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Abstract

Complement dependent cytotoxicity (CDC) significantly contributes to Rituximab (RTX) and
Ofatumumab (OFA\) efficacies in the treatment of B-cell non-Hodgkin’s lymphoma (NHL) and
chronic lymphocytic leukemia (CLL). Human CD59 (hCD59) is a key complement regulatory
protein that restricts the formation of the membrane attack complex and thereby inhibits CDC.
hCD59 is an important determinant of the sensitivity of NHL and CLL to RTX and OFA
treatment. Recently, we developed a specific and potent hCD59 inhibitor, His-tagged ILYd4,
which consists of 30 amino acid sequences extending from the N-terminus of ILYd4. Our
previously published results indicate that His-tagged ILYd4 can be used as a lead candidate to
further develop a potential therapeutic adjuvant for RTX and OFA treatment of RTX-resistant
NHL and CLL. However, these studies were conducted using ILYd4 tagged on the N-terminus
with 30 additional amino acids (AA) containing 6 X His used for immobilized metal affinity
chromatograph. As a further step towards the development of 1LY d4-based therapeutics, we
investigated the impact of the removal of this extraneous sequence on the anti-hCD59 activity. In
this paper, we report the generation and characterization of tag-free ILYd4. We demonstrate that
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tag-free ILYd4 has over three-fold higher anti-hnCD59 activities than the His-tagged ILYd4. The
enhanced RTX-mediated CDC effect on B-cell malignant cells comes from tag-free ILYd4’s
improved functionality and physical properties including better solubility, reduced tendency to
aggregation, and greater thermal stability. Therefore, tag-free ILYd4 is a better candidate for the
further development for the clinical application.
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INTRODUCTION

Complement dependent cytotoxicity (CDC) significantly contributes to the Rituximab
(RTX) and Ofatumumab (OFA) efficacies in cancer therapy [1]. The complement system is
the principal part of the innate immune system and plays an important role in host defense
[2, 3]. The complement system consists of over 30 soluble and membrane-bound proteins,
and is activated by three distinct pathways: the classical, mannose-binding lectin (MBL) and
alternative pathways [2, 4]. All three activation pathways converge at the level of C3 to form
C5 convertase. C5 convertase then cleaves C5 to form Cba and C5b. The terminal
complement activation pathway is initially induced by C5b, followed by the sequential
association of C6 to form C5b6, and then C7, C8, and C9. Polymerization of C9 bound to
the C5b-8 complex forms a membrane attack complex (MAC), an end-product of
complement cascade activation. The MAC creates a lytic pore in the lipid bilayer cell
membrane and destroys membrane integrity. This allows the free passage of solutes and
water in and out of the cell, which eventually destroys the cell, a process also called as CDC
[2-4].

To prevent the potentially harmful effect of complement activation on autologous cells,
numerous complement regulatory proteins such as CD46, CD55, and CD59 restrict
complement activation at different stages of the various pathways [2, 5]. This complement
regulatory system takes advantage of the inherent instability of activation pathway enzymes
and reduces the production of activated complement. Among these complement regulators,
CD59 is the most important inhibitor for restricting MAC formation [2, 6]. CD59, a
glycosylphosphatidylinositol (GPI)-anchored membrane protein, restricts MAC formation
by preventing C9 polymerization through binding to both C8 and C9 [7]. Not only does
CD59 protect normal cells from deleterious bystander complement attack, but it also confers
unwanted protection of cancer cells by limiting the complement activation mediated by a
therapeutic antibody (Ab) such as RTX on non-Hodgkin’s lymphoma (NHL) and chronic
lymphocytic leukemia (CLL). Numerous findings indicate that CD59 is the most effective
complement regulator in protecting these B cell malignancies from RTX-mediated CDC [8,
9]. Dalle et al. have recently found that CD59, but neither CD46 nor CD55, is over-
expressed in an in vivo model of RTX-resistant follicular lymphoma-derived tumor cells
[10]. In addition, Bannerji et al. reported a significant increase in human CD59 (hCD59)
expression in patients who failed to clear CLL cells from peripheral blood after initiation of
RTX treatment [11]. Moreover, the sensitivity to CDC effects mediated by OFA on RTX-
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resistant B-cell malignant cell lines and CLL cells were negatively correlated with the level
of CD59 on the cell surface [1]. Thus, up-regulation of hCD59 in NHL and CLL is an
important determinant of the sensitivity of these cancer cells to RTX treatment [8, 10, 12].
For these reasons, the development of a molecule capable of abrogating hCD59 function and
sensitizing cancer cells to the CDC effect of RTX and OFA is likely to fulfill an urgent
unmet clinical need [2, 13]. However, there are problems with the current methods of
treatment. The targeted toxicity elicited from anti-nCD59 specific Abs [8, 12, 14], and the
poor inhibitory efficacy of C8- or C9-derived peptides limit their therapeutic applications
[15].

