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Abstract

We have recently shown that co-administration of monoclonal antibodies (mAb) with anti-
idiotypic distribution enhancers (AIDEs) that inhibit mAb binding to tumor antigens enabled
increased intra-tumoral mAb distribution and increased efficacy of an antibody-drug conjugate
(trastuzumab emtansine, T-DM1). In the present work, a PK/PD model was applied to predict

the impact of this optimization strategy on the within-tumor distribution and anti-tumor

efficacy of trastuzumab-gelonin, where the released payload (gelonin) is expected to exhibit
negligible bystander activity. Immunofluorescence histology was used to investigate trastuzumab-
gelonin distribution in solid tumors following dosing with or without co-administration

of anti-trastuzumab AIDEs. Anti-tumor efficacy of trastuzumab-gelonin, with or without co-
administration of AIDEs, was also evaluated in tumor-bearing mice. Trastuzumab-gelonin
efficiently induced cytotoxicity when applied to NCI-N87 cells in culture (IC50: 0.224+0.079
nM). PK/PD simulations predicted that anti-idiotypic single-domain antibodies AIDEs with
dissociation rate constants between 0.03-0.2 hour™! would provide optimal enhancement of
trastuzumab-gelonin efficacy. LE8 and 1HE, anti-trastuzumab AIDEs, were selected for evaluation
in vivo. Co-administration of trastuzumab-gelonin with the inhibitors increased the portion of
tumor area that stained positive for trastuzumab-gelonin by 58% (p=0.0059). Additionally, LE8
or 1HE co-administration improved trastuzumab-gelonin efficacy in NCI-N87 xenograft bearing
mice by increasing the percent increase in life span (%ILS) from 27.8% (for trastuzumab-gelonin
administered alone) to 62.5% when administered with LE8 (p=0.0007) or 83.3% (p=0.0007)
when administered with 1HE. These findings support the hypothesis that transient, competitive
inhibition of mAb-tumor binding can improve the intra-tumoral distribution and efficacy of
immunotoxins when applied for treatment of solid tumors.
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INTRODUCTION

There is substantial interest in the development of immunoconjugates for targeted

cancer treatment, including antibody-drug conjugates (ADCs), radioimmunoconjugates, and
immunotoxins (1, 2). ADCs, which are designed to deliver small molecule chemotherapeutic
agents, have been particularly successful with 11 ADCs receiving Food and Drug
Administration approval, and with more than 100 ADCs under current clinical development
(3, 4). However, ADCs often exhibit substantial off-site off-target toxicity, which may be

a function of off-site exposure to the released (i.e., free or unconjugated) small-molecule
payloads (5, 6). Due to their small size and high membrane permeability, released payloads
may easily diffuse across the plasma membranes of non-targeted cells, entering the
cytoplasm and mediating off-site off-target toxicity.

Immunotoxins contain a targeting domain, such as an antibody or antibody fragment, that

is either chemically conjugated or recombinantly fused to a highly cytotoxic protein toxin
(7). One potential advantage for immunotoxins, in comparison to ADCs, is that the large size
and high polarity of protein toxins may minimize risk for off-site toxicity due to inefficient
cellular entry of released payload via off-target mechanisms (e.g., membrane diffusion).

For example, recombinant gelonin, which has been evaluated as the payload for several
immunotoxins that have undergone preclinical evaluation, is a 29 kDa type-1 single-chain
ribosome-inactivating protein (RIP) that irreversibly inhibits ribosome translation on the
28S rRNA unit (8). Gelonin has no cell entry domain and is unable to cross the plasma
membrane efficiently. Consequently, extracellular unconjugated gelonin is essentially non-
toxic with 1C50 values > 1 ¥4M (9-11) when applied to cells in culture, and with a very high
(>40 mg/kg) median lethal dose when administered to mice (12).

In general, antibody-based therapies have shown more success for hematological cancers
than for the treatment of solid tumors (13, 14). Sub-optimal efficacy in solid tumors has been
explained by limited intra-tumoral penetration and heterogeneous distribution, which have
been attributed to many factors (15-17). Following extravasation, high-affinity monoclonal
antibodies (mAb) often bind tightly to targeted antigens on cancer cells, limiting the extent
of mAb distribution within tumors. This phenomenon is known as the binding site barrier
(BSB). The BSB may be overcome by saturating tumor antigens via administration of large
doses of mAbs (18, 19). However, saturating doses of ADCs or immunotoxins are often not
feasible due to dose-limiting toxicities (20). The BSB is a direct function of antibody affinity
for tumor antigens, and it is possible to improve within-tumor distribution with use of low
affinity mAb, but the benefit of this approach would be expected to be offset by decreased
tumor selectivity (21).

Recently, our lab has proposed a new and perhaps non-intuitive strategy to improve
antibody efficacy in the treatment of solid tumors. We proposed that co-administration

of mAb with competitive inhibitors of mAb-tumor binding would enable mAb to bypass
the BSB, improving within tumor distribution and improving anti-cancer efficacy. We
demonstrated the feasibility of this strategy with use of a high-affinity anti-trastuzumab
sdAb (1HE), as a model anti-idiotypic distribution enhancer (AIDE) that enables transient,
competitive inhibition of trastuzumab binding to tumor antigens (22). Co-administration of
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1HE with trastuzumab significantly increased the distribution of the mAb in solid tumors
and significantly increased the efficacy of trastuzumab emtansine (T-DM1) in mice bearing
NCI-N87 xenograft tumors.

