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ABSTRACT OF THE THESIS

Production and Analysis of Re-engineered Fusion Protein to Target Receptors on Cancer
Stem Cells

by

Sanika Tikle

Master of Science in Biology
University of California San Diego, 2022
Professor Stephen Howell, Chair
Professor Dong-Er Zhang, Co-Chair
LGRS5 and LGRG6 receptors are present at high levels on the surface of epithelial stem
cells of the ovary and Fallopian tube epithelia and the cancers that arise from these tissues
(referred to as ovarian carcinomas). RSPOL1 is a ligand for these receptors and, when bound, it
drives WNT signaling and proliferation of cancer stem cells (CSC). Based on the hypothesis
that RSPO1 could be used to target cytotoxic drugs selectively to CSC, the Howell lab

developed a drug that contained 2 binding domains and armed this with the cytotoxin

vii



monomethylaurostatin (R1FF-MMAE). Affinity of a ligand is a function of the number of
binding sites and this thesis explored the question of whether the potency of RIFF-MMAE
could be further enhanced by increasing the number of binding domains. A vector capable of
expressing a protein containing 4 modified binding domains was constructed, and the FcST4-
His protein was successfully produced in transiently transfected HEK293E cells and purified
using nickel and ion exchange resins. Following arming with MMAE using the sortase
reaction, this drug (FcST4-MMAE) was extensively characterized using gel electrophoresis,
HPLC analysis on ion exchange and size exclusion columns, Western blot and cytotoxicity
testing. The results disclosed that FcST4-MMAE could be purified to a grade sufficient for
further development, and that it was remarkably stable at 4°C and in the presence of a low pH
of 3.0. However, cytotoxicity testing disclosed that the increase in binding domains did not
enhance potency, perhaps due to the increase in size of the ligand and changes in the structure
mediated by inter-domain interactions that interfered with access to the LGR5/LGR6

receptors.
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INTRODUCTION

Ovarian cancer is the fifth leading cause of cancer deaths among women in the United
States. With 95% of cases detected in the late stages, the 5-year survival rate for ovarian cancer
patients is only 10% (Zhao, 2019). Most patients are diagnosed at an advanced stage ovarian
cancer because the early-stage symptoms are non-specific and there is a lack of reliable early
screening techniques (Stewart, 2019). With 314,000 women affected globally, 207,000 succumb
to ovarian cancer every year making it the 6" most common cancer for women in the world
(Globocan, 2020). Ovarian cancer is very heterogeneous and there are a variety of different
molecular subtypes that make treatment challenging and survival rate low (Zhao, 2019). While
patients often respond to chemotherapy initially, typically the disease recurs within months to a
few years and 5-year survival in recent studies is only in the range of 40-50%.

As with other types of cancer, part of the problem is that, while chemotherapy can be
quite effective at killing the more differentiated cells in the tumor, it is much less effective in
killing the cancer stem cells (CSC) that support its proliferation. Stem cells are required to
support the integrity of normal epithelia in the body such as the intestine and skin. Tumors also
depend on primitive stem-like cells, referred to as CSC, that have many of the characteristics of
the stem cells in normal tissues such as the ability to form spheroids and are responsible for the
initiation of new metastatic sites (Batlle, 2017). In normal tissues stem cells proliferate in
response to growth factors in their niche and their progeny gradually progress through a series of
transcriptional states as they differentiate and lose proliferative potential (Songman Yu et al.,
2021). Destruction of the stem cells results in loss of the epithelium. This concept appears to

hold true also for many types of tumors. In principle, killing the very small fraction of cells in a



tumor that are CSCs should eliminate the supply of more differentiated tumor cells and stop
tumor growth. Thus, developing drugs that can eliminate CSC is a major therapeutic goal (Clarke
M., 2019)

CSCs as well as normal stem cells are regulated by WNT signaling which controls both
proliferation and fate determination (Reya, 2005). Specifically, the R-spondin, family of four
secreted proteins, interacts with leucine-rich coupled receptors, (LGR4, LGR5 and LGR®6) to
amplify WNT signaling which drives CSCs proliferation (Lebensohn, 2018). RSPOs block
negative regulators of WNT signaling by neutralizing two transmembrane E3 ubiquitin ligases,
ZNRF3 and RNF43 (Lebensohen, 2018), which in turn reduce the levels of WNT receptors on
the cell surface. RSPO expression can be increased due to mutations in ZNRF3/RNF43 and this
increase in expression can drive cancer. RSPOs contain furin-like repeats (Ful and Fu2) with
through which they simultaneously bind LGR4-6 receptors through the Ful domain and the
ubiquitin ligases ZNRF3/RNF43 through their Fu2 domain (Chen et al., 2013). The complex
formation of RSPO with LGR4-6 and the ubiquitin ligases, triggers the clearance of
ZNRF3/RNF43 (Peng et al., 2013) which results in the rise in WNT receptor levels on the cell
surface. 2011). Ovarian cancer has one of the highest median expressions of RSPO1 mRNA
which likely drives the growth and proliferation of its CSCs (Schindler, 2017). In addition, an
analysis of data from the TCGA disclosed that high grade serous ovarian cancer (HGSOC)
expresses uniquely high levels of the RSPO receptors LGR5 and LGRG6; it has the highest level
among all other tumor types with the exception of mesothelioma. Thus, ovarian cancer is a