Recently, we developed a specific and potent hCD59 inhibitor His-tagged 1LY d4 [16], and
demonstrated that it enhances CDC in vitro and in vivo, thereby sensitizing RTX resistant
lymphoma cells and primary CLL to RTX [16-18]. Furthermore, His-tagged ILYd4 also
enhances CDC effects mediated by OFA on malignant B-cells, RTX-resistant cell lines, and
primary CLL cells [1]. By defining PK/PD profiles of His-tagged ILYd4 in mice, we
showed that by itself His-tagged 1LY d4 does not adversely mediate in vivo hemolysis of
hCD59-expressing erythrocytes [17]. Moreover, His-tagged ILYd4 alone does not trigger
lysis or ADCC effect in cells ex vivo and in vivo [1, 16-18]. Our previous results
demonstrated that the sensitivity to CDC effects mediated by OFA or RTX on RTX-resistant
malignant B-cell lines and CLL cells negatively correlated with the level of CD59 on the
cell surface [1]. These results rationalize the use of ILYd4 as a potential therapeutic adjuvant
for RTX and OFA treatment of RTX-resistant NHL and CLL [1, 17].

Although we have conducted extensive in vitro and in vivo proof of concept studies and
developed suits of assays for further ILYd4 optimization, there are still some questions to be
addressed before ILYd4 becomes the therapeutic drug for clinical application. For example,
it remains to be seen whether potential side effects other than hemolysis emerge upon
reaching the maximum tolerated dose (MTD) in mice. To this end, we need to improve the
solubility of His-tagged ILYd4, which does not exceed 1mg/ml in PBS buffer. Our His-
tagged ILYd4 construct has a 6xHis sequence linked to the N-terminus of the ILYd4
through a 24 AA sequence that includes an Xpress™ epitope and enterokinase cleavage
recognition sequence [1, 16, 17]. It is conceivable that these additional AAs used for the
purification of ILYd4 may affect the activities of the native ILYd4 through changing the
physical properties and functionality of ILYd4. Indeed, an affinity tag such as His has been
reported to negatively affect the biological activities of the target proteins, resulting in
diminished or altered biological activity [19-21]. Therefore, our next step towards the
development of ILYd4-based therapeutics is to determine how this extraneous 30 AAs
sequence influences the ILYd4 activity. Here, we report the generation and characterization
of tag-free ILYd4 and demonstrate that tag-free ILYd4 has over three-fold higher anti-
hCD59 activities than His-tagged ILYd4 to enhance RTX-mediated CDC effect on
malignant B-cells through improving ILYd4’s functionality and physical properties
including solubility, monomeric character, and metabolic stability.
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METHODS AND MATERIALS
1) Original and RTX Resistant B-cell Malignancy Cell Lines, and Cell Culture

The human B-cell lymphoma cell lines ARH-77 and RL were purchased from and
authenticated by the ATCC (Manassas, VA), and passaged less than 50 times. RTX-resistant
cell lines RamosR51.2 were generated according to previously published method [14, 17].
Those resistant cell lines that survived complement attack induced by RTX at concentrations
of 51.2 pug/ml in the presence of 10% (v/v) normal human serum or NHS (Valley
Biomedical, Winchester, VA) as a source of complement, were named as RamosR51.2. To
further ensure the drug resistance of RamosR51.2 cells, we further treated them for 4 times
with the RTX (72.6 pg/ml) and complement (10% NHS) before performing the following
CDC experiment.

2) Preparation of His-tagged and Tag-free ILYd4

The His-tagged ILYd4 were purified using the immobilized metal affinity chromatography
(IMAC) (Novagen, San Diego, CA) according to our previously published procedure [16,
22]. Removal of endotoxin from the recombinant protein ILY and ILYd4 was accomplished
by Detoxi-Gel column (Thermo Scientific, Waltham, MA) to achieve endotoxin levels that
were lower than 0.1 EU/mI as determined by Recombinant Factor C Endotoxin Detection
System (Lonza, Walkersville, MD). His-tagged ILYd4 was dialyzed against PBS buffer
containing 10% glycerol, 9 mM MES, pH 6.4, and stored at —80°C for further use.

Tag-free ILYd4 was prepared through the His-tagged form by removal of the extraneous
sequence with Enterokinase (Sydlabs, BP000034-GD8) and re-chromatography on IMAC
column (Fig. 1A). Briefly, the His-tagged ILYd4 was diluted with 20mM Tris-HCI, 50mM
NaCl pH 7.5 to keep a concentration of approx 0.2 mg/mL. The enterokinase was added to
the solution to achieve His-tagged ILYd4 to enzyme ratio of 1: 100 (w/w). The digestion
mixture was incubated for overnight at room temperature. After the digestion, the 30AA
His-tag containing fragment was removed by IMAC and the tag-free ILYd4 was collected
by further dialysis against PBS buffer containing 10% glycerol, 9 mM MES, pH 6.4,
analyzed for integrity and the purity, and stored at —80°C for further use.