Although AIDEs may have utility in enhancing the intra-tumoral distribution of any high
affinity mAb-based therapy, we project that benefit will be highly dependent on the
significance of bystander activity. For ADCs, the significance of the BSB is, to some extent,
reduced by the diffusion of payload molecules from sites of payload release within targeted
cells to neighboring cells. Substantial within-tumor distribution of released payload, and
substantial bystander activity, may compensate for poor intra-tumoral antibody distribution
(23). For example, Tsumura et. al. compared the efficacy of high and low affinity antibody
conjugates with the bystander payload MMAE. Despite the dramatically greater tumor
penetration of the low affinity antibody conjugates, the increase in therapeutic effect of

the low affinity conjugates relative to the high affinity conjugates was modest (24). A
similar observation was made by Singh et. al, in which naked antibody co-administration
synergistically increased the therapeutic effect of the non-bystander ADC trastuzumab-DM1
in NCI-N87 tumors whereas a less than additive effect was observed for trastuzumab-
MMAE co-administered with naked antibody (25). For immunotoxins, where the payload
is a protein toxin with low membrane permeability, there is much less opportunity

for bystander activity (2, 13) and, therefore, application of AIDEs may be particularly
beneficial.

Pharmacokinetic/pharmacodynamic (PK/PD) modeling uses a series of mathematical
equations to simulate changes in drug concentration (or mass) over time and to predict

drug effects over time (e.g., tumor regression following chemotherapeutic administration).
PK/PD modeling is an important component of drug development and optimization, as it
helps to identify critical drug attributes (e.g., binding affinity) or dosing protocols to achieve
a desired therapeutic outcome. As the AIDEs co-administration approach is non-intuitive
and dependent on many factors, mechanistic PK/PD modeling and simulation is useful to
identify ideal AIDE characteristics (e.g., optimal dissociation rate constants). In this paper,
we have evaluated the utility of the transient competitive inhibition approach for enhancing
the intra-tumoral distribution and efficacy of trastuzumab-gelonin, as a model immunotoxin.
Based on PK/PD simulation results, two sdAb AIDEs, 1HE and LES, were selected for in
vivo evaluation to assess effects on the intra-tumoral distribution and anti-cancer efficacy of
trastuzumab-gelonin with use of NCI-N87 xenograft-bearing mice.

MATERIALS AND METHODS

Preparation of Trastuzumab-Gelonin Conjugate

Recombinant gelonin amino acid sequence was obtained from UniProt (ID# P33186). As
described in our prior work, gelonin was expressed in £. Coli and purified using a Ni2*-
NTA column (Thermo Fisher Scientific, Waltham, MA, 88226) followed by a Bio-Scale
mini CHT ceramic hydroxyapatite multimodal chromatography type | cartridge (BioRad,
Hercules, CA, 7324324) (10). Trastuzumab was purchased through Millard Fillmore
Memorial Hospital (Williamsville, NY). Trastuzumab was conjugated to gelonin via an
SPDP linker as shown in Figure 1A and purified by protein G chromatography (10, 26).
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The trastuzumab-gelonin conjugate was evaluated using a validated anti-gelonin capture
antibody previously described (27).

Cell Viability Assay

NCI-N87 cells were seeded in a 96-well microtiter plate at a density of 2500 cells/

well. After 24 hours, culture media was replaced with fresh media containing gelonin

or trastuzumab-gelonin. After a 72-hour incubation, 25 uL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (TGI, Chuo-ku, Tokyo, D0801) solution (5
mg/mL in DPBS) was added and incubated for 4 hours. After MTT reduction, 100 pL

of 10% SDS/0.01 M HCI was added and cells were incubated overnight to solubilize

the formazan crystals. Solubilized formazan dye was measured at 590 nm and 640 nm.
Half-maximal inhibitory concentration values (IC50s) were determined by fitting a four-
parameter inhibition model with variable slope using GraphPad Prism 8.2.1 (GraphPad, San
Diego, CA).

PK/PD Modeling and Simulation

A hybrid mechanistic pharmacokinetic model was adapted from a spherical tumor model
that was developed by our laboratory (28, 29) to identify optimal inhibitor dissociation

rates, and to predict the impact of AIDESs on trastuzumab-gelonin tumor disposition and on
the tumor growth of NCI-N87 xenografts. Systemic concentrations of trastuzumab-gelonin,
trastuzumab and inhibitor were modeled with a 2-compartment model. The pharmacokinetic
parameters of trastuzumab-gelonin were fit from the pharmacokinetic study conducted by
Cao et al. (11) using a two-compartment model and the maximum likelihood estimation
method in ADAPT 5 (BMSR, CA) (30); parameters fits are provided in Table S1. The

solid tumor pharmacokinetic model is comprised of a collection of concentric spheres.

Each sphere is divided into regions A-E, which represent 5 well-mixed sub-compartments
with the same width and different volumes. Region A is the point of extravasation for
antibody or immunotoxin through a single tumor blood vessel into the tumor space. Region
E represents the most distant region from vasculature and accounts for 49% of the whole
sphere volume and is the primary metric for evaluating intratumor distribution. Within each
tumor sub-compartment region, trastuzumab-gelonin and trastuzumab-gelonin with only one
Fab arm binding to the inhibitor, can bind cellular HER2, bind-free 1HE, or diffuse to
adjacent tumor regions. Trastuzumab-gelonin that has both Fab arms bound to inhibitor, is
unable to bind to free HER2 and can freely diffuse through tumor regions A-E.