suitable target for exploration of the ability of RPSOs to direct cytotoxic drugs to CSC.
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Figure 1. Reprinted from “LGR5 and LGRG6 in stem cell biology and ovarian cancer” by S.
Howell, 2017, Oncotarget.

Since abnormal activation of WNT pathway promotes CSC progression and leads to
metastasis of cancer, major efforts are underway in the field to block WNT signaling with small
molecules, antibodies, and antibody-drug conjugates (ADCs). Indeed, a very recent preclinical
study from UCSD reported success with an ADC targeted to the FZD7 receptor (Do, 2020).
However, thus far these approaches have had very limited success primarily due to off target
effects. Due to the fact that the RSPOs bind to their receptors with very high affinities, another
approach is to use an RSPO as a targeting moiety to carry a cytotoxin to CSCs. This approach
may offer several advantages over antibodies that target LGRs for destruction of tumor stem
cells. First, the penetration of ADCs is limited by their size. RSPOs are much smaller than an
ADCs which favors deeper penetration and wider distribution within the tumor. Second, an
RSPO has the potential to target all 3 of the LGR family members (LGR4, LGR5 and LGR6) at
the same time whereas an ADC can target only a single LGR. Thus, an RSPO loaded with a
cytotoxic warhead has the potential of killing cells that have a low expression of the targeted
LGR but substantial expression of one of the other family members. Overall, this is expected to

result in the death of a larger fraction of stem-like cells in a tumor. Third, the fact that RSPOs



simultaneously engage both an LGR and one of its co-receptors (ZNRF3 or RNF43) may
enhance the rate and extent of internalization. Fourth, given the difference in size and physical
characteristics, RSPOs may traffic with greater efficiency to the lysosome where the MMAE is
released. Since the RSPO receptors LGR4, LGR5, and LGR6 are expressed only in stem cells,
this strategy offers a level of selectivity not attainable with antibodies to the FZD receptors.
Overall, there is a strong rationale for the further development of drugs based on the use of one
or another RSPO.

One of the challenges in using antibodies or any other type of protein to target cytotoxic
drugs to cancer cells is control of where the cytotoxin gets linked and how many cytotoxin
molecules get loaded per molecule. Specifically for the drug conjugate we were working on, a
single molecule of MMAE was conjugated to the C-terminal end of the Ful-Fu2 domain using
the sortase reaction. The sortase reaction was chosen because of the high reaction efficiency and
the stability of the val-cit-PAB linker in the systemic circulation. Moreover, sortase mediated
reactions are site specific and the reaction time can be optimized for higher final product yields.
As shown in the figure below, the target protein is engineered with a sortase recognition
sequence (LPETGG) on the C terminal end. The enzyme sortase recognizes this sequence and
cleaves after the threonine in the LPETGG sequence removing the GG-8xHis fragment and
substituting the GGG-vc-PAB-MMAE. The ratio of the protein to the cytotoxin was optimized

such that the forward reaction is favored to yield the final product RIFF-MMAE.
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Figure 2. Reprinted from “Therapeutic Targeting of Tumor Cells Rich in LGR Stem Cell
Receptors” by Songman Yu, 2021, Bioconjugate Chemistry.

The Howell lab began exploring the use of RPSOs as targeting moieties several years
ago. The work started with RPSO1 and, rather than using the full-length molecule that includes 2
furin-like domains, a thrombospondin domain, and a C-terminal basic domain, they chose to use
just the furin domains that contain the LGR binding sequences. The sortase reaction was chosen
as the tool for loading the very potent tubulin inhibitor monomethylauristan E onto the protein.
The resulting molecule, RIFF-MMAE, was shown to have nanomolar potency against ovarian
cancer cell lines in vitro, a favorable terminal plasma half-life in mice and anti-tumor activity in
3 human ovarian cancer xenograft models (Yu, 2021). However, it turned out that this protein
was difficult to produce in transiently transfected HEK293 or ExpiCHO systems and tended to
aggregate during purification. Thus, not enough of the precursor protein could be made to
advance the molecule into pre-IND studies. The challenge presented to me was to identify other
approaches to using RPSOs as targeting moieties, build the molecules, characterize their

pharmacologic characteristics, and then assess their efficacy.