The purity of both His-tagged ILYd4 and tag-free ILYd4 was analyzed in reversed phase-
HPLC (RP-HPLC, Agilent HP1100 HPLC system) with a C8 column (Agilent ZORBAX
300SB-C8, 2.1*100mm, 3.5um). Mobile phase A was 0.1%TFA in milli-Q water, and
mobile Phase B was 0.085%TFA in acetonitrile. Samples were eluted with a linear gradient
of 30-100% (v/v) mobile Phase B, at a flow rate of 0.25 ml/min at 25°C for at least 15
minutes.

3) Complement-mediated Assays on Human Erythrocytes

Sensitivity of 1% (v/v) human erythrocytes to human complement-mediated lysis in the
presence of serial dilutions of ILYd4 was assessed by the anti-human erythrocyte Ab-
sensitized erythrocyte method, as described by Hu et al [6, 22]. We used NHS as a source of
complement to test the activity of His-tagged and tag-free ILYd4. In both cases, and heat-
inactivated human serum (HIS) was used as a negative control. Cells were incubated at 37
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°C for half an hour. The amount of hemoglobin released from lysed erythrocytes was
determined by the absorbance of the supernatant at 414 nm, and the percent lysis was
calculated as follows: {(test OD414 - blank OD414) / (total lysis OD414 - blank OD414)}
x100. The total lysis sample was obtained by adding pure water to the erythrocyte pellet.

4) CDC Assays

Cell viability was determined by propidium iodide (PI) staining as described [8, 17]. Briefly,
10° cells were treated with RTX together with serial dilutions of ILYd4 in the presence of
NHS as a source of complement for 2 hours at 37°C. Since ARH-77 and RL cell lines were
more resistant to RTX-mediated CDC effects [18, 23, 24] than RamosR51.2 cell lines [24],
we used in the CDC assay 20 pg/ml or 10 ug/ml of RTX for treating ARH-77, and RL, or
RamosR51.2 cell lines, respectively with 20% (v/v) of NHS as a source of complement.
After washing with 1% (w/v) BSA/PBS, the cells (in 100 ul) were incubated with 10 pl PI
(50 pg/ml) at room temperature for 5 min and immediately analyzed on the FACScan. The
PI negative population was regarded as live cells. Percentage of cell death was calculated
using the following formula: (%) = 100 x {1 - (live cells in treated sample / live cells in
untreated control)}. EDsg, defined as the effective dose requires for achieving 50% cell
death, was calculated based on the percentage of CDC-mediated cell deaths in the presence
of the serial dilutions of ILYd4. As such, EDgq presents the efficacy of each protein to
different incubation conditions.

5) Characterization of the pH Dependent Solubility of His-tagged and Tag-free ILYd4

His-tagged ILYd4 and tag-free protein were dialyzed against three buffers: (1) 20 mM MES,
150 mM, pH 5.0; (2) PBS, pH 7.4; and (3) 10 mM Tris, 150 mM NaCl, pH 9.0. After
dialysis, OD600 of solutions was taken to measure the turbidity. The protein solutions were
centrifuged at 10000 rpm for 10min. Measurement of the supernatant at OD280 provided the
protein concentration. The pellet was resuspended in buffer (20mM PB, pH 6.0). Both the
quantities of the proteins in the supernatant or pellet were also analyzed by SDS-PAGE
analysis.

6) Characterization of the Aggregation of His-tagged and Tag-free ILYd4

Ten % of the blue Native-PAGE gel (Invitrogen, Native PAGE Novex Bis—Tris Gel system)
was used to characterize the aggregation status of the protein.

7) Thermal Stability Studies

We used complement-mediated haemolytic assay as described above to compare the
thermostability of the tag-free with His-tagged ILYd4 following storage of 0.6 mg/ml
solution in PBS buffer (pH: 7.4) at 25°C or 40°C over different time periods (1, 3, 7 and 14
days). Considering that complement-mediated haemolysis of human erythrocytes also
depends on the degree of sensitization of human erythrocyte with anti-human erythrocyte
Abs and the level of complement activity in NHS used in different experiments, we used in
each experiment the tag-free ILYd4 or His-tagged ILYd4 that were stored at —80°C as an
internal control to measure the complement-mediated hemolysis of Ab-sensitized human
erythrocytes. 10% (v/v) NHS was used as the source of complement for the experiments.
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Also, we used 10% blue native gel and 15% SDS-PAGE and RP-HPLC with a C8 column to
characterize the physical property and aggregation status of both proteins at each time point.

8) Statistical Analysis

The statistical significance of the differences between the group means was determined
using one-way ANOVA to compare variance. Results were expressed as the mean + SD of
data obtained from three separate experiments. A P value <0.05 was considered significant.

