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Abstract

Recombinant Immunotoxins (RITs) are chimeric proteins designed to treat cancer. They are made
up of an Fv or Fab that targets an antigen on a cancer cell fused to a 38 kDa portion of
Pseudomonas exotoxin A (PE38). Because PE38 is a bacterial protein, it is highly immunogenic in
patients with solid tumors that have normal immune systems, but much less immunogenic in
patients with hematologic malignancies where the immune system is suppressed. RITs have
shown efficacy in refractory hairy cell leukemia and in some children with acute lymphoblastic
leukemia, but have been much less effective in solid tumors, because neutralizing antibodies
develop and prevent additional treatment cycles. In this paper we will 1) review data from clinical
trials describing the immunogenicity of PE38 in different patient populations, 2) review results
form clinical trials using different immunosuppressive drugs and 3) describe our efforts to make
new less-immunogenic RITs by identifying and removing T and B cell epitopes to hide the RIT
from the immune system.
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Introduction

Protein based therapeutics have great potential to treat human diseases, but if the protein is
not human, an immune response (also known as anti-therapeutic protein antibody response)
can develop during treatment and neutralize the clinical effect of the agent (1). Furthermore,
formation of neutralizing antibodies (Nab) against a foreign protein can be associated with
serious adverse events including infusion reactions, allergic reactions, anaphylaxis, delayed
hypersensitivity and autoimmunity. In addition auto-immunity to recombinant
megakaryocyte growth and development factor (MGDF) and erythropoietin (EPO) (epoetin
alfa), has produced antibodies to the native protein resulting in in thrombocytopenia and red
cell aplasia (2, 3). Patients who develop antibodies are at higher risk of infusion-related
reactions and delayed hypersensitivity, mediated by immune complexes that are deposited in
tissues (1, 4).
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Recombinant immunotoxins (RIT) are chimeric proteins that have shown activity in
treatment of several types of cancer. They consist of a targeting portion linked to a toxin.
The targeting portion is antibody derived, most commonly the Fv portion of an antibody
targeting a specific antigen on tumor cells or infected cells (5). The toxin can be of plant
origin or of bacterial origin like Diphtheria toxin or Pseudomonas exotoxin A (PE). RITs
are now used for the treatment of several kinds of cancer and could be used for other
indications (Fig. 1) (6, 7). PE is a favorable toxin for construction of RITs, because its high
cell killing activity is well documented (5), its mechanism of action is well understood and it
can endure many mutations without harming its activity [reviewed (8)]. PE38 kills cells by
ADP-ribosylating and inactivating EF2, which is different from the mechanism by which the
majority of anti-cancer agents work. For that reason, it can be combined with other
chemotherapeutic agents that have different mechanisms of action and no dose reduction of
either agent is required because their toxicities do not overlap (9).

While the efficacy of PE38 based RITs in tumor regression in hematological malignancies is
well documented (10-12), RITs have not been as successful in the treatment of solid tumors.
RITs contain a 38-kDa fragment of a bacterial toxin, which is very immunogenic in humans
with normal immune systems (13-15). Over the past 15 years, much effort has been devoted
to reduce the immunogenicity of these RITs. These approaches include treating patients with
immunosuppressive drugs and modifying the toxin to hide it from various components of the
immune system. This review will focus on the immunogenicity of PE based RITs; other
RITs have been reviewed elsewhere (16).

Clinical data of PE38 based RITs

Many of the clinical trials for PE based immunotoxins used similar treatment schedules,
similar ADA assays and uniform cutoffs and protocols for Nab assays. Thus it is possible to
compare the results of the clinical trials in different patient populations.

The first PE-based immunotoxins that was evaluated in a clinical trial was OVB3-PE. It
contained a murine antibody that targets an unknown antigen on ovarian cancer cells
attached to the entire PE protein (13). OVB3-PE was administered to 23 patients and had a
high level of non-specific toxicity. The immunogenicity of the RIT was evaluated by ELISA
and showed that 100% of the patients that were evaluated developed antibodies against the
toxin 14 days after therapy was initiated (Table 1). Human anti-mouse antibodies (HAMA)
were also detected in 12/16 patients 28 days after therapy.