In each individual tumor region, the internalized number of trastuzumab-gelonin per cell
drives a cell killing function, with a killing rate constant (Kkill), half-maximal killing
constant (TN50) and a slope y (9). The values of the three parameters were estimated by
fitting observed in-vitro cellular cytotoxicity data using the weighted least squares (WLS)
estimation method in ADAPT 5 (BMSR, CA). All the other PK/PD parameter values can be
found in our prior publication (29).

All simulations were conducted in Berkley-Madonna Version 9 (University of California at
Berkeley, CA), using a mouse weight of 25 grams and a trastuzumab-gelonin dose of 2.5
mg/kg. Model equations and initial conditions are provided in the supplement files.
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Production and Characterization of Competitive sdAb Inhibitors

The sequence of a high-affinity anti-idiotypic anti-trastuzumab sdAb 1HE was taken from
Alvarez-Rueda et al (31) and was synthesized by GeneArt. LE8 is a 1HE mutant identified
by phage display (29). The DNA of LE8 was isolated from phagemid by colony PCR

and ligated into the plasmid pET22b(+), and transformed into the £. co/i strain Shuffle
T7. 1HE or LE8 were expressed and purified by IMAC affinity chromatography and CHT
chromatography as described for trastuzumab gelonin. The trastuzumab dissociation rate
constants for 1HE and LE8 were estimated using a dissociation ELISA assay that we have
described previously (29).

Animal Xenograft Model

Animals

Male athymic nude mice aged 4 to 6 weeks were purchased from the Jackson Laboratory
(Bar Harbor, ME). NCI-N87 cells (CRL-5822, a gift from Dr. Dhaval Shah) were cultured
following cell line specific ATCC recommendations. NCI-N87 cells were authenticated by
STR profiling and tested negative for mycoplasma in January of 2021. NU/J mice were
injected subcutaneously into the right flank with 5 million cells/mouse. Tumor growth

was monitored using digital vernier calipers, and tumor volume was calculated using the
following equation: TV = 0.5:1-w2, where “I” represents the longest diameter of the tumor
and “w” represents the diameter perpendicular to “I”. Mice were euthanized if tumor
diameter exceeded 20 mm, weight loss >15%, or if mice displayed signs of pain or distress.

All animal studies were approved by the University at Buffalo’s Institutional Animal Care
and Use Committee (IACUC). All animal experiments were carried out in accordance with
the standards and regulations set by the IACUC.

Immunofluorescence Histology

Mice bearing NCI-N87 xenografts at a volume of 250-300 mm3 were intravenously injected
with 2.5 mg/kg trastuzumab-gelonin. Subsequently PBS (n=3) or 1HE in a 3:1 molar ratio
(n=2) was immediately intravenously administered through retro-orbital injection. Mice
were sacrificed 24 hours post-dosing. The protocol for tumor processing, fluorescence
staining and image acquisition is provided in our prior work (22).

Trastuzumab-Gelonin Efficacy Study

Once the tumor volume of NCI-N87 xenograft mice reached 100 mm3, mice were
intravenously injected with PBS, trastuzumab-gelonin, or trastuzumab-gelonin with LES8 or
1HE administered at a ten-fold molar excess. PBS or AIDEs were administered immediately
after trastuzumab-gelonin injection. Mice were split into four groups of PBS vehicle (n=5),
2.5 mg/kg trastuzumab-gelonin (n=6), 2.5 mg/kg trastuzumab-gelonin + 10:1 LE8 (n=6) and
2.5 mg/kg trastuzumab-gelonin + 10:1 1HE (n=6). Mice body weight and tumor size were
monitored using digital calipers. Mice were sacrificed if tumor diameter exceeded 20 mm or
weight loss >15%. The log-rank test was used to evaluate the Kaplan-Meier survival curves
created in GraphPad Prism 8.2.1 (GraphPad, San Diego, CA). Percent increase in life span
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(%ILF) was calculated as 100*(median survival time of treatment group - median survival
time of control group)/ median survival time of treatment group.

Data Availability

The data generated in this study are available within the article and its supplementary data
files.

RESULTS

Conjugation and Cytotoxicity of Trastuzumab-Gelonin Immunoconjugates

Recombinant gelonin (rGel) was expressed in £.Coliand purified with high purity (Figure
1B). Trastuzumab-gelonin immunotoxin was then conjugated through a disulfide-based
SPDP linker and purified using protein G chromatography to remove excess gelonin. Both
SDS-PAGE and ELISA confirmed the successful conjugation (Figure 1B & 1C). The
cytotoxicity of unconjugated rGel and trastuzumab-gelonin were evaluated in NCI-N87
cancer cells and the MTT assay demonstrated IC50 values of 555 + 69.6 nM and 0.224 +
0.079 nM, respectively (Figure 1D).

Mathematical Modeling of Cellular Toxicity

In the PD model, the internalized number of trastuzumab-gelonin per cell drives a cell
killing function in individual regions of the growth model (Figure 2A). The values of PD
parameters KKkill, TN50 and y were estimated by fitting the observed cell viability data

of NCI-N87 cells treated with various concentrations of trastuzumab-gelonin conjugates.
Figure 2B shows the observed and model predicted cell viability of NCI-N87 cells that

were incubated with varying concentrations of trastuzumab-gelonin for 72 hours. The PD
model accurately captured the observed cellular cytotoxicity profiles with low coefficients of
variation (CV%) for the estimated PD parameters (Figure 2B & Figure S1). Equations are
provided in supplement files and the fit values for Kkill, TN50 and vy are listed in Table S1.