RESULTS

1) Tag-free ILYd4 has ten-fold higher CDC effect on Ab-sensitized Human Erythrocytes
than His-tagged ILYd4

To test the functionality of tag-free ILYd4, we cleaved the His-tag from the His-tagged
ILYd4 (Fig. 1A). To determine the purity of purified tag-free ILYd4 and His-tagged 1LY d4,
we used RP-HLPC and SDS-PAGE to quantitatively analyze the proteins. We obtained over
99% purity of tag-free and His-tagged 1LY d4 respectively (Fig. 1B and Supplemental Fig.
1). To compare the functionality of tag-free with His-tagged ILYd4, we used the
complement assay with human erythrocytes from a healthy individual. The human
erythrocytes were sensitized with anti-human erythrocyte Abs and lysed by the NHS from
the same health individual, which was used as a source of complement. Titration with
ascending concentration of either tag-free ILYd4, or His-tagged 1LY d4 revealed that the
former rendered anti-human Ab sensitized erythrocytes significantly more sensitive to
complement-mediated hemolysis than the His-tagged ILYd4 (Fig. 1C). The nature of
complement-mediated hemolytic effect was confirmed by demonstrating that the HIS did
not mediate any hemolysis (Fig. 1C). It is important to note that ILYd4 itself did not
mediate any hemolysis if the complement is inactivated. This result is consistent with our
previous findings that ILYd4 itself is not toxic to erythrocytes [1, 16-18]. The EDsgq of tag-
free ILYd4 was approximately ten-fold lower than that of His-tagged ILYd4 (Fig. 1D). It
has been previously reported that domain 4 of ILY binds to hCD59 through amino acids
42-58 that participate in binding of hCD59 to C8 and C9 [25, 26]. We and others further
demonstrated that ILYd4 is a potent and specific anti-nCD59 inhibitor [1, 16, 17, 27]. Taken
together, these results indicate that tag-free ILYd4 has ten-fold higher anti-hCD59 activities
than His-tagged 1LY d4.

2) Tag-free ILYd4 has Three- to Four-fold Higher RTX-mediated CDC effect on B-cell
malignancy Cells than His-tagged ILYd4

We further investigated whether tag-free like His-tagged ILYd4 enhances RTX-mediated
CDC effect on B-cell malignancies such as primary lymphoma cells RL and ARH-77 as
well as RTX-resistant Ramos cell line RamosR51.2 [1, 16, 17]. The selection of these cell
lines is based on the previous finding that they are very resistant to RTX-mediated CDC due
to the high expression of hCD59 on their surface (Fig. 2A) [1]. We found that tag-free
ILYd4 also significantly enhanced RTX-mediated CDC on RL, ARH-77 and Ramos51.2
(Fig. 2B). The EDsq of tag-free ILYd4 for RL, ARH-77 and Ramos51.2 were three to four-
fold lower than that of His-tagged ILYd4 (Fig. 2C). These results suggest that tag-free
ILYd4 enhances several-fold higher RTX-mediated CDC activity to kill B-cell malignancies
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through the inhibition of hCD59 function than His-tagged ILYd4. This lower enhancement
effect of tag-free ILYYd4 on B-cell malignancy cells as compared to the enhancement of their
lytic activity on human anti-erythrocyte Ab sensitized erythrocytes can be attributed to the
fact that the nucleated cells but not erythrocytes possess several protective mechanisms
against the cytolytic effect of the MAC, including anti-apoptotic genes, and endocytosis/
shedding of MAC [2, 28]. Taken together, these results indicate that as compared to His-
tagged ILYd4, the tag-free ILYd4 may be a better clinical candidate for enhancing RTX
activity in the treatment of RTX-resistant B-cell malignancies.

3) Tag-free ILYd4 is More Soluble than His-tagged ILYd4 Under a Wide Range of pH

Conditions

Previously, we noticed that at 1 mg/ml His-tagged ILYd4 in PBS buffer is insoluble and
starts to precipitate. Conversely, under the identical condition, tag-free ILYd4 is completely
soluble. These findings prompted us to characterize the physical properties of both proteins.
To this end, both proteins were dialyzed against the different pH buffers (pH: 5, 7.4 and 9.0)
followed by OD600 reading, a routine method for the measuring turbidity in solution, which
is indicative of precipitation. Under all pH conditions there was only little precipitation for
tag-free ILYd4. In contrast, His-tagged 1LY d4 was soluble only at pH 5.0 (Data not shown).
Moreover, centrifugation of the dialyzed solutions generated supernatant and pellet fractions
that were subjected to SDS-PAGE analysis. Almost complete dissolution of tag-free ILYd4
was observed in all three pH buffers with negligible presence in the pellet (P) (Fig. 3A). In
contrast, His-tagged ILYd4 did not dissolve well in all three pH buffers displaying a slightly
better solubility in pH 5.0 than in pH 7.4 and 9.0 buffers as evident from the highly intense
presence in the P fraction (Fig. 3A). These results indicate that tag-free ILYd4 has better
solubility than His-tagged ILYd4. In addition, we run a native gel to investigate the
aggregation state of both proteins. Evidently, aggregation was observed for His-tagged in
pH 7.4 buffer but was not present in any of the three buffers for tag-free ILYd4 (Fig. 3B).
Taken together, these findings suggest that tag-free 1LY d4 does not aggregate and is more
soluble than the His-tagged ILYd4. These observations may explain the higher anti-nCD59
activity in pH 7.4, the physiological pH, of tag-free ILYd4 than the less soluble and more
aggregating His-tagged ILYd4.