RESULTS

CHAPTER 1: PRODUCTION, PURIFICATION AND CHARACTERIZATION OF FcST4-
MMAE
In approaching this project, | took into consideration that different RSPOs varying in

their binding affinities to LGR4, LGR5 and LGR6, that it would be advantageous to have a
higher affinity than what was attained with RIFF-MMAE, and that longer initial and terminal
half- lives may result in better tumor accumulation. One way to increase avidity is to increase the
number of binding sites in a molecule (Erlendsson, 2021). R1FF-MAME contained one copy of
the Ful-Fu2 domain that mediates binding to the LGRs. Increasing this to 2 or even 4 copies had
the potential of increasing avidity to a large degree. A commonly used strategy for increasing
plasma half-life is to add an immunoglobulin Fc domain to the molecule. The Fc domain binds to
FnRc receptors in the liver which, rather than allowing 1gG molecules that are captured by the
liver to be broken down, recycles them to the cell surface where they are released back into the
circulation. Given these considerations, | changed around the components and designed a new
molecule, FcST4, that contains a proprietary Fc domain, components of 4 LGR-binding domains,
and the sortase recognition sequence followed by an 8x His tag (LPETGG-HHHHHHHH) at the

C-terminal end.



1.1 Construction of the FcST4-His vector

lgGk Fc 22 ST 22 ST
1gGk Fc 22 ST 22 ST
i ] -

Figure 3. Vector construction of FcST4. A. Steps to obtain the FcST4 DNA construct by
overlapping two fragments B. Schematic diagram of the FcST4 pcDNAS3.1 vector.

A vector construct for the FcST4 molecule was designed to contain an IgG leader
sequence on the N terminal end, followed by a mutated Fc domain attached to two modified
receptor binding domains (ST) in series with a linker sequence in between the two ST domains.
A second spacer sequence was inserted just upstream of the LPETGG sortase recognition
(donor) motif and an 8xHis tag was positioned at the C terminal end. Figure 1A shows the
schematic of the steps used to create the FcST4 vector employing an overlap PCR technique.
Restriction enzyme double digestion was used to two create two DNA fragments from an
existing FcST2 vector such that both fragments had an overlap in the linker sequence in common
that would allow annealing of the two fragments. Appropriate primers were designed to amplify
both fragments separately first, and then the two fragments were annealed at 70°C to generate a
final product. The final product was ligated to pcDNA3.1 as shown in Figure 1B. Sanger
sequencing of a maxiprep was used to confirm that the sequence was 100% match to the planned

sequence, and subsequently the ligated vector was stored at -80°C to use for transfection.



1.2 Production an initial purification and characterization of FcST4-His in HEK293E

The full-length protein was produced in HEK293E cells. The FcST4.pcDNA3.1 vector was
transiently transfected in HEK293E cells. The HEK293E cells were allowed to grow in Freestyle
293 media for 5 days before being used for transfection. On the day of transfection, the cell
media was refreshed and a mix containing the FcST4.pcDNA3L1 vector and PEI 25K (1 mg/mL)
was added dropwise to the 150 mL transfection flask and incubated at 130 rpm, 5% CO2, for 4
hours. Four hours after transfection, the flask was supplemented with 150 mL of HySFM293
media and 30 mL of Freestyle 293 media to bring the final volume upto 300 mL. The cells were
allowed to grow. Approximately 24 hours after transection, valproic acid and 1:1000 v/v anti-
clumping agent was added to the flask containing transfected HEK293E cells. The cells were
harvested on day 5. The mean cell viability on the day of harvest for the 7 batches of FcST4
produced was 79%.

After harvest, the cell supernate was processed through the initial steps of purification. The
first purification step was based on the ability of the 8xHis tag to bind to Ni resin. Particulate
manner was removed by high-speed centrifugation of the cell supernates and then loaded on
gravity flow column packed with pre-charged Ni-NTA resin. The FcST4-His was eluted using
300 mM imidazole and the protein was then passed through a DEAE column and the flow-
through was characterized using HPLC reverse-phase C4 column and non-reducing SDS/PAGE

gel analysis.
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Figure 4. Initial Purification Scheme and HPLC-C4 analysis of FcST4-His. A. Schematic of
the production and purification process of FcST4-His. B. HPLC-C4 trace of FcST4-His after 2™
step DEAE purification.