The results from a clinical trial evaluating the activity of LMB-1 were reported in 1996. In
LMB-1, domain I is replaced by the Fv portion of an antibody to Lewis-Y. This was the first
publication reporting anti-tumor activity of an immunotoxin targeting an epithelial tumor
(14). In this trial, 33/39 of the patients developed neutralizing antibodies against LMB-1
three weeks after the first cycle of treatment (Table 1). The remaining 10% who did not
make neutralizing antibodies after the first cycle were retreated and made antibody after the
second or fourth cycle. ELISA assays indicated that eventually, 100% of the 38 patients
made antibodies against the toxin moiety and 33/38 of the patients had HAMA against the
Fv antibody fragment.
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Unlike LMB-1, which was chemically fused to the toxin, LMB2 is a recombinant
immunotoxin in which an Fv is directly fused to PE38. Results of trials with LMB-2 that
targets CD25 were first reported in 2000 (17). LMB-2 was used to treat leukemia and
lymphoma patients. Clinical evaluation showed several complete and partial responses;
however, 10/35 of the patients developed Nabs, which prevented further treatment. Six of
the patients developed Nabs after the first cycle of treatment (Table 1). Three of the patients
that had Nabs also demonstrated immunogenicity related side effects including one
anaphylactic reaction (1/35) and other allergic reactions (grade 2-3) (2/35) (17). These
adverse events provided a justification to avoid further dosing once Nabs developed.
However this was the only documented evidence of immunogenicity related side effects.
Such reactions were not associated with any other RIT trial, despite antibody formation.

Moxetumomab pasudotox (also known as CAT-8015 or HA22) is a PE38-based
immunotoxin that is currently being evaluated in phase 111 trials. It targets CD22 and has
produced complete remissions in many patients with refractory hematological malignancies
(11, 18). Part of its high efficacy, compared to patients with solid tumors, is attributed to a
low rate of immunogenicity; only 1/28 hairy cell leukemia (HCL) patients made Nabs after
the first treatment cycle and a total of 10/28 developed Nabs during the entire trial (19)
(Table 1). This low rate of immunogenicity is attributed to the immune status of the patients.
Patients with HCL have usually been treated with Cladribine, which kills many normal
immune cells in the bone marrow. In addition the leukemia cells infiltrate the marrow
causing more immunosuppression. Figure 2A shows that Nab formation is delayed in
patients with HCL after treatment with BL22 or Moxetumomab, and is even more
suppressed in patients with acute lymphoblastic leukemia (ALL) and chronic lymphocytic
leukemia (CLL), who have had many cycles of immunosuppressive chemotherapy.

In clinical trials in patients with solid tumors who have normal immune function, antibodies
usually appear quite rapidly. It has been suggested that continuous treatment with an
immunogenic protein may induce tolerance to the therapeutic protein (20). However the
mode of administration of SS1P did not affect its immunogenicity. Patients treated with
continuous infusion of SS1P for 10 days had a moderate decrease of 13% in the rate of Nabs
after the first cycle compared with bolus infusions (QOD X 3) (Fig. 2B). Similarly, clinical
trials with other RITs (containing plant based toxin) did not find any significant difference
in immunogenicity between continuous and bolus treatment (21).

Interestingly, while the hematological patients treated with LMB-2 had a relatively low rate
of immunogenicity onset, LMB-2 has also been given to patients with melanoma with
normal immune function to try and kill suppressor T cells. The data in Figure 2C shows that
LMB?2 is very immunogenic in the melanoma patients with 92% of patients making
antibodies after the first treatment cycle (22) and much less immunogenic in the immune-
suppressed leukemia patients with 17% immunogenicity after the first cycle. This high rate
of immunogenicity in solid tumors occurs even though LMB-2 is able to kill many CD25
positive cells and those cells are required for the immune response. The higher rate of
immunogenicity observed in patients with solid tumors exemplifies the multi factorial basis
of the immunogenicity response.
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Effect of site of injection on immunogenicity

RITs are almost always administered intravenously (1.V.) to reach all tumor cells in the
body. However, in clinical trials where the immunotoxin was injected directly into the tumor
site, decreased immunogenicity was observed. VB4-845 that targets EpCA was administered
with a catheter into the bladder, and had a significantly diminished rate of immunogenicity
(27/63 after the first cycle) (23) (Table 1). Also, NBI-3001 (IL4-PE38) that was
administered into brain tumors by slow infusion over several days had a low rate of
immunogenicity (overall 11/28 patients made ADA throughout the study) (24). On the other
hand, ScFv (FRP5)-ETA targeting erbB2 was injected directly to cutaneous lesions of
metastatic breast and colorectal tumors and caused immunogenicity in 3/3 patients that were
examined. Interestingly, despite the presence of Nabs during the second treatment, the
therapeutic effect of the RIT at the local site was still observed (25). These results indicate
that when the tumor is compartmentalized as in the case of bladder and brain, there is
decreased immunogenicity, while injecting cutaneous tumors that have many immune cells
in their surroundings, will result in increased immunogenicity.

