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Nonhuman proteins have valuable therapeutic properties, but their
efficacy is limited by neutralizing antibodies. Recombinant immuno-
toxins (RITs) are potent anticancer agents that have produced many
complete remissions in leukemia, but immunogenicity limits the
number of doses that can be given to patients with normal immune
systems. Using human cells, we identified eight helper T-cell epi-
topes in PE38, a portion of the bacterial protein Pseudomonas exo-
toxin A which consists of the toxin moiety of the RIT, and used this
information to make LMB-T18 in which three epitopes were de-
leted and five others diminished by point mutations in key resi-
dues. LMB-T18 has high cytotoxic and antitumor activity and is
very resistant to thermal denaturation. The new immunotoxin has
a 93% decrease in T-cell epitopes and should have improved efficacy
in patients because more treatment cycles can be given. Furthermore,
the deimmunized toxin can be used to make RITs targeting other
antigens, and the approach we describe can be used to deimmu-
nize other therapeutically useful nonhuman proteins.

deimmunization | protein engineering

Immunotoxins are chimeric proteins that combine the “magic
bullet” specificity of an antibody with the high potency of a

toxin. The high specificity of recombinant immunotoxins (RITs)
leads to a dramatic decrease in side effects compared with che-
motherapy. Moxetumomab Pasudotox (MP) is an RIT that
consists of PE38, a fragment of Pseudomonas exotoxin A, fused
to an anti-CD22 Fv (1). In a phase I trial for refractory hairy-cell
leukemia (HCL), MP had an 86% response rate (2), with 46%
complete remissions, and is now in phase III clinical trials (3).
Immunogenicity is a stumbling block in the clinical success of

many therapeutic proteins (4). Formation of neutralizing anti-
drug antibodies (5) inactivates the therapeutic agent and can
cause serious adverse effects. Although MP had low immuno-
genicity in the immune-suppressed patients of the HCL trial,
some patients did eventually develop antibodies. Consequently,
fewer doses could be given to these patients, leading to a reduced
response rate. Additionally, RITs targeting solid tumors are less
effective than MP because of their high immunogenicity in
patients with normal immune systems (6, 7).
The role of helper T cells in mounting an immune response is

well-established (8, 9). It was previously shown that elimination
of murine T-cell epitopes reduced neutralizing antibody forma-
tion in mice (10), leading us to the hypothesis that reduction of
human T-cell epitopes in the bacterial moiety of RITs would
diminish its immunogenicity in humans, allowing more treatment
cycles and better antitumor responses, as previously attempted
for other therapeutic proteins like erythropoietin (11).
To circumvent the immunogenicity of PE38, we previously

used peptide pools to map the approximate location of the T-cell
epitopes and found an immunodominant and promiscuous epi-
tope that stimulated T cells in 42% of all donors (12). Here, we

have done high-resolution mapping of the epitopes and used this
information to mutate and suppress seven additional epitopes.
We used this information to construct a mutant RIT that has a
93% reduction in T-cell epitopes, high cytotoxic activity in vitro
against leukemia cell lines and cells from patients, and excellent
antitumor activity and low nonspecific toxicity in mice.

Results
Identification of T-Cell Epitopes in PE38. To identify the T-cell
epitopes in PE38, we incubated peripheral blood mononuclear
cells (PBMCs) from 50 normal donors and 16 immunotoxin-
treated patients with an RIT for 14 d followed by restimulation
with 111 overlapping peptides spanning the sequence of PE38.
Responses were measured by an interleukin (IL)-2 enzyme-
linked immunosorbent spot (ELISpot). Heat maps demonstrat-
ing responses of the T cells of 50 normal donors and 16 patients
with anti-PE38 antibodies are shown in Fig. 1 A and B.
In this study, we define an epitope as a contiguous 9 amino