The presence of the Fc domain on the N-terminal end of the protein is expected to dimerize
the 2 ST2-His chains resulting in a protein whose MW calculates to be 114 kD but, because of
glycosylation may run at a higher MW. The HPLC C4 analysis showed a sharp peak at 11.89
min corresponding to FcST4-His (Fig. 4B) consistent with a protein of approximately 120 kD.
The tiny peak at 8.3 minutes may be an FcST4-His monomer; the very small peak at 11.6 min
was not further characterized. The SDS-PAGE analysis disclosed the presence of 3 bands
migrating at 112, 224 and 336 kD (Fig. 4B). The 224 kD band is consistent with the expected
size of a tetramer (i.e., a dimer of the already Fc-dimerized protein) and the highest band with
that of an octamer. The protein was remarkably pure even after just these first two steps of

purification.



1.3 Exploration of initial purification strategies for FcST4-His (Ni, DEAE)
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Figure 5. SDS-PAGE analysis of fractions collected from the Ni and DEAE columns. A.
Non-reducing SDS/PAGE gel showing successful elution of the FcST4-His indicated with a
correct sized dimer band marked with blue arrow. B. Non-reducing SDS/PAGE gel showing a
pure final FcST4-His protein with a correct sized dimer band indicated with a blue arrow.

The results of the initial Ni purification step were examined in more detail by collecting and
analyzing fractions from serial wash and elution steps with 300 mM imidazole, and the
sequential flow-through and wash steps of the DEAE column (Figure 5A & B). The ratio of band
sizes did not vary with serial elutions indicating no selective purification of the 120 kD FcST4-
His dimer could be achieved with this strategy. The DEAE step was successful in removing
some of the HMW forms; an average of 28% of the FcST4-His was lost in this step. However,
this loss was mostly the result of successful retention of HMW forms on the DEAE resin. Use of
the serial Ni-NTA and the DEAE steps resulted in a reasonably pure form of FcST4 that then
served as the input to the sortase reaction that conjugated the MMAE onto the molecule. The
first step Ni-NTA purification and the second step DEAE purification resulted in a reasonably
pure FCST4-His protein as evident by the presence of a single peak in the HPLC-C4 profile (Fig

4B).
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1.4 Exploration of Protein A as a purification strategy for FcST4-His
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Figure 6. Analysis of FcST4-His after Protein A purification using HPLC and SDS/PAGE
gel. A. Non-reducing SDS/PAGE analysis of eluted fractions. B. HPLC-C4 analysis of
combined Protein A eluates.

Though the Ni-NTA and DEAE purification methods produced a quite pure FcST4-His
protein, an additional purification strategy was explored using the Protein A resin in order to take
advantage of the presence of an Fc domain in the FcF4 structure which binds very tightly to
Protein A. Figure 6A shows that the protein was successfully captured from the cell supernate by
the Protein A resin, and that it was successfully eluted with PBS containing 1 M NaCl as
evidenced by a correct sized band on the SDS/PAGE gel. However, only 66% of the protein
could be eluted off the Protein A resin. The remaining 46% either remained bound to the resin
beads or was found in the flow through and the washes as seen in Figure 6A.

The eluates from the Protein A purification were combined and analyzed using the C4
reverse-phase HPLC column. Figure 6B shows a single peak at the correct elution time of 10.1
minutes, but the trace also shows the presence of tiny peaks around 7 min and 11 min.

Considering that the HPLC-C4 trace of FcST4-His was not as clean as the trace achieved after

11



the DEAE purification (Figure 4B), the use of Protein A resin for purification was not explored

further.

1.5 Coupling of MMAE to FcST4-His using the Sortase Reaction
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Figure 7. HPLC Profiles of the Final FcST4-MMAE Product Showing the Purity of the
Sample. A. Schematic diagram of the synthesis of FcST4-MMAE. G3-MMAE is coupled with
FcF4 using a sortase reaction. B. Documentation of the purity of FCST4-MMAE using the
HPLC-C4. C. HPLC-SEC150 profile of final product. D. Non-reducing SDS/PAGE of the first 3
batches of FcST4-MMAE. The black arrow shows the FcST4-MMAE dimer, and the blue arrow
shows the tetramer.

-

Following the Ni-NTA and DEAE purification, the FcST4-His was linked to the
cytotoxin monomethylaurostatin (MMAE) using a sortase reaction. The sortase enzyme cuts
between the threonine and the glycine in the LPETGG tag removing the GG-8xHis tag. The

sortase reaction was carried out with the precursor FcST4-His loaded on the cation exchange
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resin SP-sepharose. This allowed the excess G3-val-cit-PAB-MMAE and sortase enzyme to be
washed away prior to elution of the SP-sepharose with 1 M NaCl. The efficiency of the sortase
reaction across all batches of FcST4-His was 100 + 37 % (SD). However, the average percent
yield of the final product was 90 + 22% (SD) post sortase reaction.