Side effects related to immunogenicity

Out of the hundreds of patients treated with PE38 based RITs only a single anaphylactic
reaction was reported and occurred immediately after the first infusion of the immunotoxin
(17). Several of the trials reported grade 1, 2 or 3 allergic reactions and were associated with
skin rashes that were easily managed by steroids (17, 26-28).

In a few of the trials, the patients were treated with one additional cycle after Nabs
developed. This was usually due to logistical reasons because neutralizing antibody data was
not available before scheduled retreatment. Even though many of these patients were treated
while already having Nab, no major infusion related toxicities were observed during the
second cycle. As reported above, anaphylactic and allergic reactions were more common
immediately after the first treatment and less common after the second. This suggests that
the allergic response was a result of pre-existing immunity from previous environmental
exposure.

Mesothelin

Mesothelin is a GPI linked cell surface protein that was discovered and its gene cloned in
our laboratory in a search for a new therapeutic target on ovarian cancers (29, 30).
Mesothelin is only expressed on normal mesothelial cells, but is highly expressed on many
malignancies including ovarian cancers, mesothelioma and cancers of the pancreas,
stomach, lung and bile duct (9, 31-33). This makes it an excellent target for antibody-based
therapies. SS1P is a RIT that targets mesothelin and is the focus of many of the
deimmunization efforts that are described below.

Formation of the immunogenicity response

The central event in the formation of both humoral and cell mediated immune responses is
activation of lymphocytes. Antibody responses can be defined as T cell dependent responses
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and T cell independent responses. The latter is most commonly a response to a unique
antigenic repetitive sequence. This kind of antibody responses is weaker, faster and mostly
composed of IgM antibodies (as opposed to 1gG antibodies in T cell dependent responses);
also there is little immunological memory (34). Due to the nature of the immunogenicity
response observed in patients that were treated with RITs, which includes the finding of
highly specific neutralizing 1gG, a long lasting memory response and also the longer
duration required to mount the response, we conclude that the immune response against
PE38 based RITs is T cell dependent.

Figure 3 shows a cartoon summarizing some of the cells (APCs, T cells, B cells, and
antibody secreting plasma cells) involved in the immune response to the PE38 region of
RITs like SS1P. The primary T cell dependent immune response starts with engulfment of
the RIT by an APC in the periphery. The APC then moves to peripheral immune center
(lymph nodes). Inside the APC, the RIT is processed in the endosomal compartments to
peptides and some of these peptides bind to HLA Il molecules. In the lymph nodes, naive
CD4+ T cells are exposed to the presentation of PE38 derived peptides that are presented by
HLA class Il and the few naive T cells that have T cell receptors that can recognized these
peptides will proliferate and differentiate to effector T2 cells (Fig. 3, step 1).

At the same time, B cells that have a B cell receptor that can recognize conformational
epitopes on the surface of PE38 encounter PE38 in the periphery or lymph node.
Crosslinking of the B cell receptor activates the B cell and also causes it to home to the
lymph node. The activated B cells, like APCs, process the RIT and present PE38 derived
peptides to T cell. The B cell moves to the T cell-zone in the lymph node, which improves
the chances of finding a cognate T2 cell. Once a cognate B and T cell meet, co-activation
will occur (Fig. 3, step 2). T2 cells start secreting cytokines that help activate the B cell
and, promote affinity maturation and class switching (Fig. 3, step 3). As a consequence, the
B cell evolves to a memory cell or an antibody secreting plasma cell (Fig. 3, step 4). Hence,
maturation of an antibody secreting B cell is almost always dependent on the presence of an
activated Ty cell (35). The activation of B and T cell lymphocytes is complex and involves
numerous additional steps that are reviewed elsewhere (36). A secondary (“recall” response)
is a faster and stronger immune response than primary activation and is composed of
memory B and T cells. This response does not require the first step of APC presentation
(Fig. 3, step 1).