acid region within a peptide that activates T cells in 5 donors or
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more of our 50-donor cohort. We found eight major epitopes in
PE38 that account for 93% of the responses. They are ranked by
response frequency and magnitude of response in Table 1. The
overlapping peptides 14 and 15 (epitope 1) had the strongest and
most frequent responses. Epitope 2 spans five peptides; to sim-
plify analysis, we divided it into two subepitopes: peptides 77–78
(2A) and peptides 75–76 (2B). Some donors responded to both
2A and 2B epitopes whereas others responded to only one.
Epitope 6 (peptides 93–96) and epitope 8 (peptides 56–59) were
also divided into two subepitopes.
To compare the results from naive donors to immunotoxin-

treated patients, we used two patient cohorts that made neu-
tralizing antibodies against the RIT. The patients’ DRB1 HLA
alleles are shown in Table S1. We found that the same epitopes
identified in the donor cohort were also present in the patient
cohorts. One cohort was from mesothelioma patients treated
with SS1P (anti-mesothelin Fv fused to P38) (13); the other was
from leukemia patients treated with MP. The naive donor epi-
tope responses ranged from one to four epitopes per donor, with
an average of 2.1; the patient responses ranged from one to
seven per patient, with a higher average of 3.4 (P < 0.001 in
Student t test). This result suggests that some responses in the
naive population are too weak to be detected by our method and

are amplified after exposure to immunotoxin. Importantly, the
patient samples did not identify any major epitopes that were not
identified using the donor cohort.

Amino Acids Required for T-Cell Activation. PE38 contains domains
II and III of Pseudomonas exotoxin. Domain II is unnecessary
for cytotoxic activity (14) and is absent in the current generation
of immunotoxins. To identify amino acid variants that silence the
epitopes in domain III, we synthesized a set of domain III pep-
tides with alanine replacing key amino acids. All variants were
analyzed in silico using an HLA binding algorithm [Immune
Epitope Database (IEDB)] (15) for their ability to bind to 13
major HLA groups. Variants predicted to have increased binding
to at least six HLA alleles were omitted from the screen. We
evaluated the mutant peptides for T-cell activation by IL-2
ELISpot using all PBMCs that responded to the parent peptides.
The number of spots for each variant peptide was normalized to
the parent peptide so that wild-type (WT) peptides were 100%
for each donor. Fig. 2 A–F shows cumulative responses of several
donors to the mutant peptides. The different shades of gray in
each bar represent responses of different donors, and the height
of the bar represents the sum of the responses. Epitopes 2A and
2B were scanned separately to cover the 9-mer core of all five

Fig. 1. T-cell epitope heat map. Visual illustration
of (A) donor (n = 50) and (B) patient (n = 16) re-
sponses to PE38 peptides. Cells were stimulated and
expanded with whole RIT for 14 d and restimulated
with PE38 peptides. T-cell responses were measured
using IL-2 ELISpot, normalized to total spots per do-
nor and put in groups of black (>20% of spots), dark
gray (10–20% of spots), gray (3–10% of spots), and
white (<3% of spots and 80 SFCs per 1E6 cells).
Samples were clustered using automatic sorting
based on the responsiveness to the peptides. (B)
Patient samples are separated into mesothelioma
and HCL cohorts. Epitope screening was repeated
once for all donors and patients.

Table 1. Epitopes summary

Epitope ranking Peptide no. Sequence

Responses

Inactivating
mutations

Relative cytotoxic
activity*, %

Donors
(n = 50)

Mesothelioma
(n = 9) HCL (n = 7)

1 13–15 LVALYLAARLSWNQV 21 6 1 Domain II deletion 100
2A 77–78 GALLRVYVPRSSLPG 14† 3† 6† R505A 100
2B 74–76 IRNGALLRVYVPRSS 10† 6† 5† R494A 21–36
3 8–9 RQPRGWEQLEQCGYP 9 3 3 Domain II deletion 100
4 5–6 LPLETFTRHRQPRGW 10 2 0 Domain II deletion 100
5 67–68 WRGFYIAGDPALAYG 8 2 2 L477H 100
6 A+B 93–96 GPEEEGGRLETILGWPLA 8 1 2 L552E 100
7 51–52 TVERLLQAHRQLEER 5 1 0 R427A 100
8 A+B 56–59 FVGYHGTFLEAAQSIVFG 5 5 4 F443A >100