The elution time of the FcST4-MMAE was approximately 1 min later than that for the
FcST4-His on the HPLC-C4, such that FcST4-His was eluted at 10.1 min and FcST4-MMAE at
10.2 minutes (Figure 7B). This was used as a measure to confirm that the sortase reaction had
been completed successfully. The purity of the final product was documented using the HPLC-
C4, HPLC-SEC130 and an SDS/PAGE gel analysis. A single peak observed in the HPLC-C4,
and the HPLC-SEC traces confirmed the purity of the final product FcST4-MMAE (Figures 7B
and C).

The band patterns of the final product were also confirmed using non-reducing
SDS/PAGE gel analysis as shown in Figure 7D for the first three batches of FcF2-MMAE. The
bands correspond to the FcST4-MMAE dimer, tetramer, and an additional high molecular form

of the protein.

1.6 Yield During Production of Serial Batches

Table 1. Yield of all the batches of FcST4-MMAE produced.

FcST4-MMAE Batch
Number
Amount of Final
product per Liter of 14.94 12.99 8.33 6.91 15.8
culture (mg/L)
Overall Percent Yield
(%)

1 2 3 6 7

100 100 80 98 76

Once a workflow for the purification strategy followed by the sortase reaction was devised,

subsequent batches were produced using an identical workflow. The amount of final product

13



obtained per liter of culture varied across cultures as shown in Table 1. The percent yield was
calculated by comparing the milligrams of FcST4-His protein obtained after the DEAE
purification versus the amount obtained after the completion of the sortase reaction, and the

average yield was 90 = 22% (SD).
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1.7 Stability of FcST4-MMAE with Increasing Amounts of Freeze/Thaw Cycles
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Figure 8. HPLC and SDS/PAGE Analysis of the Effect of Freezing and Thawing on FcST4-

MMAE. A. Documentation of the change in the HPLC-SEC trace of FcST4-MMAE with

increasing freeze/thaw cycles. B. Histogram of the area under the main 12.4-min peak of FcST4-
MMAE before and after each freeze/thaw cycle. C. Non-reducing SDS/PAGE gel analysis of the
change in FcF2-MMAE bands with increasing numbers of freeze/thaw cycles.

To assess the stability of the FcST4-MMAE molecule, the sample was subjected to

multiple freeze and thaw cycles. Figure 8A shows that there was no significant change in the

SEC130 trace of the FcST4-MMAE molecule even after 4 cycles. There is consistency in the

number of peaks seen across profiles. Additionally, the area under the main peak of FcST4-

MMAE at 12.4 min did not change with increasing cycles of freeze/thaw (Figure 8B). More

15



importantly, the non-reducing SDS/PAGE gel in Figure 8C strengthens the evidence that there is
no change in the structure of FcCST4-MMAE as there is consistency between the bands observed
in all samples on the gel. This experiment showed that FcST4-MMAE is a very stable with
respect to freezing and thawing and can be subjected to at least 4 cycles without it affecting the

structure of the protein as detected by SEC130 and SDS/PAGE analysis.

1.8 Stability of FcST4-MMAE at 4°C and 37°C
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Figure 9. HPLC-SEC130 profiles documenting change in the FcST4-MMAE over 7 d at
4°C or 7 d at 37°C. A. HPLC-SEC130 traces of FcST4-MMAE at different time points over a
period of 28day incubation at 40C. B. HPLC-SEC traces of FcST4-MMAE at different time
points over a period of 7-day incubation at 370C.

After assessing the stability of FcST4-MMAE during multiple freeze/thaw cycles, the
stability was determined at 4°C and 37°C by analyzing change in the SEC130 profile at different
time points. Figure 9A shows that storing the FcST4-MMAE at 4°C causes minor changes in the
SEC130 trace. After 14 days of storage at 4°C, the 12.4 min peaks start developing a shoulder
while at the end of 28 days that same shoulder turns into another sharp peak with tiny shoulders
next to it. This shows that storage at 4°C for long periods of time can affect the size distribution

of the protein. Figure 9B shows that storage for 1 week at 37°C significantly affected the

16



SEC130 trace of FcST4-MMAE. The peak eluted at 12.5 min started to develop a shoulder and
the peak eluted at 25 min increased 3 times in area. Overall, this stability assay demonstrated that

storage at either 4°C or 37°C is not ideal as documented by the changes in size distribution.