4) N-terminus Tag of ILYd4 Affects its Functionality

Because an affinity tag such as His may negatively affect the target protein resulting in
losing the activity [19], we evaluated the impact of the 30 AAs tag on the complement-
mediated hemolysis by carrying out titrations with both His-tagged and tag-free ILYd4 in
pH 5.0 buffer, in which both proteins display good solubility (Fig. 3B, right lanes). We
observed that tag-free ILYYd4 rendered Ab sensitized human erythrocytes significantly more
sensitive to complement-mediated hemolysis than His-tagged one (Fig. 3C). The EDgq of
the tag-free 1LY d4 was approximately three-fold lower than that His-tagged ILYd4 (Fig.
3D). These results indicate that under conditions that support good solubility of both the
non-tagged and tagged forms of ILYd4, the tag-free form is more potent than the His-tagged
ILYd4.
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5) Tag-free ILYd4 has Better Thermostability than His-tagged ILYd4

Achieving satisfactory stability is very critical in protein therapeutic development [29]. In
general, it is very critical for formulated protein drug products to have long shelf life
(usually over 2 years), through which they retain their original structural integrity and full
biological activity. Therefore, characterization of the thermostability of a drug candidate is a
critical step for the design of the drug formulation strategies that will secure the delivery of a
stable drug to the patients [29]. As such, we studied the thermostability of tag-free and His-
tagged ILYd4 by monitoring their activities in complement-mediated haemolytic assay
following storage in PBS buffer at 25°C or 40°C over different time periods (1, 3, 7 and 14
days). We observed that tag-free ILYd4 stored in PBS buffer at 25°C for periods of up to 7
days maintained its original anti-nCD59 activity. There is a slight loss of activity following
storage for 14 days at 25°C (Fig. 4A, and Supplement Fig. 2). After 7 days at 40°C, the tag-
free ILYYd4 showed a small decline in anti-hCD59 activity (Fig. 4A, and Supplement Fig. 3).
In contrast, storage of His-tagged ILYd4 for 14 days at 25°C did not affect its anti-hnCD59
activity (Fig. 4B, and Supplement Fig. 4), while at 40°C it progressively lost its activity
starting from the first day (Fig. 4B, and Supplement Fig. 5). Taken together, these results
indicate that tag-free IL'YYd4 is more stable in 40°C than His-tagged ILYd4.

We further explored the underlying mechanism by which the high temperature accelerates
the loss of His-tagged ILYd4 activity. Monitoring on native gel revealed the absence of any
noticeable aggregation in the tag-free ILYd4 solutions kept for up to 14 days at either 25°C
or 40°C (Fig. 5A). In contract, at 25°C, His-tagged ILYd4 forms an aggregate already on
day 1 that increases in size over storage time (Fig. 5B). Interestingly, at 25°C there is no
change in the amount of monomeric His-tagged ILYd4 throughout the study period. This
observation suggest that the fact that there were not changes for anti-hCD59 activity of the
His-tagged ILYd4 over storage time at 25°C (Fig. 4B, left panel) originates from the stable
steady-state monomeric component present in the solution. At 40°C, the aggregates of the
His-tagged ILYd4 precipitate on top of the gel and their amount increases progressively over
time (Fig. 5B, right panel). Consistently, we observe time-dependent reduction in the
amount of the monomeric His-tagged ILYd4 component in the mixture. This reduction is
responsible for the gradual loss in anti-hCD59 activity of the His-tagged ILYd4 over storage
time at 40°C (Fig. 4B, right panel). These results were further confirmed by monitoring the
stored solutions by C8 RP-HPLC analysis (Supplemental Fig. 6). We observed a time-
dependent increase in the area under the curve (AUC) and in the retention time of the peak
of His-tagged ILYd4, which was not the case for the tag-free ILYd4. The time-dependent
shift in the retention time of the peak of His-tagged ILYd4 is characteristic of its progressive
aggregation. These observations are in agreement with the results obtained from the analysis
of the stored solutions by the native gel (Fig. 5). Interestingly, SDS-PAGE analysis of the
soluble (S) and pellet (P) fractions obtained from the tag-free and the His-tagged ILYd4
solutions stored at 25°C or 40°C for 14 days show a time-dependent increase in the amount
of dimer at 25°C and of both the dimer and tetramer initially in the P fraction and later also
in S fraction at 40°C of His-tagged ILYd4 but not in the tag-free ILYd4 (Fig. 6). Taken
together, time- and temperature-dependent aggregation of the His-tagged ILYd4 explains the
extensive loss of its anti-hCD59 activity during storage at 40°C.
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DISCUSSION