Sites of mutagenesis are underlined.
*Activity for a single point mutation in CD22 targeting RIT was evaluated in the CA46 cell line.
†Donors and patients that responded to epitope 2A overlap with the patients and donors that responded to 2B.
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peptides that gave responses. Y502A diminished the responses
of both epitopes (Fig. 2 A and B). For epitopes 5 and 7, alanine
mutants were compared with peptides 67 and 51, respectively,
and I471A and L423A had the lowest T-cell response (Fig. 2 C
and E). To cover all 9-mer cores in epitopes 6 and 8 that contained
four positive peptides, we synthesized 18-mer WT and alanine
variants. We found that L552A was the most effective in lowering
the response in epitope 6 (Fig. 2D) and that F443A was best for
epitope 8 (Fig. 2F).

Construction of a Deimmunized RIT. Based on the alanine scan re-
sults, mutant RITs were constructed, and their activity was ex-
amined. Each alanine mutation was cloned into the HA22-LR
plasmid. The cytotoxic activity of each mutant was compared
with the parent HA22-LR. If the mutant protein aggregated or
had low cytotoxic activity, other amino acid substitutions were
evaluated. The alternative amino acids were chosen by examining
the protein crystal structure (PBD ID code 1IKQ) (16) and using
T-cell–binding predictions. For epitope 6, we used the recently
developed ROSETA protocol, an energy algorithm structure-
based deimmunization protocol to identify the L552E mutation
(17). All active mutants were evaluated for their ability to di-
minish T-cell responses.
We constructed 40 mutant RITs. Yields of purified protein,

calculated accessible surface areas (18, 19) of WT amino acid
residues, and cytotoxic activity of each RIT are shown in Table S2.
Active RITs were evaluated by IL-2 ELISpot following PBMC
stimulation with the mutant RIT to ensure that the variant had
decreased T-cell activation.

Construction and Characterization of LMB-T18. To construct a mu-
tant with high cytotoxic activity and low immunogenicity, we
used a stepwise approach, adding one mutation at a time. The

best mutant, deimmunized RIT (LMB-T18), contains six point
mutations: R505A, R494A, L477H, L552E, R427A, and F443A,
corresponding to epitopes 2A, 2B, 5, 6, 7, and 8, respectively
(Fig. 3B). To improve cytotoxic activity, we inserted a Gly-Gly-
Ser peptide linker after the furin cleavage site because we found
that this insertion improved cytotoxic activity of RITs targeting
mesothelin (20). Fig. 3C shows the size and purity of LMB-T18
on SDS/PAGE.

Cytotoxic Activity of LMB-T18. Cytotoxicity assays of LMB-T18
were performed on four CD22-expressing cell lines and com-
pared with the cytotoxic activity of MP (Fig. 4 A and B). LMB-
T18 is very potent, with an EC50 < 10 pM in all cell lines.
Compared with MP, LMB-T18 has a small increase of 53% in
activity in CA46 cells, 54% in Daudi cells, and >200% in HAL-
01 cells (P = 0.2, 0.06 and 0.01, respectively, in Student t test);
however, in Raji cells, LMB-T18 has a 52% activity decrease
(P = 0.3 in Student t test). The decrease in activity in Raji cells
is probably due to the domain II deletion (14). The stability of
LMB-T18 was compared with MP by heating samples for 15 min
at various temperatures and, after cooling, measuring residual
cytotoxic activities (Fig. 4C) on Raji cells. MP lost 50% of its
activity after a 15-min incubation at 56 °C. Unexpectedly, LMB-
T18 is more heat-resistant (P < 0.05 in Student t test); it lost only
50% of its activity after a 15-min incubation at 70 °C. To determine
activity on patient cells, we used cells from seven HCL and six
chronic lymphocytic leukemia (CLL) patients. Fig. 4 D and E
shows that LMB-T18 is more active than MP on CLL cells, though
not significantly different on HCL cells.