Efforts to reduce immunogenicity of RITs

The most striking observation in the clinical trials described above is that 2-5 cycles of
treatment is required to obtain major clinical response including complete remissions (37).
HCL patients that were treated with Moxetumomab pasudotox and made Nabs demonstrated
a correlation between how early the patients made antibodies and the outcome of the
treatment. In other words, many patients that made antibodies during the first, second or
third cycle of treatment only obtained partial responses while patients that did not make
Nabs until later stages and could receive more cycles, had a higher rate of complete
responses and better outcomes.
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Furthermore, when SS1P was combined with Pentostatin and Cyclophosphamide to kill T
and B cells and suppress anti-drug antibodies, more treatment cycles could be given to most
of the patients and major tumor responses were observed in several patients with advanced
refractory mesothelioma (38). These findings indicate that producing less immunogenic
immunotoxins would be of great clinical value.

Combination of RITs with immune suppression therapy

LMB-1 is a RIT that includes a PE38 toxin that is conjugated to a murine antibody that
targets Lewis Y antigen. In 2004 we hypothesized that elimination of B cells by rituximab,
would diminish the development of human antibodies to LMB-1. Five patients were treated
with rituximab followed by LMB-1. The development of human antibodies against LMB-1
was detected using a serum neutralization and ELISA assay. We were surprised to find that
while the circulating CD20/CD19+ B cells were reduced by 99.9%, all of the patients (5/5)
developed neutralizing antibodies to the immunotoxin by day 21 of drug administration (39).

Based on the Rituximab data, it was clear that elimination of peripheral B cells is not
sufficient and addition of an agent that will eliminate T cell could be of beneficial. To that
end, we evaluated treatment of 10 refractory mesothelioma patients with combination
therapy with Pentostatin and Cyclophosphamide. We found that this combination delayed
the formation of neutralizing antibodies to SS1P. Only 2/10 patients made Nabs after the
first cycle, and 6/10 after the second cycle (Fig. 2D). One patient did not make Nabs
throughout the entire treatment that included 6 cycles. This patient had a remarkable
response to the treatment with 74% tumor shrinkage that was maintained for more than 15
months (38). The toxicity observed in the trial described above was moderately severe and
expected from known side effects of Pentostatin and Cyclophosphamide.

Similarly, LMB-2 has been evaluated in combination with Fludarabine and
Cyclophosphamide (FC) in patients with adult T-cell leukemia (ATL). FC was chosen,
because it is widely used in transplant patients to prevent GVHD and it also helped in
preventing tumor regrowth after response to LMB-2. This combination was found to be very
effective in prevention of Nabs formation; none of the patients had neutralizing antibodies
after the first, second or third cycle. One patient had Nabs after the fourth cycle, two patients
after the fifth cycle and one more after the seventh cycle. The total immunogenicity rate in
the trial was 29% (4/17) (40). Similar to the Pentostatin and Cyclophosphamide trial, the
dose-limiting toxicity was attributed to the moderately severe side effects of the
chemotherapy. For these reasons alternative immune modulating combinations with RITs
are being explored.

In studies on mice or dogs, Siegall et al. showed that combination of CTLA4-1G that is used
for immune suppression of a PE40 containing RIT could lead block antibody formation
against the RIT in mice and dogs and also prevented hypersensitivity reactions in dogs. This
combination enabled additional immunotoxin cycles, which resulted in enhanced antitumor
activity against colon carcinoma in syngeneic rat models (41). Similarly, Onda et al. showed
monotherapy of mice with tofacitinib suppressed antibody responses to an immunotoxin.
Mechanistic investigation revealed that tofacitinib treatment led to lower numbers of
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CD127+ pro-B cells, fewer germinal center B cells and impaired formation of germinal
centers (42). Because normal Ig levels were still present during tofacitinib treatment, we
conclude this agent specifically reduced ADAs.

Recent experiments in mice have focused on elimination of pre-existing antibodies and
plasma cells, which would allow treatment of patients that have pre-existing antibodies from
environmental exposure to Pseudomonas exotoxin and also allow repeated dosing.
Bortezomib is a proteasome inhibitor that targets both short- and long-lived plasma cells as a
result of their high rates of 1g production (43). We found that the combination of SS1P with
Bortezomib reduced ADA formation by 50% compared to SS1P with no immune
suppression. Addition of Pentostatin and Cyclophosphamide to Bortezomib reduced the
ADA by 88% (44).