Our previously published results show that His-tagged ILYd4 significantly enhances RTX or
OFA-mediated CDC on primary B-lymphoma cells in vitro, RTX-resistant B-lymphoma
cellsinvitro and in vivo and primary CLL ex vivo through specific inhibition of hCD59’
anti-MAC activity [1, 16-18]. Here, we report that tag-free IL'Yd4 enhances a three-fold
higher RTX-mediated CDC on primary and RTX-resistant B-cell malignancy cells in vitro
than His-tagged ILYd4. This enhancement is attributed primarily to the improvement in the
physical properties of the tag-free ILYd4, which include better solubility and greater
stability of the monomer, but also to the higher inherent efficacy of the tag-free ILY4.
Therefore, tag-free ILYd4 is an improved and “working” candidate for the development of a
clinical adjuvant for Ab-based cancer therapy such as RTX or OFA-based B-cell
malignancy therapy and provides the much needed means to overcome the devastating
RTX-resistant B-cell malignancies, such as patients relapsed from RTX treatment.
Additionally, based on our previous results [1, 16-18], we speculate that a combination of
the tag-free IL'Yd4 with RTX or OFA may serve as the first line strategy to treat NHL and
CLL patients who express high level of CD59 on their cancer cells. The selectivity of the
tag-free ILYd4 toward cancer B-cells will originate from the higher expression of CD59 in
these cancer cells especially those that became resistant to Ab-based therapy via over-
expression of CD59. We aim to take advantage of the attractive therapeutic window offered
by the double assault on B-cells by RTX or OFA targeting the uniquely expressed CD20 and
by tag-free ILYd4 targeting malignant B-cells that over-express CD59. Consequently, under
this combination therapy malignant B-cells will be specifically subjected to the CDC effect
and undergo preferentially lysis. Importantly, ILYd4 by itself does not trigger lysis or
ADCC effect in cells that are not targeted by these Abs e.g. erythrocytes (ex vivoand in
vivo) [1, 16-18]. The latter express other complement regulators such as CD46 and CD55
that are able to compensate for the transient inhibition of CD59 by tag-free ILYd4 and
protect them from CDC. Nevertheless, we plan to further investigate the potential side effect
of hemolysis by tag-free ILYd4 in humanized hCD59 mice and clinical studies.

There has been a long standing debate concerning the enhancement of therapeutic Ab-
mediated CDC on clinical outcome for the immune cancer therapy [30-37]. Recently,
clinical studies with OFA and Lenalidomide on 34 CLL-relapsed patients previously treated
with chemoimmunotherapy such as fludarabine, cyclophosphamide and RTX (FCR),
directly highlights the role of CDC in the immune therapy. The results reported at the 537
American Society of Hematology Annual Meeting, December 10-11, 2011 demonstrated
that this particular combination therapy induced responses in 65% of patients with relapsed
CLL [38]. Another clinical trials reported in the same meeting documented that as compared
to traditional methods with RTX-based chemoimmunotherapy, OFA-based
chemoimmunotheraoy appeared to have less hematologic toxicity and improved efficacy
[39]. Supportively, it has been previously demonstrated in in vitro experiments that OFA
induces much stronger CDC than RTX [23, 40], while it mediates ADCC and direct cell
death at levels comparable to RTX [23, 40]. Taken together, the clinical trial results strongly
suggest that the enhancement of CDC effect with OFA through the complement activation at
early stage contribute significantly to the improved outcome in the treatment of B-cell
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malignancies in vivo. Recently, we reported that His-tagged ILYd4 also enhances CDC
effects mediated by OFA on RTX-resistant B-cell malignancy cell lines and primary CLL
cells [1, 17, 18]. The sensitivity to CDC effects mediated by OFA with or without ILYd4
negatively correlated with the level of CD59 [1, 17, 18]. Taken together, these results further
support the notion that tag-free IL'Yd4, an agent with higher anti-hCD59 activity, better
physical properties and more potent anti-hCD59 activity than His-tagged ILYd4, may be an
important addition to the arsenal of anti-cancer therapeutics or an important adjuvant for
cancer immune therapy. The latter is derived from its increased CDC activity at the terminal
complement pathway, namely MAC formation.