Antitumor Activity in Mice. Severe combined immunodeficient
(SCID) mice were implanted with CA46 cells; 7 d later, when
tumors reached over 100 mm3 in size, the mice were treated in-
travenously. Mice receiving 5.0 mg/kg were treated four times, on
days 7, 9, 11, and 16, and the higher dose group was treated with
7.5 mg/kg three times on days 7, 9, and 11. Marked tumor regres-
sions were observed in allmice (Fig. 5F), with onlyminor weight loss
(average of 6%). Five of seven mice treated with 5.0 mg/kg main-
tained complete tumor regression on day 33, and three of seven
mice maintained complete tumor regression in the 7.5 mg/kg group.
To assess the nonspecific toxicity of LMB-T18, six tumor-bearing
mice were treated i.v. with two doses of 10 mg/kg every other day;
one mouse showed severe weight loss and was euthanized.

Fig. 2. Alanine scanning mutagenesis for epitopes 2A, 2B, 5, 6, 7, and 8. T-cell
cumulative response for alanine variant peptides was evaluated using IL-2
ELISpot, and the SFC responses of each donor were normalized to the response
of parent peptide (WT). Different shades of gray in each bar represent re-
sponses of different donors, and the height of the bar represents the sum of
the responses. Small bars indicate mutants that diminish the epitope. (A) Epi-
tope 2A comparing alanine peptide variants with peptide 77 (n = 8). (B) Epi-
tope 2B comparing alanine peptides with peptide 76 (n = 15). (C) Epitope 5
comparing alanine peptide variants with peptide 67 (n = 13). (D) Epitope 6
comparing alanine peptide variants with 18-mer peptide 93–94 (n = 10). (E)
Epitope 7 comparing alanine peptide variants with peptide 51(n = 8). (F) Epi-
tope 8 comparing alanine peptide variants with 18-mer peptide 57–58 (n = 12).
Alanine scans for all epitopes were run in quadruplicates and repeated once.

Fig. 3. Structural models of RIT and LMB-T18 and SDS/PAGE. VL (cyan) and
VH (magenta). Domain II of the toxin (yellow) and domain III (red). T-cell
point mutations (highlighted in green, from top left to bottom right: R494A,
F443A, R427A, L477H, L552E, and R505A). (A) Moxetumomab Pasudotox. (B)
LMB-T18. (C) SDS/PAGE showing purified RITs. MP, HA22-LR, and LMB-T18 in
nonreducing conditions (lanes 1–3); MP, HA22-LR, and LMB-T18 in reducing
conditions (lanes 4–6).
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LMB-T18 Has Greatly Diminished T-Cell Activation. To determine
whether LMB-T18 had a decrease in T-cell stimulation or
whether new T-cell epitopes were created by the mutations, we
stimulated PBMCs from the highest responder donors (n = 13)

and HCL and mesothelioma patients (n = 7) with MP or LMB-
T18. Cells were restimulated with the 39 newly designed peptides
representing the differences between MP and LMB- T18. Fig. 5
shows a decrease of 90% in donor T-cell activation (P < 0.0001 in
Student t test). Even in patients with activated T cells, there was
an 83% decrease (P < 0.0001 in Student t test). Furthermore, we
found that no new epitopes were created by the mutations.

LMB-T18 Has Reduced Binding to Antisera from Patients. The anti-
genicity of LMB-T18 was evaluated by comparing the reactivity
of MP, HA22-LR, and LMB-T18 with serum from patients with
neutralizing antibodies to MP. Binding was measured using
immunocytochemistry (ICC)-ELISA with serum from 13 MP-
treated patients and is shown in Fig. 4G. We found that, like
HA22-LR, LMB-T18 had a significantly reduced binding to
serum compared with MP (P < 0.001, one-way ANOVA). This
result was expected because the deletion of domain II eliminated
several B-cell epitopes in MP. We also found that LMB-T18
had significantly lower binding compared with HA22-LR (P <
0.001, one-way ANOVA), indicating that the mutations in LMB-
T18 reduced the binding to antisera.