1.9 SEC Analysis and Characterization of Fractions
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Figure 10. SEC130 and SDS/PAGE Analysis of the FcST4-His and the FcST4-MMAE
Fractions Collected from the HPLC-SEC130. A. HPLC-SEC130 trace of FcST4-His with a
non-reducing SDS/PAGE analysis of the fractions collected from the HPLC column. B. HPLC-
SEC130 trace of FcST4-MMAE with a non-reducing SDS/PAGE analysis of the fractions
collected from the HPLC column.

To understand which molecular weight form of FcST4-His and FcST4-MMAE is
represented by the peaks on the SEC130 column, fractions were collected from the major peaks
for each and analyzed by non-reducing SDS/PAGE gel. This resulted in a clear indication of the

forms of the proteins. However, the SEC analysis really did not help much; it was impossible to
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assign any one peak to a particular MW because all peaks contain a fair amount of each one of
the forms. Thus, except perhaps for indicating the presence of very low MW forms, the SEC130

cannot be used to assess the quality of each batch of protein.

1.10 Cytotoxicity of FcCST4-MMAE in HEK293/EV vs HEK293/LGR5 in comparison to
FcST4-MMAE
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Figure 11. Cytotoxicity Assay of FcST4-MMAE Batches in HEK293T Cells.

After the production of 7 batches of FcST4-MMAE, batches 2-6 were used to do a
cytotoxicity assay by another member in the lab. The HEK293 cells were grow and treated with
the drug in a 96-well plate in a series of concentrations starting from 0 mM to 400 mM. On day
6, CCKS8 reagent was added and the OD450 of the experimental plates was read.

Consistently for FcST4-MMAE batches 2-6, Figure 11 shows that eventhough there is a
difference in targeted Killing in HEK293 empty vector cells versus cells overexpressing LGR5

receptors, the different isn’t significant.

18



1.11 Cytotoxicity of FcST4-MMAE in OVCARS/EV vs OVCARS/LGRS5 in comparison to

FcF2-MMAE
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Figure 12. Cytotoxicity Assay of FcST4-MMAE in OVCARS/EV and OVCARS/LGR5
Cells.

The cytotoxicity assay was for FcST4-MMAE was also done using the OVCARS cell
line. Concentration of the drug starting from 400 nM to 0 mM was tested.

Similar to the results observed in Figure 11 with the HEK293e cells, eventhough there
was some amount of difference in targeted killing between OVCARS cells expressing just the
empty vector and cells engineered to overexpress LGRS receptors, the difference wasn’t

significant. The 1Cso values ranged from 1.9 to 3.8 nM
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1.12. Summary of Conclusions for FcST4-MMAE

A series of experiments done to assess the purity, yield, and potency of the FcST4-MMAE
molecule revealed that though the molecule is relatively stable when stored over time, it failed to
show differential killing between the empty vector cells and cells overexpressing LGR5
receptors in two different cancer cell lines. Additionally, with production of the multiple batches
of FcST4-MMAE it became increasingly clear that the low yield of 14 mg/L culture could not be
further improved. Therefore, subsequent work was focused on assessing the stability and

cytotoxic properties of the FcST22-MMAE molecule.
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CHAPTER 2: ANALYTICAL STUDIES OF FCST2-MMAE

There are several reasons why the FcST4-MMAE molecule failed to demonstrate the same or
greater degree of selective cytotoxicity as was originally observed with the RIFF-MMAE
molecule. Addition of the Fc domain, changes made in the receptor binding domains, the overall
change in size and number of glycosylation sites may all have played a role. To try to retain the
benefit of having an Fc domain to both act as a chaperone during folding and to confer a longer
plasma half-life, the FCFST4-His molecule was redesigned such that it contained only one ST
domains rather than two in each arm of the molecule as shown in Figure 5A. The vector for
expression of this protein as designed and build by one of the other members of the Howell lab.
| took over work on the molecule after it was first established that it could be expressed in the

transient transfection HEK293 system.
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Figure 13. HPLC SEC130 trace of FcST2-MMAE after 7-day incubation at 37°C

A study done by another Howell lab member showed that when incubated at 37°C for 1
week, the shape of the HPLC SEC130 trace of the FcST2-MMAE protein changed significantly.
More peaks became apparent and the area of the peaks eluting at 16.1 to 17.3 min increased

(Figure 13). This experiment demonstrated a clear shift in the size distribution of freshly made
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FcF2-MMAE after 1 weeks of storage at 37°C. These changes observed emphasized the need to

explore the role of excipients in stabilizing the protein and preventing shifts in the SEC traces.