Simulations Predicting Ideal Inhibitor Koff for Improving Within-Tumor Distribution and
Anti-Tumor Efficacy

The sphere pharmacokinetic model was combined with the PD model of trastuzumab-
gelonin intoxication process, and the model structure is shown as Figure 2A. The optimal
inhibitor dissociation rate constant for improving tumor distribution was identified by
simulation. The area under the curve (AUC) of HER2-bound to trastuzumab-gelonin in
region E, or fractional HER2 occupancy in tumor region E, were evaluated over a mAb-
inhibitor dissociation rate constant (koff) range of 0.001-100 hour~! (Figure 3A & 3B). Both
simulations predict that an inhibitor-mAb dissociation rate (koff) of 0.03~1 hour~1 is optimal
for increasing the HER2-bound trastuzumab-gelonin AUC or fractional occupancy of region
E, with lower-affinity inhibitors dissociating too rapidly to significantly improve distribution
and higher-affinity inhibitors out-competing tumor antigen for mAb binding.

Using the optimal inhibitor dissociation rate constant of 0.15 hour~1 simulations were
conducted to evaluate the impact of inhibitor co-administration on the within-tumor
distribution of trastuzumab-gelonin. Trastuzumab-gelonin administered alone leads to a
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maximum percent occupancy of 84.0%, 40.9%, 6.74%, 0.780% and 0.108% for tumor
regions A-E (Figure 3C), indicating trastuzumab-gelonin administered alone is predicted

to be restricted to the peri-vasculature (region A), with ~6-fold stepwise decreases for
subsequent sub-compartments. Maximum percent occupancy for trastuzumab administered
with inhibitor are 25.1%, 8.08%, 2.58%, 1.60% and 1.41% for regions A-E (Figure

3D). The time averaged fractional occupancy of HER2 bound by trastuzumab-gelonin for
trastuzumab-gelonin with or without inhibitor are shown in figure 3E. Fractional occupancy
values for trastuzumab-gelonin / trastuzumab-gelonin:1HE respectively are region A:
0.411%/0.246%, region B: 0.208%/0.091%, region C: 0.041%/0.024%, region D: 0.005%/
0.011%, region E: 0.0007%/0.0088%, whole tumor: 0.023%/0.018%. The dramatic increase
in the fractional occupancy of HER2-bound by trastuzumab-gelonin for regions D and E,
with a small decrease in total tumor exposure, demonstrate that co-administration of AIDEs
is predicted to improve the intra-tumoral distribution trastuzumab-gelonin.

Simulations with the PK/PD model were conducted across a koff range from 0.001-10
hour~1 to determine the optimal inhibitor koff to enhance the efficacy of trastuzumab-
gelonin in NCI-N87 xenografts (Figure 3F). Simulations predict that competitive inhibitors
with a koff between 0.03 and 0.2 hour™1 result in the greatest extension in median survival
days (>50 days) relative to trastuzumab-gelonin administered alone (~45 days). The median
survival time is equal to the time it takes for the simulated tumor volume to exceed 1200
mms3.

Production and Assessment of Competitive sdAb Inhibitors

Model AIDEs, 1HE or LES8, were recombinantly expressed and purified with good

purity (Figure S2A), and dissociation rate constants were estimated by ELISA with
monoexponential decline fittings (Figure S2B). Dissociation rate constants for LE8 and

1HE were 0.151 + 0.025 hour™! and 0.0418 + 0.0052 hour™1, which are within the optimal
range (0.03~0.2 hour™1) predicted for improving trastuzumab-gelonin tumor distribution and
efficacy. Therefore, LE8 and 1HE were selected for in vivo evaluation using the NCI-N87
xenograft model.

Impact of 1HE Co-Administration on Trastuzumab-Gelonin Distribution in NCI-N87

Xenografts

To experimentally investigate the impact of 1HE co-administration on trastuzumab-gelonin
distribution in NCI-N87 xenografts, NCI-N87 xenograft mice were administered 2.5 mg/kg
trastuzumab-gelonin with or without a 3-fold molar excess of 1HE. After 24 hours,

tumors were excised, sectioned, and fluorescently stained to detect trastuzumab-gelonin
(green) and tumor vasculature (red). Trastuzumab-gelonin administered alone is observed to
penetrate a short distance from vasculature (Figure 4A). However, 1HE co-administration
increased trastuzumab-gelonin tumor penetration with a more homogeneous distribution in
trastuzumab-gelonin staining (Figure 4B). The fluorescence images corresponding to the
trastuzumab color channel (Figure S3A & S3B) were converted to a binary black and
white image to evaluate the percent of the tumor area that stained positive for trastuzumab
(Figure S3C & S3D). Compared to tumors treated with trastuzumab-gelonin alone, 1HE
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co-administration significantly increased the fraction of the tumor that stained positive for
trastuzumab-gelonin from 21.6 + 8.1 % to 34.0 + 7.4 % (p=0.0059) (Figure 4C).