Modification in PE38 to reduce immunogenicity

Several strategies have been pursued to modify the structure of RITs to overcome their
immunogenicity. Some studies have also addressed the immunogenicity of the murine
antibody, while most have concentrated on reducing the immunogenicity of the toxin itself.

Framework exchange and humanization of antibody fragment

Framework exchange and humanization focused on the antibody portion of a RIT B3(Fv)-
PE38 targeted against Lewis-Y (45). The variable domains of the heavy (V) and light (V)
chains of the murine B3 Fv were aligned with their best human homolog to identify
framework residues that differ. Six residues were humanized and a new RIT was produced
and tested for immunogenicity. Binding assays of monkey’s serum that contained anti-RIT
antibodies to the humanized immunotoxin showed that the humanized RIT lost some of its
epitopes (45). Currently the new generation of RITs contains a humanized Fab or Fv (31,
46). However, the majority of the ADA that have been found against RITs react with the
bacterial toxin moiety (47) and humanization of the bacterial toxin is an important and
challenging task.

PEGylation

Covalent attachment of Polyethylene glycol (PEG) to therapeutic proteins has been found to
be useful in “masking” the immunogenic conformational epitopes in the protein from the
host’s immune system. It also increases its hydrodynamic size, which prolongs its
circulation time by reducing renal clearance (48). PEGylation of RIT was performed in the
1990s (49-51); however PEGylation has not been successful.

Identification of B cell epitopes

B cell epitope are usually located at a small number of distinct sites on the surface of a
protein. Roscoe et al. identified B cell epitopes in primates and human patients by exposing
overlapping synthetic peptides of the RIT to serum from monkeys or patients that were
treated with RIT (52, 53). However, this approach could not locate discontinuous
conformational B cell epitopes, which are the major neutralizing epitopes. Therefore, Onda
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et al. set out to identify the conformational murine B cell epitopes in a PE38-containing RIT
(54). They immunized mice and isolated monoclonal antibodies that reacted with
conformational epitopes on PE38, and used those antibodies to determine the number of
epitopes on PE38. They found that PE38 contains seven major conformational epitopes
located in specific positions on the protein and not distributed over the entire surface of
PE38. The finding that the epitopes are clustered enabled them to determine the precise
location of most of the epitopes by mutating amino acids, which have large side chains to
alanine or glycine and showing that specific antibody binding to the selected epitope was
abolished or greatly reduced. They used this information to construct an immunotoxin that
contained mutations that greatly reduced immunogenicity when examined in 3 strains of
mice. Furthermore the mutated RIT (8M) retained excellent cytotoxic and anti-tumor
activity. These experiments constitute proof that removing B cell epitopes can greatly
diminish immunogenicity. However because there are differences between mouse and
human immune systems, human B cell epitopes needed to be identified (54, 55).

Deletion of domain Il of PE38

Concurrent with research identifying and eliminating B cell epitopes in PE38, experiments
were also carried out to investigate the susceptibility of RITs to lysosomal protease
digestion. We found that domain Il of PE38 was very protease sensitive and that almost all
of domain Il could be removed without loss of activity as long as the furin cleavage site
(amino acids 274-284) was retained. This strategy had the additional benefit of removing
immunogenic B and T cell epitopes along with protease cleavage sites (56). Protease
resistance reduces the protein processing in the endosome and late endosome, and reduces
the number of peptides that can be presented on MHC Il molecules to activate T cells. The
resulting mutant (designated LR for lysosome protease resistance) (Fig. 1B) was tested in
three strains of mice and showed a greatly decreased antibody response (57).