Discussion
We have identified and largely silenced all major T-cell epitopes
in a highly active immunotoxin and shown that this new RIT has
high cytotoxic and antitumor activity. We previously showed that
domain II of PE could be deleted without loss of cytotoxic ac-
tivity. By deleting domain II and inserting six mutations in do-
main III, we have achieved a 93% decrease in T-cell epitopes.
To identify the T-cell epitopes, we assessed T-cell responses

using an ELISpot assay, which measured IL-2 production (12,
21). We observed a significant T-cell response in all 50 PBMC
samples, demonstrating the robustness of the assay. To assess
T-cell stimulation, we initially measured IL-2, IL-4, and IFN-γ

Fig. 4. Characterization and properties of LMB-T18 in vitro. (A) Representative cytotoxic activity in CA46 cells using WST-8 cell viability assay. (B) Summary of
cytotoxic activity on various CD22+ cells using WST-8 cell viability assay and statistical significance in two-tailed Student t test. (C) Cell viability of Raji cells after
treatment with LMB-T18 that was heated to various temperatures. Relative activity was calculated based on IC50 of each RIT in each temperature, normalized
to the activity of the RIT at 37 °C. (D and E) Activity of MP and LMB-T18 in patient cells. Cells from seven HCL and seven CLL patients were treated with MP or
LMB-T18. The IC50 of the RIT in HCL patients (D) and of CLL patients (E) was evaluated using ATP cell viability assay. Center values are medians. (F) Effect of
LMB-T18 on tumor size in xenograft mouse model after four injections of 5 mg/kg and three injections of 7.5 mg/kg, respectively or PBS-0.2% human serum
albumin. Arrows represent days of injection for all dose groups. Broken arrow for additional injection of 5 mg/mL group. *P > 0.01 in one-way ANOVA. Error
bars indicate SD. (G) Human antigenicity of LMB-T18. Binding of MP, HA22-LR, or LMB-T18 to antibodies in human sera was analyzed in a displacement assay.
IC50 values from the binding curves were calculated, and binding ratio was calculated from each IC50 of each serum sample. Center values are medians. P <
0.05 in one-way ANOVA test. All three groups were significantly different.

Fig. 5. Visual illustrationof T-cell response toMPand LMB-T18 in 20donors and
patients. Cells from 13 naive donors (d1–d13) and 7 previously treated patients
(p1–p7) were stimulated with either MP or LMB-T18 and expanded for 14 d.
Cells were restimulated with either 39 WT peptides or 39 newly designed
peptides representing the differences between MP and LMB-T18, respectively.
(A) T-cell activation with MP stimulation and WT peptides. (B) LMB-T18 stimu-
lation andmutant peptides. Color code scale of SFC per 1 × 106 cells is shown on
the right.

8574 | www.pnas.org/cgi/doi/10.1073/pnas.1405153111 Mazor et al.

www.pnas.org/cgi/doi/10.1073/pnas.1405153111


and found that all three gave responses but that IL-2 had the
strongest response and the lowest background. It was shown
previously in vaccination studies that IL-2 is a reliable indicator
of CD4 T-cell activation whereas IFN-γ is more variable (22).
Epitope mapping using naive samples identifies antigen-specific

naive T cells whereas epitope mapping of patients with anti-
bodies identifies memory T cells (23). We obtained samples from
nine mesothelioma patients, previously treated with SS1P, who
had high levels of antidrug antibodies. We mapped their epitopes
and observed more epitopes per patient than in the naive donors,
but no new epitopes were found. It seems likely that the T cells
from patients with antibodies are memory T cells, that they are
much more abundant in the peripheral blood than naive cells,
and that the epitopes they bind to are the same epitopes that
initiated the memory responses. We should be able to confirm
this hypothesis by characterizing the activated cells with memory
and naive cellular markers staining in flow cytometry.
Remarkably, despite the fact that most of the patients had