The extension at the N-terminus of ILYd4 by an extraneous sequence that includes a His tag
and an entrokinase cleavage site was introduced in our previous studies to facilitate the
isolation and purification of ILYd4. However, there is not sufficient data to support the
safety/non-immunogenicity of this extension in future clinical application. Furthermore,
chelating effect 6 x His sequence in the His-tag of ILYd4 on transition metal could lead to
unexpected effects when administered to the patients. For many years, it had been assumed
that due to its small size and simple amino-acid composition the presence of His-tag in many
recombinant proteins should not affect the function of target protein. However, extensively
emerging data raise the concerns about His-tag’s roles in misfolding, aggregation [41], lost
activity [19], or decreased solubility of His-tagged target proteins [42]. These results are
consistent with the findings reported here that extraneous tag in the N-terminus of His-
tagged ILYd4 changes the physical properties of ILYd4 to increase aggregation, reduce
solubility, and negatively influence the anti-hCD59 activity of ILYd4. Previous results
reported by Hughes et al, indicate that His tag in C-terminus of ILYd4 may not compromise
the activity of ILYd4 because His-tagged ILYd4 has a potent anti-hCD59 activity with ICsg
in the single digit nM range [27]. Our results suggest that the tag in the N-terminus of His-
tagged ILYd4 has a distinctly negative effect on its anti-hCD59 activity, which may be
different from that it has when introduced at the C-terminus of ILYd4. This further indicates
that the N- but not C-terminal regions of ILYd4 may significantly contribute to the
interaction with hCD59, a subject that requires further investigation.

Another key issue during protein therapeutic development is the physical stability of the
drug candidate. Previously, we documented that His-tagged ILYd4 dramatically enhanced
anti-CD20 Ab therapeutics with a good potency invitro and invivo [1, 17, 18]. However, an
aqueous solution of His-tagged ILYd4 is very unstable and starts to precipitate, even at low
concentration. The thermostability test of His-tagged and tag-free ILYYd4 demonstrates that
tag-free protein does not form significant aggregates and displays better thermostability that
results with an undiminished anti-hCD59 activity even after 14 days at 40°C. While, His-
tagged ILYd4 progressively loses its anti-nCD59 activity at 40°C and correlates with
increased degree of aggregate formation. Taken together, tag-free 1LY d4 displays more
favorable physical properties (better thermal stability and lesser tendency to aggregate)
under different temperatures and pH conditions than His-tagged ILYd4. Therefore, these
results suggest that tag-free ILYd4 presents a promising pre-clinical lead and provides an
excellent starting point for future drug optimization.
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Nevertheless, the underlying mechanism by which the extraneous His-tag containing N-
terminus extension in His-tagged ILYd4 compromises the solubility and thermal stability is
not clear. Previously, several groups demonstrate that His-tag alters the binding
characteristics or even the structure of recombinant protein [43, 44]. Also, Amor-Mahjoub et
al. reported that the 6 x His-tag placed at the N-terminus of the interdomain linker deleted
version of HSC70 stabilized its dimeric form, whereas the tag-free protein remains
preferentially monomeric [21]. Consistently, analysis of both the His-tagged and tag-free
ILYd4 on native gel electrophoresis indicates that His-tag at N-terminus of ILYd4 triggers
aggregation. Interestingly, the prevalence of acidic amino acid at the N-terminal region of
ILYd4 is pronouncedly high and their proximity to the 6 x His-tag is very notable. One can
speculate that this situation may lead to extensive complementary charge interactions and
lead to misfolding and oligomerization of His-tagged ILYd4, which could be accelerated by
higher temperature (e.g. 40°C) and higher pHs (7.4 and 9.0).

CONCLUSION

We report here that the removal of the extraneous His-tag containing sequence from the His-
tagged ILYd4 markedly improves the physical properties and the anti-hCD59 activity of the
tag-free ILYd4. Therefore, tag-free ILYd4 is a better preclinical candidate for further
development into a potential therapeutic adjuvant for RTX and OFA treatment of RTX-
resistant NHL and CLL. The anti-cancer efficacy and potential side effects such as
hemolysis require further investigation. Moreover, potential immunogenicity of the tag-free
ILYd4 is another critical aspect to be addressed in the course of developing a protein drug.
Although, previous findings indicate that riLYd4 has low immunogenicity [45, 46]
development of low- or even non-immunogenic form of ILYd4 or ILYd4-derived peptides
will be essential for clinical application. Therefore, we plan to delineate the minimal
bioactive sequence, the critical amino acids in ILYd4 essential for the interaction with
CD59, and integrate this structural information in the design of more potent, non-
immunogenic, and less costly forms of ILYd4 (ILYd4-mimetic) in the future.
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Fig. (1). Purification of tag-free ILYd4 and characterization of its functionality
(A) AA sequence of His-tagged ILYd4. Italicized letters indicate the Tag-free ILYd4

sequence. EK: enterokinase. (B) The purity of both His-tagged ILYd4 (6ug) and tag-free
ILYd4 (8ug) analyzed by 15% SDS-PAGE gel. (C) Complement-mediated assays on human
erythrocytes. The human erythrocytes were sensitized with 1% (w/v) anti-human erythrocyte
Ab with 5% (v/v) NHS in the presence of the serial dilutions of His-tagged ILYd4 and tag-
free ILYd4. Five % (v/v) heat-inactivated human serum (HIS) was used as a negative
control. (D) The mean EDs of tag-free 1LY d4 for human erythrocytes was ten-fold lower
than that of His-tagged ILYd4. Results are mean + SD of three different experiments. *: P <