Identification and modification of human B cell epitopes

To identify human B cell epitopes and thereby reduce the immunogenicity of RITs in
humans, Liu et al isolated and analyzed anti-immunotoxin antibodies from patients treated
with immunotoxins SS1P and HA22. They used M13 phage display to express Fvs isolated
from B cells of patients with anti-PE38 antibodies (58), Biotinylated-RIT was used as the
antigen for selection of phage expressing Fvs that bound to PE38. They identified the
residues that make up the B cell-epitopes by measuring their binding to variant RITs with
point mutations that removed large bulky amino acids like arginine. Then they constructed a
variant RIT with a deletion of domain Il and seven point mutations in domain 111 that
modified human B cell epitopes (HA22-L0O10) (Fig. 1b). This RIT had significantly reduced
reactivity with human antisera (Fig. 4) and yet retained good cytotoxic and antitumor
activity (59). To increase the size and decrease immunogenicity of HA22-LR-LO10, we
replaced the mouse Fv with a humanized Fab, which decreased the immunogenicity as well
as increased the half-life in circulation by increasing the size of the RIT to 72kDa (46).
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In a recent collaboration with Roche (Basel, Switzerland, http://www.roche.com), we used
this approach to develop a new immunotoxin against mesothelin named RG7787. This
deimmunized RIT has a humanized Fab version of the SS1 antibody attached to the B cell
epitope deficient toxin, similar to HA22-LR-LO10 described above (60). To enhance the
decreased activity of SS1-L010, they introduced R456A to replace R458A, because R458A
was the main mutation responsible for the low activity. Because both amino acids R456 and
R458 play a role in the immunogenicity of epitope H3, replacement of R458A with R456A
in RG7787 still maintained low antigenicity, however the cytotoxic activity of RG7787 was
significantly improved (9). RG7787 has shown excellent anti-tumor activity in animal
models (9, 31) Clinical testing for RG7787 started late in 2014 and immunogenicity results
should be available in early 2016.

Identification of T cell epitopes

In 2009, elimination of T cell epitopes began to be a well-accepted strategy to deimmunize
protein therapeutics (61-67). Yeung et al. showed that elimination of a T cell epitopes in the
protein IFNp eliminated the ADA response in BALB/c mice (68). Most previous studies in
this field used silico algorithms to identify T cell epitopes or at least narrow the epitope
candidates; however, there was little experimental evidence that this approach was useful
(69). Therefore, we decided to use an experimental approach to identify T cell epitopes,
based on the work from the laboratory of A. Sette (69). For our studies we used PBMCs
from 50 naive donors that represent the HLA distribution of the typical patient population in
the western world. The PBMCs were cultured with intact immunotoxin to allow its uptake
and processing into peptides and stimulation of T cells. After in vitro expansion, T cell
epitopes were identified by re-stimulation of the specifically expanded cells with 15-mer
peptides spanning the sequence of PE38 (70). T cell activation was detected using 1L-2
ELISpot (71). We used IL-2 because it supports T-cell activation, differentiation, and
memory and is a less specialized cytokine than IL-4 or IFN-vy (72). We identified eight
epitopes in PE38 (73). One epitope in domain Il was immuno-dominant and extremely
promiscuous. It was present in 21/50 donors (71). The presence of all the epitopes was
confirmed using samples from 16 cancer patients previously treated with PE38 containing
RITs and who had mounted an immune response to the protein. In addition no new epitopes
were detected after immunization, although the number of epitopes detected in any single
patient was higher than the number detected in naive donors (73). These results strongly
indicate that PE38 has eight T cell epitopes and other regions of the protein are
immunologically silent. Interestingly, T cell epitope mapping of PBMCs from immunized
HCL patients showed some epitopes are missing (73), perhaps due to the chemotherapy
these patients had received. Further work will address the difference in response of HCL
patients.

To eliminate the epitopes in domain I, we exploited the deletion in SS1P-LR-GGS and
introduced point mutations in domain 11 to eliminate the epitopes in domain Il11. The point
mutations were determined by alanine scanning mutagenesis. Once an alanine variant that
eliminated T cell activation was identified, we constructed the mutant RIT and tested its
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cytotoxic activity. We also stimulated PBMC with the mutant RIT and re stimulated with the
mutant peptides to be sure that the point mutation did not introduce a new T cell epitope.
Two of the epitopes (epitope 2 and epitope 6) were difficult to solve by alanine scanning,
because the mutant constructs lost cytotoxic activity or did not eliminate the epitopes. To
solve epitope 6, we collaborated with the Baker lab that uses Rosetta computational protein
design methods combined with an HLA binding algorithm to identify point mutations that
disrupt binding to HLA 11 molecules but still maintain cytotoxic activity (74). Epitope 2 was
not easily resolved. We found that a combination of two point mutations in amino acids
R494 and R505 were able to diminish the T cell responses significantly. Unfortunately, the
cytotoxic activity was reduced two-fold by one of these mutations.