more responses than the naive donors, no new epitopes were
identified by screening patient PBMCs. This result confirms that
the epitope map created from screening of 50 naive donors
provides comprehensive coverage of the T-cell epitopes and
establishes that mutating these epitopes will be effective for
patients from diverse HLA haplotypes.
Previously, we identified an immunodominant epitope in PE38

(12). Here, we identify the other seven epitopes in the toxin.
Another study, which used a 3H-Thymidine incorporation assay
without T-cell expansion, identified only three T-cell epitopes
(24); two of these epitopes are the same as our epitopes 1 and 2.
The third in peptide 65 was not found in either normal or patient
cohorts in our study. We hypothesize that peptide 65 is not
generated by processing of the immunotoxin and is not a func-
tional epitope and that the in vitro expansion step in our pro-
tocol eradicated this false positive.
PE38 comprises domains II and III (25) (Fig. 3A). Weldon

et al. reported that most of the amino acids in domain II could
be deleted without major loss of cytotoxic activity (14). This
deletion eliminates immunodominant epitope 1 and epitopes
3 and 4 (Fig. 3B). The heat map in Fig. 1 shows that elimination
of domain II eliminates 48% (122/256) of all responses, including
85% (11/13) of the strong responses. Here, we identified five
major epitopes in domain III, which account for an additional
45% of the responses. For each epitope, we performed an ala-
nine scan to identify amino acids that, when mutated, diminished
the epitope. Three of the epitopes were complex (epitopes 2, 6,
and 8) because T-cell stimulation was produced by more than
two overlapping peptides. To simplify analysis of these complex
epitopes, they were divided into two subepitopes (2A, 2B, etc.).
For epitopes 2A and 2B, we were unable to find a mutation that
eliminated both epitopes and still produced an active immuno-
toxin. Therefore, we used two mutations, R505A and R494A, to
diminish this epitope.
To make LMB-T18 RIT, we used the HA22-LR scaffold with

the addition of a GGS peptide linker. We introduced six point
mutations—R505A, R494A, L477H, R427A, L552E, and F443A—
to make LMB- T18. LMB-T18 had excellent cytotoxic activity in
several CD22-positive cell lines, with IC50s less than 10 pM, and
produced complete remissions in mice with lymphoma xeno-
grafts. Because our ultimate goal is to use LMB-T18 to treat he-
matological malignancies in humans and because cell lines do not
always reliably predict activity in patients, we evaluated the cy-
totoxic activity of LMB-T18 in cells from seven HCL and six CLL
patients and found that it was extremely active.
One major concern of removing T-cell epitopes by point muta-

tions is the formation of new epitopes or the emergence of cryptic
epitopes that were suppressed by stronger epitopes (26). We ex-
amined the RITs with single and multiple mutations and did not
find new epitopes, probably because alanine substitutions are likely

to deactivate epitopes by disrupting peptide-HLA binding or by
disrupting binding to the T-cell receptor. Our result is in agree-
ment with the findings of Yeung et al., who found that elimination
of murine T-cell epitopes in human IFN-β did not result in a re-
sponse directed at the subdominant epitope (10). It is theoretically
possible that point mutations could lead to alternative processing
and formation of new epitopes. It appears that this risk did not
happen because stimulation of several donors with an RIT con-
taining point mutations and restimulation with all 22 peptide pools
did not show a different epitope pattern than stimulation with WT.
Interestingly, stimulation of samples using LMB-T18 showed