Impact of Inhibitors Co-Administration on Trastuzumab-Gelonin Efficacy in NCI-N87

Xenografts

NCI-N87 xenograft bearing NU/J mice were used to evaluate the anti-cancer efficacy of
trastuzumab-gelonin. Mice were intravenously injected with single doses of 2.5 mg/kg
trastuzumab-gelonin, with or without 1HE or LE8. Observed tumor volumes are shown

in Figure 5A and Kaplan-Meier survival curves are provided in Figure 5B. Trastuzumab-
gelonin in combination with LE8 and 1HE significantly extended the median survival
time to 58.5 days (p=0.0007) and 66 days (p=0.0007), respectively, with a corresponding
%ILS of 62.5% and 83.3%. Both 1HE and LES8 co-administered with trastuzumab-gelonin
significantly extended the median survival relative to trastuzumab-gelonin administered
alone (p=0.0013). There was no significant difference between the LE8 and 1HE groups
(p=0.736). Administration of 2.5 mg/kg trastuzumab-gelonin with or without the inhibitors
did not significantly decrease mean body weight (Figure 5C) or result in any signs of
toxicity.

Comparison of Tumor Volume Observations and Simulations

PK/PD model simulations were compared to the observed NCI-N87 tumor volumes for mice
treated with PBS, trastuzumab-gelonin, trastuzumab-gelonin with LE8 or with 1HE. The
simulations for the four groups captured the observed tumor volumes accurately, except

for several xenografts in the trastuzumab-gelonin + 1HE group showed superior delays in
tumor growth relative to model predictions at time points greater than 20-days after injection
(Figure 6A-D).

Simulations were also conducted to determine if greater enhancements in trastuzumab-
gelonin efficacy could be achieved with multiple doses. The simulations used an inhibitor
koff of 0.087 h™1, which was predicted to be the optimal for delaying tumor growth (Figure
3F). Simulations predicted that trastuzumab-gelonin, administered alone with regimens of
2.5 mg/kg every 4 days for eight doses (Q4Dx8) or every seven days for five doses (Q7Dx5)
will lead to limited anti-cancer efficacy with a median predicted survival time of 49.5

or 44.4 days (Figure S4A & S4B). However, co-dosing of trastuzumab-gelonin, via the
same protocols, with AIDE therapy was predicted to lead to dramatically increased tumor
response with median survival times of 88.96 or 66.5 days, respectively (Figure S4C &
S4D).

DISCUSSION

The development of immunotoxins as anti-cancer therapeutics has been pursued for over

40 years. Two immunotoxins, Lumoxiti and Elzonris, are approved by the FDA for the
treatment of refractory hairy cell leukemia and blastic plasmacytoid dendritic cell neoplasm,
with both agents requiring “black-box” warnings relating to capillary leak syndrome (32,
33). The narrow therapeutic window of immunotoxins limits the immunotoxin dose below
what is required to eradicate cancer. In comparison to pseudomonas exotoxin (PE) payload
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which is used in Lumoxiti, gelonin has a better safety profile, with a median lethal dose

of >40 mg/kg in mice (12), and an observed in-vitro IC50 value of more than 1 uM (9-
11). The observed IC50 value for untargeted gelonin is ~1,000-fold higher than untargeted
PE38 (34) and 10,000-fold higher than the ADC payload monomethyl auristatin E (35).
Due to the favorable safety profile of unconjugated gelonin, and due to the high potency

of this toxin when delivered to the cytoplasm of targeted cells, there has been substantial
interest in the development of gelonin-mAb conjugates for many cancer indications (10,

11, 36). Clinical development of HUM195-rGEL, the only gelonin based immunotoxin that
advanced to clinical trials, was halted due to modest efficacy (37). Although many factors
contribute to the disappointing efficacy of immunotoxin therapies, such as the inefficient
cytosolic translocation, immunogenicity and dose-limiting toxicities (7), a key contributor
to limited immunotoxin efficacy is the poor uptake and penetration of immunotoxins into
and within solid tumors (2, 7, 17). Effective delivery of immunotoxins to solid tumors is
hampered by abnormal tumor vasculature, high tumor pressure and the overdevelopment

of the tumor interstitial matrix (15-17, 38). Following entry into the tumor tissue, poor
immunotoxin distribution within the tumor may occur due to the BSB. A binding site barrier
for high affinity antibodies against tumor associated antigens was predicted by theoretical
mathematical modeling in 1990 by Fujimori et. al. (39) and was subsequently supported by
experimental observations (40).

Several groups have investigated approaches that specifically focused on enhancing the
tumor penetration of immunotoxin conjugates. Mazor et. al. compared the tumor uptake

and efficacy of an intact antibody PE38 conjugate with a MW of 200 kDa to a scFv PE38
recombinant immunotoxin conjugate (RIT) with a MW of 69 kDa (41). Despite the expected
penetration advantage, the intact immunoconjugate exhibited a greater anti-tumor effect than
the scFv RIT. The poorer efficacy of the scFv conjugate was attributed to the increased rate
of elimination and decreased tumor retention relative to the intact conjugate (41). Cao et

al. developed recombinant anti-HER2 scFv RIT conjugates with an anti-HER2 equilibrium
dissociation constant (KD) range of 1078 to 10711 M. However, a direct comparison of the
anti-tumor effect in BT474 xenograft bearing mice was unable to be demonstrated as the
highest affinity scFv, with a KD of 0.013 nM, formed immune complexes with shed HER2,
resulting in liver toxicity. However, greater anti-tumor efficacy was observed for the scFv
with a KD of 0.12 nM relative to the scFv with a KD of 16 nM (42). The results by Cao et
al. were consistent with the observations of Adams et al., where high affinity antigen binding
is required for scFv tumor retention (43). Benefits relating to increased tumor penetration for
low and intermediate affinity constructs were offset by poor tumor selectivity (43-45). Using
mathematical modeling, Pak et al. predicted that shed mesothelin may improve the tumor
penetration of an anti-mesothelin PE immunoconjugate, resulting in an enhanced anti-tumor
effect (46). Unfortunately, experimental observations contradicted the model predictions, as
immunotoxin efficacy was observed to be lower when applied in the treatment of tumors
with high mesothelin shedding cell-lines relative tumors developed with cell lines with low
rates of mesothelin shedding (47). The impact of AIDE coadministration on shed antigen
mediated immunoconjugate disposition is unknown. AIDEs co-administration may decrease
immunoconjugate binding to shed antigen in circulation. The impact of the AIDE strategy
on overcoming shed antigen is likely to depend on the rate of shed antigen production and