T cell deimmunized RITs

The point mutations described above were combined into two new immunotoxins that have
their T cell epitopes removed or suppressed. LMB-T18 targets CD22 (73) and LMB-T20,
targets mesothelin (75). Each contains the same mutated toxin which is shown in Figure 1D.
T cell epitope mapping of LMB-T20 showed that peptides that did not induce responses
after stimulation with SS1P also did not generate responses after stimulation with LMB-T20
(Fig. 5) indicating that cryptic or new epitopes did not emerge as a result of altered antigen
processing in LMB-T20. Compared to the parental immunotoxin SS1P, LMB-T20 has a
81%% decrease in immunogenicity (p>0.0001 in 2-way ANOVA) (as assessed by T cell
activation analysis) and is, in most cases, much more cytotoxic than SS1P on cancer cell
lines expressing mesothelin as well as mesothelioma cells recently isolated from patients
(75). LMB-T20 also promoted complete regressions in tumor-bearing mice. We believe
LMB-T20 is an excellent candidate for further clinical development as a RIT with low
immunogenicity, because the removal of T cell epitopes is now thought to be more effective
than the removal of B cell epitopes.

Elimination of T cell epitopes in BALB/c mice

To determine the effect of T cell epitope removal in an animal with an intact immune
system, we mapped the T cell epitopes of PE38 in immune competent BALB/c mice and
found that these mice recognize two epitopes in PE38. One corresponds to the human
immunodominant T cell epitope and the other to a subdominant epitope; both are eliminated
in LMB-T20. We immunized mice with LMB-T20 and did not observe T cell activation or
the development of anti-drug antibodies as detected by both ELISA and drug neutralizing
assays (76). This result confirms the validity of our efforts to lower immunogenicity by T
cell epitope removal.

Comparison of experimental and in silico predicted epitopes in PE38

HLA binding algorithms are frequently used to predict T cell epitopes. We have computed
the binding of PE38 peptides using HLA binding prediction algorithms and compared the
predicted and experimentally identified T-cell epitopes. We defined an epitope as one to
four continues positive peptides. A total of 9 epitopes were identified based on the new
criteria. We found that the prediction for individual donors did not correlate well with the
experimental data. Furthermore, prediction of T-cell epitopes in an HLA heterogenic
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population revealed that the two strongest epitopes were predicted at multiple cutoffs,
however, the third epitope was not found at any cutoff and overall 4/9 epitopes were missed
at several cutoffs (77). We conclude that MHC class-11 binding predictions are not yet
sufficient to accurately predict the T-cell epitopes in PE38 and should be supplemented by
experimental work. We are currently working to understand why the algorithm missed
epitope 3 and several other epitopes.

B and T shared epitopes

In the process of identifying point mutations that eliminate T cell epitopes, we found that
two of these were the same mutations that had deleted B cell epitopes; these are R427A and
R505A (Fig. 1C and 1D). This means that not only the T and B cell epitopes are in common
but also that a common single point mutation can eliminate both epitopes. R505A and
R427A have very high ASAs (150A and 142A, respectively) indicating those arginine
amino acids are located on the surface of the molecule. Since B cell epitopes are known to
contain bulky hydrophilic amino acid like arginine (78-80) it is not surprising that mutations
that diminish T cell epitopes, also diminish B cell epitopes. Reports have shown that
important epitopes may be shared by B and T cells (81-83) and it has been suggested that
there is a functional link between B and T cells (84).

Conclusions and future directions

The process of deimmunizing PE38 by the introduction of multiple mutations to interfere
with either B or T cell epitopes involves a difficult balancing act between the reduction of
immunogenicity and the integrity and potency of toxin activity. In some cases, like the
deletion of domain Il, the activity was increased in most cell lines. In other cases, some of
the mutations caused a reduction in cytotoxic activity and could not be incorporated in the
final deimmunized RIT. For that reason, both B cell and T cell deimmunized RITs represent
a compromise between the best mutation for immunogenicity and the best mutation for
potency. This means that the immunogenicity is not completely resolved. To overcome this
compromise, it would be useful to design a new RIT that has both its B cell and T cell
epitopes diminished. In this way, most of the steps during the immune response (Fig. 3)
would be interrupted. We believe that our new immunotoxins with B or T cell epitopes
removed will be effective in cancer treatment.
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SS1-L010R LMB-T20