a significantly decreased T-cell response in all of the epitopes
compared with the parent peptides. Accounting for response
strength and frequency, LMB-T18 had a decrease of 90% in
T-cell activation compared with MP in naive donors. We found that
mutant peptides were completely nonstimulatory in some donor
and patient samples whereas other samples only showed a re-
duction in T-cell activation as a response to the deimmuniza-
tion. This finding is probably due to the HLA variability among
the samples. We do not suspect that the weak responses to
peptides in LMB-T18 are a result of an enhanced cytotoxic ac-
tivity of LMB-T18 that kills CD22+ presenting cells. In this assay,
PBMCs were stimulated with extremely high RIT concentrations
(>5,000-fold the IC50 of either RIT), which should kill all CD22+

cells in the mixture. This fact indicates that the processing and
presenting that occur in our assay are not by B cells. To com-
pletely eliminate epitopes for the entire cohort, additional
mutations may be required. Liu et al. (27) previously identified
and silenced several human B-cell epitopes in PE38 by alanine
mutations. Unexpectedly, we found that two of the mutations that
diminished T-cell epitopes, R505A and R427A, also diminished
B-cell epitopes (27). Because arginine residues are often highly
exposed and commonly part of a B-cell epitope, it was not sur-
prising that mutating R to A diminished the B-cell epitopes. Out
of the six T-cell mutations that we identified, R505 and R427
have a very high accessible surface areas (150 Å and 142 Å, re-
spectively) and are located on the surface of the protein (18, 19).
The fact that LMB-T18 contains two mutations that also diminish
B-cell epitopes explains the reduction in binding to patients’ se-
rum observed in the antigenicity assay compared with HA22-LR.
The next step will be to make RITs in which the mutations

silencing T- and B-cell epitopes are combined in one molecule,
assuming that no single approach will be sufficient to suppress all
immune responses. Before developing such a molecule, one
would need to be sure that the B-cell epitope mutations do not
create new T-cell epitopes, and vice versa.
In conclusion, we have identified the major T-cell epitopes in

PE38, including an immunodominant promiscuous epitope, and
diminished or, in some cases, completely eliminated the epitopes
while maintaining good cytotoxic activity, stability, and antitumor
activity. Immunotoxins with these mutations should be more effec-
tive in cancer treatment because more treatment cycles can be given.

Materials and Methods
Human Donor PBMC Samples. Apheresis samples from patients treated with a
PE38-containing RIT or normal donors were collected under research protocols
approved by the National Institutes of Health (NIH) Review Board (08-C-0026
and 99-CC-0168, respectively), with informed consent. PBMCs were isolated
using gradient-density separationby Ficoll-Hypaque (GEHealthcare) and frozen
in 10%humanAB serum (Gemini) RPMImedia (Lonza)with 7.5% (3.75mL/50mL)
DMSO (Cellgro). They were stored in liquid nitrogen. HLA typing was per-
formed with PCR sequence-specific primers by the HLA typing unit at NIH.

Peptide Synthesis. Peptides for T-cell epitope mapping were previously de-
scribed (12). Peptides with mutations were made by American Peptides and
purified to 95% homogeneity.

In Vitro Expansion of PE38-Specific Cells and ELISpot Assay. In vitro expansion
using whole RIT and T-cell activation detection using IL-2 ELISpot were
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performed as previously described (12). Each assay was performed in qua-
druplicate. For T-cell epitope mapping, positive pools were fine screened to
identify the individual immunogenic peptides. The threshold for a positive
response included three factors. A response was considered positive if (i) the
value was ≥80 spot-forming cells (SFCs) per 106 cells, (ii) the value was more
than three times that of the negative control, and (iii) the spots in the pool
made up more than 3% of all of the spots for that donor. This threshold
provided reproducible responses for all donors.

Prediction of Point-Mutation Candidates. To narrow down the number of
peptide variants, we used the prediction software Immune Epitope Database
(IEDB; http://tools.immuneepitope.org) (28). We used the MHC II prediction
tool and submitted the amino acid sequence of the epitope containing pep-
tides 13 times, once for each major HLA group (DRB_101, _301, _401, _701, _801,
_901, _1001, _1101, _1201, _1301, _1401, _1501, and_1601). High-affinity binding
candidates were predicted and omitted from the alanine scan if they had an
increased predicted binding of twofold (or more) in at least six HLA groups.