Mol Cancer Ther. Author manuscript; available in PMC 2023 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 10

elimination relative to the rate of immunoconjugate elimination. The mathematical model
that is presented in the current work may be adapted to predict if there is a potential benefit
of AIDE co-administration on overcoming shed antigen barriers to immunoconjugate tumor
uptake. The concentration of shed HER2 in NCI-N87 xenografts has been reported to be ~5
pM (48), therefore, it is likely that shed antigen had minimal impact on our evaluations of
trastuzumab-gelonin efficacy.

In prior work, we took steps to extend the AIDEs approach through generation of
trastuzumab competitive inhibitors with trastuzumab dissociation half-lives ranging from 1
hour to 107 hours (29). We expect that there is an ideal AIDE competitive inhibition window
for specific cytotoxin conjugates. To rationally select an optimal AIDE, we developed a
mechanistic PK/PD mathematical model to evaluate the relationship between AIDE binding
kinetics and the tumor uptake and efficacy of trastuzumab cytotoxin conjugates. Model
sensitivity analysis predict that antibody uptake into region E is most sensitive to the

tumor inter-vessel radius, tumor antigen concentration, mAb diffusion rate constant, and
mAb-antigen association rate constant (kon), while the uptake into layer E is insensitive

to the clearance rate of the mAb conjugate, mAb-antigen dissociation rate (koff), or AIDE
clearance, vascular permeability and interstitial diffusion (29). In the present work, the
sphere model was updated with trastuzumab-gelonin specific plasma pharmacokinetics
obtained in mice by Cao et al. who used the same SPDP linker conjugation method (11).
The estimated clearance value for trastuzumab-gelonin is 6.6-fold faster than the clearance
rate for trastuzumab (49). Consistent with the prior sensitivity analysis the prototype
inhibitor 1HE, which was predicted to be optimal for improving T-DM1, was predicted

by model simulations to be within the optimal inhibition range for improving trastuzumab-
gelonin penetration and efficacy, despite the faster plasma clearance rate. Although 1HE is
predicted to be optimal for improving the penetration of intact antibody conjugates, model
simulations are required for application of AIDEs to additional immunotoxin formats. For
example, prior model simulations predict that the within-tumor distribution of an scFv based
RIT, with a >100-fold faster clearance rate than trastuzumab, would be most improved by
co-administration of an AIDE with an inhibition half-life of ~1 hour. Co-administration of
1HE (dissociation half-life of 15 hours) would decrease the total tumor uptake and efficacy
of an scFv based RIT (29).

Simulations predicted that AIDE co-administration may increase the uptake of trastuzumab-
gelonin into tumor region E by ~30-fold. Consistent with the model predictions, the
immunofluorescence signal of trastuzumab-gelonin at regions distant from the vasculature
was greatly increased with coadministration of the AIDE 1HE. In our prior work we
developed a quantitative image analysis algorithm to evaluate trastuzumab distribution

in SKOV3 xenografts. 1HE increased the fluorescence intensity of trastuzumab at tumor
regions between 50-100 pm from vasculature by >2-fold (22). Direct comparison of

image analysis results to the PK model predictions is difficult as there is an undefined
relationship between fluorescence signal and antibody concentration. Additionally, useful
quantitative analysis of fluorescence images is complicated by background fluorescence,
photobleaching, quenching and non-functional vasculature staining. Due to the limitations of
immunofluorescence, we did not attempt to compare the distribution of trastuzumab-gelonin
following administration of LE8 to 1HE. Both AIDEs were predicted to fall within the
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optimal range for enhancing the efficacy of trastuzumab-gelonin and were chosen to be
compared in the NCI-N87 xenograft efficacy study. 1HE and LE8 were administered
separately from trastuzumab gelonin in both the immunofluorescence and efficacy studies.
In our prior work, we have administered trastuzumab in-complex with 1HE and observed
similar effects as the co-dosing results observed here (22). Due to the high affinity binding,
AIDEs that are administered separately rapidly bind to trastuzumab in circulation and
model simulations predict that there is no difference between pre-mixing in equimolar
ratios or co-dosing with an excess of AIDEs. Both administration approaches have unique
advantages, for example, premixing requires less AIDEs and ensures complex formation
prior to administration whereas the separation administration of AIDEs would not require
approved therapies, such as T-DM1, to have a new formulation approved for clinical use.

In the immunofluorescence study, a 3-fold excess of 1HE was administered while a 10-fold
excess was used for LE8 and 1HE in the efficacy study. A 10-fold excess was used to control
for a decrease in the association rate constant for LE8 to trastuzumab and as a result, a
slower rate of complex formation in systemic circulation.