Figure 1. Structural modelsof RITs
The RIT SS1P consists of the disulfide-stabilized Vi and V|_ polypeptide chains of the Fv

from the antimesothelin monoclonal antibody SS1 coupled to a 38-kDa fragment of PE38.
(A) SS1P. The Fv (cyan and magenta) is recombinantly connected to PE38, which is divided
into domain Il (gray), domain 11 (yellow), and part of domain Ib from native PE38. (B)
SS1-LR-GGS. Deletion of domain 11 with GGS linker between the linker and the domain I11.
(C) SS1-LO10R. PE24 with six point mutations in domain 111 designed to eliminate binding
to B cell receptor. (D) LMB-T20. PE24 with six point mutations in domain 111 designed to
diminish T cell epitopes. All models are hypothetical arrangements based on the structures
of native PE and immunoglobulin G; they do not represent actual structure determinations
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Figure 2. Neutralizing antibody formation for PE38 RITs
Summary of immunogenicity rate during treatment cycles from nine clinical trials.

Immunogenicity rate was evaluated using functional Nab assay with a cut point of 75%
neutralization in all trials (17, 19, 22, 27, 28, 38) and unpublished data. (A) HCL (n=146),
ALL (n=49) and CLL patients (n=50) treated with Moxetumomab paseudotox or BL22. (B)
Patients treated with SS1P by bolus (QOD x 3) (n=21) or continues infusion (n=24) over the
course of 10 days. (C) Immunogenicity of LMB-2 in hematological (n=35) and melanoma
patients (n=7). (D) Immunogenicity in patients treated with SS1P as a monotherapy (n=21)
or in SS1P combined with Pentostatin and Cyclophosphamide (n=11). All patients (with the
exaptation of continues infusion group) were treated in a similar schedule of 3x QOD bolus
per cycle, and 21-day intervals between cycles.
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Figure 3. Antibody mediated response to protein immunogen

(Step 1) The RIT is engulfed by an APC and inside the APC, the RIT is processed in

endosomal compartments and some high affinity peptides bind to HLA 1l molecules. The
peptides- HLA class Il complex is transported to the membrane of the APC and is presented.
A specific T cell receptor recognizes the complex and interacts with the APC via co
stimulatory signals resulting in T cell activation and differentiation. (Step 2) At the same
time, B cells that have a B cell receptor that can recognize conformational epitopes on PE38
encounters PE38. Crosslinking of the B cell receptor initiates an activation cascade of the B
cell and homing to the lymph node. The activated B cell also processes whole antigen and
presents PE38 derived peptides. Once a cognate B and Ty cell meet co-activation will occur.
TH2 cells start secreting cytokines that help the B cell to activate. (Step 3) Activated B cell
start affinity maturation and (Step 4) class switching and evolve to a memory or a secreting

plasma cell.

Immunol Rev. Author manuscript; available in PMC 2017 March 01.




1duosnuey Joyiny

1duosnuely Joyiny

Mazor et al. Page 20

£ 0.1
©
£ -
LD
p3 0.01 T L
. [
] 3"
0.001! ..-.
p " 1)
o | ]
0.0001 -
0.00001 ' T
SS1P SS1-LO10
Immunotoxins

Figure 4. Antigenicity of SS1P and SS1-L 010 to human antisera
Ratio of binding of SS1-L0O10 to binding of SS1P from 20 patients treated with SS1P.

p<0.0001, Wilcoxon signed rank test.
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Figure5. T cell activation of SS1P and LMB-T20
Stimulation of PBMC from 10 donors with LMB-T20 and SS1P show a decrease in T cell

activation. PBMC from 10 naive donors were stimulated with either SS1P or LMB-T20.
After 14 days of in vitro expansion cells that were re-stimulated with either 111 peptides
spanning the sequence of PE38 or 76 peptides spanning the sequence of LMB-T20. T cell
activation was detected using IL-2 ELISpot. All positive peptides were assayed twice for
each PBMC sample and each assay was run in triplicate. Response strength is shown in the
Spot Forming cell/million cells (SFC/1E6) ladder on the right. Black stars represent peptides
that were deleted in LMB-T20 and red stars represent peptides that are different from wild
type. This figure to be published in Mazor et al., Mol. Cancer Res., In press (75).
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