0.01 v.s. His-tagged ILYd4.
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Fig. (2). Tag-freeILYd4 has higher RT X-mediated CDC effect on B-cell malignancy cellsthan
His-tagged ILYd4

(A) The expression of CD59 on the cell surface of ARH-77 RL, and RTX-resistant cell lines
RamosR51.2. Grey and white curves represent the staining with IgG plus FITC conjugated
secondary Ab and with anti-hCD59 Ab plus FITC conjugated secondary Ab, respectively.
(B) CDC effect on B-cell malignancy cells in the presence of the serial dilutions of the tag-
free and His-tagged ILYd4. (C) EDsgps of tag-free and His-tagged ILYd4 for ARH-77 RL,
and Ramos51.2. Result are mean £ SD of three independent experiments. *P<0.01 v.s. His-
tagged 1LY d4.

Curr Pharm Des. Author manuscript; available in PMC 2014 December 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Wu et al.
A Tag-free ILYd4
50 KDa
36 KDa
20 KDa
15 KDa
o~ S P S P S P
pH5.0 pH74 pH9.0
His-tagged ILYd4
50 KDa
36 KDa
20 KDa
15kDa YRTER
C S P S P S P
pH 5.0 pHT7.4 pH 9.0
B .
Tag-free ILYd4 His-tagged ILYd4
50 KDa =
@
®
o
Ik
o
20 KDa 4
10 KDa

74 50

pH: 74 50

% of Cell Death

120

250

200

150

100

EDs, ILYd4 (nM)

w
o

0

Page 17

—t— Tag-freeILYd4
* ~u- His-tagged ILYd4

ILYd4 (pg/mi) * .
‘ ‘ I
Tag-free ILYd4 His-tagged ILYdd

Fig. (3). Tag-free ILYd4 has better physical properties and anti-hCD59 activity than His-tagged

ILYd4

(A) Solubility of His-tagged ILYd4 and tag-free ILYd4 in three different pH buffers (pH
5.0, 7.4, and 9.0). We used 15% SDS-PAGE to analyze the fractions - solution (S) and pellet
(P) (total 5ug) obtained after centrifugation of the protein dialyzed against three different pH
conditions. (B) Native gel (10%) analysis of the aggregation state of the tag-free and His-
tagged ILYd4 (5ug) dialyzed against pH 5.0 and 7.4 buffer. (C) Anti-hCD59 activity of the-
tag free and His-tagged ILYd4 dialyzed against pH 5.0 buffer by complement-mediated
assays on human erythrocytes with 10% (v/v) NHS as a source of complement. (D) EDsq of
tag-free ILYd4 for human erythrocytes was three-fold lower than that of His-tagged ILYd4
in pH 5.0 buffer. Results are mean + SD of three independent experiments. *: P < 0.01 v.s.

His-tagged ILYd4.
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Fig. (4). Tag-free ILYd4 has better thermostability than His-tagged ILYd4
(A) The activities of tag-free ILYd4 after storing in PBS buffer in either 25°C or 40°C for

different time periods. (B) The activities of His-tagged ILYd4 after storing in PBS buffer in
either 25°C or 40°C over different time periods. Results are mean + SD of three independent
experiments. *P<0.01 v.s. day 0.
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Fig. (5). Formation of aggregate occurred in His-tagged but not in tag-free ILYd4 is acceler ated
by high temperature
After storing both protein in PBS buffer under 25°C or 40°C over different period of times,

we used 10% native gel to determine their aggregation state. (A) The tag-free ILYd4 (5ug)
did not form the aggregates under 25°C or 40°C over times. (B). Aggregate formation for
the His-tagged ILYd4 (5ug).
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Fig. (6). No significant changein the solubility of His-tagged and tag-free ILYd4 under the
different temperatures

After storing the proteins in PBS buffer in 25°C or 40°C at different time periods, we used
15% SDS-PAGE to determine the relative amount of protein in solution (S) and pellet (P)
(total 5pg) obtained following centrifugation of the dialyzed proteins. (A). The solubility of
tag-free ILYd4 by assessing their relative distribution after storing in PBS buffer in either
25°C or 40°C over different time periods. (B). The solubility of His-tagged ILYd4 by
assessing their relative distribution after storing in PBS buffer in either 25°C or 40°C over
different time periods.
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