Construction, Expression, and Purification of RIT. MP, HA22-LR, and mutant
RITs with single-point mutations thereof are composed of a heavy-chain Fv
fused to LR-PE24 (VH-PE24) disulfide-linked to the light-chain Fv (VL) (14). The
different mutations were introduced into the parent expression plasmid
(MP VH-PE24) using PCR overlap extension. The resulting PCR products were
cloned back into the parent plasmid, and the mutations were confirmed by
DNA sequencing. RITs that contained more than one mutation and a GGS
linker were synthesized by GeneScript and cloned into the expression plas-
mid (MP VH-PE24). All RITs were purified by a standard protocol (29).

Antigenicity Assay. Binding of MP, HA22-LR, and LMB-T18 to antibodies
present in sera from patients was measured as previously described (30).
Briefly, mesothelin-rFc was added to an ELISA plate (100 ng in 50 μL PBS per
well) and incubated overnight at 4 °C. After washing, an anti-mesothelin
RIT, SS1P (which contains PE38, 100 ng in 50 μL PBS per well) was added for
1 h. In separate tubes, appropriate diluted sera were mixed with 2 ng/mL
MP, HA22-LR, or LMB-T18 and incubated overnight at 4 °C. After washing
the plate, 50 μL of immunotoxin–antibody mixtures were transferred to each
well. The human antibodies not bound to MP, HA22-LR, or LMB-T18 were
captured by SS1P and detected by HRP-conjugated rabbit anti-human IgG Fc,
followed by TMB substrate kit (Pierce). From the binding curves, IC50 values
were calculated. The IC50 values indicate the concentration of RIT (MP,
HA22-LR, or LMB-T18) that inhibits 50% of the antibody reactivity with SS1P.
The binding ratio was calculated from each IC50 value. Human sera were

obtained under a National Institutes of Health Institutional Review Board-
approved protocol (08-C-0026).

Activity Assays. WST8 assay. Cell viability was evaluated on CD22+ human
Burkitt’s lymphoma cell lines (CA46, Raji, and Daudi) and an acute lympho-
blastic leukemia cell line (HAL-01) using a WST8 cell-counting kit (Dojindo
Molecular Technologies) according to manufacturer instructions and as
previously described (12). Cell lines were obtained from ATCC and tested
negative for mycoplasma contamination.
ATP assay. Viability of leukemia cells was measured by the ATP levels using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to man-
ufacturer protocol.

Thermal-Stability Assessment. RITs were heated for 15 min at various tem-
peratures as previously described (12). Viability was determined by WST8
assay. IC50 was calculated for each temperature using a four-parameter
linear curve fit, and relative activity to 37 °C IC50 was calculated.

Mouse Xenograft Antitumor Activity and Dosing. Female SCID mice (6 wk old,
18–22 g) were injected s.c. in the flank with 1 × 107 CA46 cells. After 7 d,
when the tumors reached 100 mm3, three groups of mice with similar av-
erage weight and tumor size were injected i.v. with 5 mg/kg LMB-T18 in PBS
containing 0.2% human serum albumin on days 7, 9, 11, and 16 or 7.5 mg/kg
on days 7, 9, and 11 or 10 mg/kg on days 7 and 9. Body weight and tumor
size were observed for 30 d. Mice were euthanized if they experienced rapid
weight loss or tumor burden greater than 10% body weight. Animal experi-
ments were performed under National Cancer Institute Animal Care and Use
Committee-approved protocols. No animals were excluded from statistical
analysis. Tumor-size evaluation was evaluated blindly.

Statistical Analysis. A nonparametric Friedman’s test was used to compare
the screen results of the 111 peptides for 50 donors. P < 0.05 was considered
statistically significant. Two-tailed Student t test and one-way ANOVA were
used for all other analyses.
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