Improved tumor penetration of trastuzumab gelonin was expected to increase therapeutic
efficacy similar to the results observed with T-DM1. However, it is possible that application
of AIDEs may increase tumor penetration and decrease efficacy, due to dilution of
trastuzumab-gelonin to subtherapeutic concentrations in some tumor regions. To improve
our ability to predict the impact of AIDE co-administration on the effect of trastuzumab-
gelonin we incorporated a pharmacodynamic component into the sphere model. The anti-
tumor component of the pharmacodynamic model is driven by the internalized quantity

of trastuzumab-gelonin immunotoxins, in individual tumor regions. Parameter values for
trastuzumab-gelonin killing were estimated based on our observed in-vitro data (Figure
1D). Prior modeling work published by the Murphy lab estimated that for every 1 million
internalized gelonin immunotoxin molecules, only one reaches the cytoplasm (50). The
Wittrup group modeled data for many gelonin immunotoxins and concluded that cell killing
required internalization of ~4.7 million gelonin molecules, independent of: the antigen
targeted, immunotoxin binding affinity, internalization rate, or the external immunotoxin
concentration (9). The estimated TN50 from our in-vitro cell cytotoxicity experiments was
1.3 x 10° molecules/cell, which is 36-fold lower than the 4.7 million estimate from the
Wittrup group. Notably, the observed IC50 for trastuzumab gelonin in our cell cytotoxicity
assays is consistent with prior reports of the cytotoxicity of trastuzumab-gelonin using

the same conjugation method when applied to NCI-N87 cells (11). The mechanism for

the increased potency for trastuzumab-gelonin relative to the immunoconjugates used by
the Wittrup group is unknown. It is possible there are physiochemical characteristics

of immunoconjugates or antigen specific dynamics that result in the higher potency.
Interestingly, within the published data by Wittrup, the C7rGel conjugate also appears to
deviate from the 4.7 million TN50 value with ~2 x 10° internalized C7rGel molecules
leading to a ~50% reduction in HT29 cell viability (9). Therefore, it will be of interest

to evaluate if there are key immunotoxin attributes that result in enhanced potency.
Pharmacodynamic parameters, estimated from in vitro data and implemented into the full
PK/PD model, enabled accurate prediction of the anti-tumor effect of trastuzumab- gelonin
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with and without the co-administration of the AIDEs, supporting the current model structure
and values of parameters employed.

1gG-gelonin conjugates are reported to have LD50 values ranging from 2-25 mg/kg (12). In
pilot investigations, we observed significant adverse effects (>15% weight loss) following
administration of two doses of 5 mg/kg trastuzumab-gelonin four days apart. As a result

of the toxicity observed at 5 mg/kg we evaluated the impact of AIDE co-administration
following a single dose of 2.5 mg/kg trastuzumab-gelonin. Our work demonstrated that
single-dose co-administration of AIDEs with trastuzumab-gelonin significantly enhanced
tumor growth inhibition in NCI-N87 xenograft mice. However, it is important to note that
tumor regression was neither predicted nor observed for single doses of the combination
therapy. The PK/PD model does predict greater efficacy for multiple doses of trastuzumab-
gelonin when administered with AIDEs; however, multiple dose therapy with immunotoxins
leads to high risk for the development of host anti-drug antibodies that can neutralize

the immunotoxin, potentially resulting in the accelerated clearance and decreased efficacy
(7). Notably 67 of 80 patients that were treated with Lumoxiti developed neutralizing
antibodies after multiple dosing with Lumoxiti (i.e., 40 pg/kg on days 1, 3, and 5 of

each 28-day cycle for up to 6 cycles) (51). To avoid the impact of immunogenicity, it is
critical to obtain the greatest therapeutic effect in the fewest number of treatment cycles
possible. Therefore, approaches to further increase the potency of trastuzumab immunotoxin
conjugates are of particular interest. Aside from poor tumor penetration, insufficient in vivo
efficacy of trastuzumab-gelonin is attributed to the inefficient cytosolic delivery of gelonin.
Relative to other proteins toxins, such as PE, gelonin has no translocation domain and
inefficiently escapes endosomes following antigen mediated internalization. To overcome
this barrier and enhance potency, our laboratory recently evaluated co-treatment of a gelonin
immunotoxin with an antibody-targeted endosomal escape peptide (H6CM18). Co-treatment
of an anti-CEA antibody gelonin conjugate with an anti-CEA H6CM18 antibody conjugate
resulted in a 1,000-10,000-fold increase in vitro potency and increased the median survival
of mice bearing CEA+ LS174T xenografts by 69% (relative to results observed for animals
treated with anti-CEA gelonin alone) (10). We have not evaluated the endosomal escape
peptide coadministration approach with trastuzumab-gelonin; however, it is possible that
further increases in trastuzumab-gelonin efficacy may be observed if the AIDEs strategy and
endosomal escape approach are combined.