2.1 Effect of Excipients on the Stability of FcST2-MMAE

A FcST2-MMAE, 35 ug FcST2-MMAE, 35 ug
B| FcST2-MMAE + 140 mM Histidine FcST2-MMAE + 400 mM Arginine
C FcST2-MMAE + 1mM EDTA FcST2-MMAE + 1M Glycerol FcST2-MMAE + 132 mM Trehalose

Figure 14. Analysis of the Effect of glycerol, EDTA and trehalose on the Stability of FcST2-
MMAE using HPLC-SEC300. A. HPLC-SEC300 trace demonstrating the change in the
FcST2-MMAE profile after 1 week of storage at 25°C. B. HPLC-SEC300 trace showing the
immediate change caused in the FcF2-MMAE profile after addition of 150 mM histidine and 400
mM arginine. C. HPLC-SEC300 showing the effect of glycerol, EDTA and trehalose in
stabilizing the FcST2-MMAE.

Given the changes in FcST2-MMAE that occurred at 37°C, a literature review was conducted

to identify excipients known to stabilize proteins in solution and arginine, histidine, trehalose,
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glycerol and EDTA were identified as candidates to be tested. The concentrations selected for
testing correspond to those most commonly found in commercial formulations of protein drugs.
Each excipient was injected alone in the HPLC-SEC300, and the peaks representative of each
excipient also appeared when mixed with the FcST2-MMAE protein.

Figure 14 shows that, in the absence of added excipients, FCST2-MMAE incubated at 37°C
for 7 days (Day 1 — Day 8), the protein underwent multiple changes with the appearance of 4
new peaks and a reduction in the 15.8 min peak from 86 to 69% of the total AUC. Addition of
400 mM arginine caused the immediate appearance of a peak at 13.26 min which corresponds to
a MW of 463 kD. This is very similar to the 13.4 peak (494 kD) that was observed in the PBS
only sample on Day 8. Addition of 150 mM histidine caused immediate appearance of two new
peaks, one at 11.07 min (1138 kD) and another at 13.4 min (463 kD); the latter is the same as
seen when arginine was added and, in the PBS, only sample on Day 8. At the concentrations
tested, neither glycerol, EDTA or trehalose provided any detectible stabilizing effect (Figure 14
C). On Day 8 there are no significant differences in percent of AUC in each peak for these 3
excipients relative to the sample for PBS alone. Arginine and histidine generated a small amount

of higher MW species similar to what is seen in the PBS sample on Day 8.
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2.2 Testing the Concept that Low pH Might Precipitate HMW forms
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Figure 15. Non-reducing SDS/PAGE Analysis of Samples Incubated with Citrate Buffer at
pH 3.0,4.0,5.0and 6.0

Both the SDS/PAGE and SEC300 indicated the presence of higher molecular weight (HMW)
forms of the protein in the purified FcST2-MMAE product. Aggregates and multimers of some
other proteins with structural similarities to RSPO1 are known to differentially precipitate inn
low pH buffers, and this has been used to enhance the purity of the protein. The purpose of this
experiment was to determine whether a 10 min exposure of FcST2-MMAE to citrate buffers at
pH 3.0, 4.0, 5.0 or 6.0 would differently precipitate the HMW forms of this protein. Figure 15
shows that addition of citrate buffer at acidic pH was not successful in precipitating the HMW
forms of FcST2-MMAE. The presence of HMW bands was still detected in the gel across all the
samples, and the bands had a consistent intensity. However, this experiment demonstrated that
the protein could withstand a pH as low as 3.0 without having any impact on the MW
distribution as detected by SEC300 analysis. This information is of fundamental importance as it

indicates the opportunity to work with this protein across a very wide pH spectrum.
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2.3 Stability of FcST2-MMAE in Human Plasma and Serum
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Figure 16. Western Blot Analysis of FcST2-MMAE Samples in Plasma and Serum at
Different Time Points.

The FcST2-MMAE sample was added to human plasma and serum samples and
incubated for a period of 24 h to explore its stability. Aliquots were collected at different time
points as shown in Fig 16 and the protein was captured on an SP resin in order to run a western
blot. Each western blot for plasma and serum samples was stained against the anti-MMAE and
the anti-RSPO1 domains to analyze the bands observed.

Figure 16 shows that there is a gradual decline of all the bands in serum but in plasma there
is a very abrupt decline between 1 and 3 h. Initial degradation rate in plasma and serum is faster
for FcF2 dimer than for MMAE dimer. In addition to the dimer band, a pair of bands at about 65

kD was observed in both plasma and serum. A presence of a 55 kD band is observed in plasma

25



and serum samples but only in the RSPO domains which means this fragment contains the

RSPOL epitope but not the MMAE. This 55 kD band only appears after an hour or more.

