The plates were incubated for 20 h at 37°C.

Protein synthesis was measured on the basis of [PH] leucine
incorporation. The cells were pulsed with 1 pCi/well of [°H]
leucine in 20 nL of PBS supplemented with 0.2% BSA for 2.5
h at 37°C. Radio-labeled cells were captured on a FilterMate
micro-harvester (PerkinElmer Life and Analytical Sciences)
and counted with a Betaplate scintillation counter (Amersham
Biosciences, GE Healthcare Bio-Sciences Corp.). Triplicate sam-
ple values were averaged, and the inhibition of protein synthesis
was determined by calculating the percentage of incorporation
compared with control wells without added toxin. The activity of
the molecule was defined as the IC, .

Cell death was assessed by WST-8 conversion using Cell
Counting Kit-8 according to recommendations from the supplier
(Dojindo Molecular Technologies). The cells were seeded onto
a 96-well plate (Costar, Corning, Inc.) at a concentration of 2 x
10 cells/100 wL/well. The immunotoxins were serially diluted
in PBS supplemented with 0.2% BSA starting from 10 ng/pL,
and 10 pL of each dilution was added to the corresponding wells.
The cells were then incubated at 37°C for 20 h. To each well was
added 10 pL of WST-8 (5 mM WST-8, 0.2 mM 1-methoxy-
5-methylphenazinium methylsulfate, and 150 mM NaCl), and
the incubation was continued at 37°C. The absorbance of the
sample was measured at 450 nm every 20 min until the high-
est value for the negative control was obtained. Cytotoxicity was
expressed as 50% inhibition of cell viability. All experiments were
performed in triplicate. Statistical analyses were performed with
Prism software (version 4.0) for Windows (GraphPad Software).
Each immunotoxin was assayed at least twice, and critical immu-
notoxins were assayed more frequently.

DmAbl4 min specificity to gangliosides by ELISA.
DmADbI14-scFv immunotoxins that specifically bind to ganglio-
sides 3"-isoLMI and 3',6-isoLD1 were assayed by ELISA. Eleven
purified gangliosides (500 pM) were coated in PBS on a 96-well
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plate (Nunc), which was blocked with 1% BSA/PBS at 37°C for
1 h. Next, 500 ng of primary antibodies, parental DmAb14-IT,
DmAb14m-IT and D2C7-IT, were applied in triplicate to
observe ganglioside reaction, and the plates were incubated at
37°C for 30 min. D2C7-IT was used as an scFv structural nega-
tive control. SL50 IgM and DmAb22 IgM are positive controls
for coating 3-isoLM1 and 3',6'-isoLD1, respectively, and MOPC
was an IgM negative control. The plates were washed 3 times
with 0.05% BSA and 0.05% Tween in PBS. After adding rabbit
anti-PE (Sigma; dilution 1:30,000) to the scFv immunotoxins
for 30 min and washing the plates, anti-rabbit IgG-HRP (Sigma,
dilution 1:1,500) and anti-mouse IgM-HRP (Sigma, dilution
1:1,500) were applied to the scFv immunotoxins and IgM anti-
bodies, respectively. The plates were incubated at 37°C for 30
min and washed 3 times with a washing buffer. Then, 100 pL
of 1-Step Ultra-TMB ELISA (Thermal Scientific) substrate was
added, and the reaction color turned blue within 3—5 min; stop
solution was immediately applied to terminate the reaction and
change the color to yellow. The ELISA plates were read at an
absorbance of 450 nm.

Internalization assay. DmAbl4-scFv immunotoxins were
directly labeled with Alexa-488, and 50 nM Alexa-488-labeled
DmAbl4-scFv immunotoxin was incubated with 3 x 10°
D336MG cells or xenograft D2224MG cells on ice for 1 h. After
washing the cells twice with ice-cold PBS, the cells were resus-
pended in zinc option medium. Two portions of the reaction mix,
one for measurement of background internalization and one por-
tion for total binding measurement, were left on ice, the remain-
ing reaction mix was incubated at 37°C for 15 min, 30 min, 1
h, 2 h, 4 h, and 8 h. The cells were washed twice with ice-cold
PBS in a cold centrifuge. Except for the total binding portion,
all cells were resuspended in 500 nM quenching anti-Alexa-488
antibody (Invitrogen) diluted in ice-cold PBS. All tubes were
incubated for 1 h on ice. The cells were washed twice in ice-
cold PBS and resuspended in 4% paraformaldehyde; the reac-
tion samples were analyzed in a flow cytometer (FACSCalibur,
BD Biosciences). Internalization was calculated by dividing the
fluorescence of quenched cells (intracellular compartments only)
by that of unquenched cells (both cell surface and intracellular
compartments; total binding) after normalization against the
background fluorescence. The cells incubated with Alexa-488-
labeled immunotoxins on ice were used as a control while esti-
mating the antibody’s quenching efficiency on each Alexa-labeled
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