In summary, the present work was centered on the hypothesis that AIDEs would enable
transient, competitive inhibition of immunotoxin binding to tumor antigens, allowing
increased intra-tumoral distribution and increased anti-tumor efficacy. To pursue this
strategy, a mechanistic PK/PD model was developed and applied to assist in the
identification of optimal attributes for AIDEs. We developed and characterized a model
immunotoxin, trastuzumab-gelonin, and model AIDEs (1HE and LE8). Consistent with our
hypothesis, and also with PK/PD model predictions, AIDEs co-administration was shown to
increase trastuzumab gelonin intra-tumoral distribution and efficacy when applied to mice
bearing NCI-N87 xenograft tumors. This optimization strategy may find utility in enhancing
the efficacy of a wide range of high-affinity, targeted therapies, including agents that are
already in clinical development or in clinical use.
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Figure 1: Generation and functional analysis of trastuzumab-gelonin:
(A) Schematic diagram for generation of trastuzumab-gelonin conjugate. Free gelonin amine

groups are modified with 2-1T on ice under a nitrogen blanket. Trastuzumab was reacted
with SPDP at room temperature. After 30 minutes reaction, both reactions were stopped

by buffer exchange. Then amine-modified gelonin and SPDP-linked trastuzumab were
combined and allowed to react overnight on ice under a nitrogen blanket. lodoacetamide
was added to block unreacted sulfhydryl groups. Protein G purification was performed to
remove excess gelonin. (B) Shown is an image of an SDS-PAGE gel with trastuzumab
(Tmab), gelonin (rGel) and purified trastuzumab-gelonin (Tmab-rGel). Under non-reducing
conditions, the trastuzumab-gelonin conjugate presents as several bands at a higher
molecular weight than trastuzumab (~150 kDa). Under reducing conditions, the purified
trastuzumab-gelonin conjugate lane has three bands that correspond to the light and heavy
chains of trastuzumab in addition to free gelonin. The averaged DAR was 1.84 determined
by SDS-PAGE. (C) An ELISA plate was coated with anti-gelonin antibody, incubated

with PBS, trastuzumab, gelonin and trastuzumab-gelonin and subsequently incubated with
an anti-human Fab AP conjugated secondary antibody. No signal is observed for PBS,
trastuzumab or gelonin, whereas trastuzumab-gelonin treated wells were observed to have a
high positive signal, consistent with a successful conjugation of trastuzumab to gelonin. (D)
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Shown is the cell viability of NCI-N87 cells treated with gelonin (circles) or trastuzumab-
gelonin (squares) for 72 hours. Points represent the mean of triplicate wells with standard
deviation error bars.
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Figure 2: PK/PD model structure and modd fitting resultsfor trastuzumab gelonin cell killing:
(A) A graphic representation of the sphere PK/PD model structure is shown. A description

of the model structure, parameters and assumptions can be found in the methods section,
supplementary table 1 and in our prior work (29). (B) Provided is the observed (grey

X) and model fitted (black closed circles) cell viability for NCI-N87 cells after treatment
with various concentrations of trastuzumab-gelonin. (C) Shown are the model predictions
for the number of internalized trastuzumab-gelonin molecules per NCI-N87 cell following
treatment with different concentrations of trastuzumab-gelonin.
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Figure 3: Simulated effect of AIDE co-administration on the tumor distribution of trastuzumab-
gelonin:
Shown are model simulations evaluating the relationship between the AIDE dissociation

rate constant (koff) and the (A) AUC of HER2-bound by trastuzumab-gelonin and the (B)
time averaged percent of HER2 bound by trastuzumab-gelonin for the whole tumor (average
of regions A-E) and for tumor region E. The percent occupancy of HER2 overtime is
provided for all tumor regions following trastuzumab-gelonin injection (C) or following
trastuzumab-gelonin administered with a model AIDE (koff: 0.15 h~1) (D). (E) Provided
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is the time averaged percent of HER2 bound by trastuzumab-gelonin administered with
(grey) and without (black) AIDE co-administration. (F) The PK/PD model predictions for
the relationship between the AIDE dissociation rate constant (koff) and the response of
NCI-N87 xenografts to a single 2.5 mg/kg dose of trastuzumab-gelonin are shown. The
simulated median survival time is the time for the tumor profile to reach a tumor volume
of 1200 mm3. The grey shaded regions represent an estimated range for a suitable AIDE
dissociation rate constant to use in combination of trastuzumab-gelonin.
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Figure 4: 1HE co-administration increases the within tumor distribution of trastuzumab-
gelonin:
Shown are representative fluorescence histology images of NCI-N87 xenograft tumor

sections that were obtained from mice that were treated with (A) Trastuzumab-gelonin or
(B) Trastuzumab-gelonin+1HE. (C) Whole tumor sections were imaged and analyzed to
evaluate the percent of the tumor area that stained positive for trastuzumab. Data is presented
as the group mean (n=6 Tmab-rGel, 4 Tmab-rGel+1HE) with standard deviation error bars.
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Figure5: AIDE co-administration improves the response of NCI-N87 xenogr aftsto trastuzumab-
gelonin.

Provided is the (A) tumor volume over time, (B) Kaplan-Meier survival curves and (C)
change in body weight of NCI-N87 xenograft bearing mice following a single intravenous
injection of PBS (open circles), 2.5 mg/kg trastuzumab-gelonin (open squares), 2.5 mg/kg
trastuzumab-gelonin+LES8 (closed circles) and 2.5 mg/kg trastuzumab-gelonin+1HE (closed
squares). Data is presented as the group mean (n=5 for the PBS group, 6 for trastuzumab
gelonin treated groups) with standard deviation error bars.
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Figure 6: The PK/PD model accurately predictsthe tumor responseto trastuzumab gelonin
treatment:

Simulated tumor profiles following treatment with (A) PBS, (B) 2.5 mg/kg trastuzumab-
gelonin, (C) 2.5 mg/kg trastuzumab-gelonin+LES8, and (D) 2.5 mg/kg trastuzumab-
gelonin+1HE are shown as solid lines. Solid symbols represent observed NCI-N87 tumor
volumes for individual xenografts at different timepoints.
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