2.4 Cytotoxicity of FcST2-MMAE in 8 different ovarian cancer cell lines
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Figure 17. Analysis of the Potency of FcST2-MMAE Against 8 Human Ovarian Cancer
Cell Lines. A. Survival as a function of FcST2-MMAE concentration for 8 human ovarian
cancer cell lines. B. ICso values for the 8 ovarian cancer cell lines tested.

Among all of the tumor types in the TCGA database, ovarian cancer expresses the among
the highest levels of LGR5 and LGR6 mRNA. For this reason, ovarian cancer is a high priority
target for the development of FcST2-MMAE. The purpose of this experiment was to determine
the potency of this drug across a panel of cell lines representative of this disease. As shown in
Figure 17, FcST2-MMAE was remarkably effective at killing these cells with I1Cso values

ranging from 3.8 — 29 nM and all but one cell line having an 1Cso of less than 20 nM.
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DISCUSSION

The rationale for using the receptor binding domain of RSPO1 (R1FF) as a targeting
moiety originated from the observation that ovarian cancer expresses high levels of LGR5 and
LGR6 mRNA and that LGR5 and LGR6 mark stem cells in the ovarian surface and fallopian
epithelia from which ovarian cancers arise. If these receptors are also important to tumor stem
cells, then arming R1FF may permit depletion of the stem cell population and slow tumor
growth. However, while RIFF-MMAE had good activity this molecule has challenges. To
modify this molecule further, a human IgG1 mutant Fc domain was added on to the N terminal
end of the molecule to increase stability and half-life of the drug. In addition, the number of LGR
binding-domains was increased in order to enhance the overall affinity of the molecule for the
LGRS5 and LGR6 receptors. With these concepts in mind, the FcST4-MMAE molecule was
produced to test the hypothesis.

A functional FcST4-pcDNA3.1 vector was constructed using an overlap PCR strategy.
Experiments performed with transient HEK293E cells revealed that the FcST4-His molecule
could be produced in mammalian cells and purified using the Ni-NTA and DEAE resin with a
yield of 14.3 mg/L culture. HPLC and SDS/PAGE analyses revealed that the FcST4-His protein
could be successfully coupled to the MMAE via sortase reaction. More importantly, experiments
assessing the stability of FcST4-MMAE at different temperatures and acidic pHs revealed that
the molecule, was very stable during storage at 4°C.

However, there were challenges associated with this molecule. The HPLC-C4 and
SEC300 traces of FcST4-MMAE revealed that, while the molecule was quite stable during

storage at 40C, it was much less stable if stored at 37°C. The cytotoxicity assays showed that
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there was no differential killing observed between the HEK293 cells expressing just an empty
vector and cells engineered to over-express LGR5 receptors. The dimeric form of FcST4-MMAE
is 120 kD size. This larger size may affect the ability of the FcST4-MMAE molecule to access
and bind the LGR receptors. Moreover, the uptake of the molecule into the cell could also have
been affected by its larger size. One way to investigate this question further would be to label the
molecule with a fluorophore and compare its binding 4°C and its uptake into the interior of the
cell at 37°C to that of variants of smaller size.

Another probable issue is that the sticky nature of the ST domains could cause them to fold
onto one another leading to intramolecular interactions. These interactions could potentially
block the LGR binding domains limit the ability of the molecule to bind to LGR receptors. This
issue could be addressed by mutating the 4 ST domains to limit interactions, which will allow all
4 domains to bind LGR receptors.

To test the theory of whether increasing the number of LGR binding domains increased the
avidity of the drug, further steps could potentially include using instruments such as the Biacore
or the Octet to measure the thermodynamics and binding affinity of the ST-MMAE, FcST2-
MMAE and FcST4-MMAE in parallel. Additionally, instrumentation such as Quartz crystal
microbalance and FRET can also be used to quantify avidity of the molecule to confirm the
hypothesis.

The stability assays for the FcF2-MMAE protein can be further explored by using amino
acids or other excipients to stabilize the protein for long term storage. The HPLC and
SDS/PAGE analysis revealed that the FcST2-MMAE exists as isomers of multiple molecular
weights of some which are high molecular weight aggregates. Ideally these would be removed so

as to yield a single dimer band on the gel and a single peak on the HPLC. Additionally, there is a
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need to demonstrate selectivity for the FcST2-MMAE drug in vivo and define size of the
therapeutic window.

In summary, this work demonstrated the feasibility of producing and purifying FcST4-
MMAE but also disclosed that additional modifications are required if it is to be advanced into

further development.
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