1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Leuk Lymphoma. Author manuscript; available in PMC 2016 October 11.

-, HHS Public Access
«

Published in final edited form as:
Leuk Lymphoma. 2012 November ; 53(11): 2218-2227. d0i:10.3109/10428194.2012.681657.

Complement dependent cytotoxicity (CDC) in chronic
lymphocytic leukemia (CLL): Ofatumumab enhances
alemtuzumab CDC and reveals cells resistant to activated
complement

Nisar A. Baig!, Ronald P. Taylor?, Margaret A. Lindorfer2, Amy K. Church?, Betsy R.
LaPlant3, Emily S. Pavey3, Grzegorz S. Nowakowskil, and Clive S. Zent!

Division of Hematology, Mayo Clinic, Rochester, MN 55905, USA

2Department of Biochemistry and Molecular Genetics, University of Virginia School of Medicine,
Charlottesville, VA 22908, USA

SBiostatistics, Mayo Clinic, Rochester, MN 55905, USA

Abstract

Complement dependent cytotoxicity (CDC) is an important mechanism of action for monoclonal
antibodies (mADb) used in the treatment of chronic lymphocytic leukemia (CLL). We hypothesized
that alemtuzumab (ALM) mediated CDC would be increased by addition of ofatumumab (OFA).
CLL cells from 21 previously untreated patients with progressive disease were tested /in7 vitro for
mAb binding, complement activation, and CDC. The subpopulation of CDC resistant CLL cells
was examined for levels of C3b and C5b-9 binding, and expression of complement regulatory
proteins. OFA significantly increased complement activation and CDC in ALM-treated CLL cells
suggesting that combining ALM and OFA could improve clinical outcome in patients with CLL.
Approximately 10% of CLL cells were resistant to CDC because of lower levels of complement
activation or decreased cytotoxicity of activated complement. Improvement of clinical responses
will require determining the mechanisms of CDC resistance and developing methods to overcome
this problem.
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Introduction

Monoclonal antibodies (mADb) that target certain proteins on B cells are valuable drugs for
the treatment of chronic lymphocytic leukemia (CLL). The CD52 specific mAb
alemtuzumab (ALM) is highly effective in the treatment of CLL and is especially important
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in the management of patients with 7P53 defective or purine analogue refractory disease [1].
Rituximab (RTX, specific for CD20) based chemoimmunotherapy has markedly increased
response rates in the treatment of CLL [2—4] and addition of RTX to fludarabine and
cyclophosphamide increases overall survival after initial treatment of progressive CLL [5].
The recently FDA-approved human anti-CD20 mAb ofatumumab (OFA) has appreciable
activity in the treatment of CLL [6] and could be an important additional drug in
combination therapy. However, despite the demonstrated efficacy of these mAb in the
treatment of CLL, we still do not have a clear understanding of their mechanisms of action
or the reasons for CLL cell resistance to mAb mediated cytotoxicity.

The potential cytotoxic mechanisms of mAb include complement dependent cytotoxicity
(CDC), cell mediated cytotoxicity, and direct induction of cell death by apoptosis or
autophagy. There is considerable /in vitro data showing that ALM and RTX do not directly
induce appreciable apoptosis in CLL cells [7-12]. In contrast there is extensive data showing
that CDC is an important mechanism of action in CLL for ALM and OFA but not for RTX
[9,10,13,14]. ALM, OFA, and RTX utilize a human IgG1 heavy chain constant region and
are capable of activating antibody dependent cellular cytotoxicity (ADCC), and there is
considerable data to support an important role for ADCC in the mechanism of action of
these mAbs [12,15-21]. However, the functional importance of each of these mechanisms
for these mAD in the treatment of CLL is still uncertain.

The rapid and extensive clearance of circulating CLL cells after initiation of ALM therapy in
patients is likely to be substantially mediated by C3b-opsonization and CDC [22-24]. This
cytotoxic reaction can be modeled /7 vitroand ALM in the presence of complement has
previously been shown to rapidly kill 70%-80% of CLL cells in suspension culture [8,9]. It
is likely that improving the efficacy of ALM-mediated CDC or increasing the level of CLL
cell killing with an additional B cell targeting agent could improve clinical outcomes for
patients with CLL. Several lines of evidence suggest that subpopulations of CLL cells can
resist CDC mediated by a single mAb [9,10,25,26], and if the underlying mechanisms
responsible for this resistance can be identified, it should be possible to develop more
effective therapies. Potential mechanisms of CDC resistance include low mAD target
expression, complement exhaustion, and increased activity or expression of complement
regulatory proteins, which would result in decreased generation of membrane attack
complexes (MAC) [11,27]. In addition, cell membranes can have increased intrinsic
resistance to MAC mediated damage by mechanisms that include altered lipid synthesis
[28].

The combination of complement activating mAb that target discrete cell-surface membrane
proteins could potentially increase total CDC in a CLL cell population. One such
combination is ALM (anti-CD52) and OFA (anti-CD20). Upon binding to B cells, OFA is
very effective at activating complement and under comparable conditions promotes
considerably more CDC than does RTX [13,14,29,30]. Thus OFA could be utilized to
promote additional killing of CLL cells that are resistant to ALM induced CDC.

In this study we tested the hypothesis that /n vitro OFA-mediated CDC increases the net
killing of CLL cells targeted by ALM. Indeed, we found that OFA increases both
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complement activation (C3b and C5b-9 deposition) and CDC in CLL cells treated with
ALM. However, in all patient samples we also discovered subpopulations of CLL cells that
are resistant to CDC even after targeting with both mAbs. Identification of these resistant
populations strongly suggests that small but potentially important subpopulations of CLL
cells have intrinsic resistance to CDC.

Materials and Methods

Patients

The study was conducted at Mayo Clinic Rochester with the approval of the Institutional
Review Board and according to the guidelines of the Declaration of Helsinki. We collected
circulating CLL cells from 21 previously untreated patients with progressive CLL diagnosed
using standard criteria [31,32]. Prognostic markers were evaluated using published methods
[33-35]. Patient demographics and prognostic markers are summarized in Table I.

Specimen Collection

Peripheral blood mononuclear cells (PBMC) were isolated within 2 hours of blood
collection from 20 mL of EDTA anticoagulated blood by density gradient centrifugation
using Ficoll-Paque PLUS (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The
percentage of CD19+ CD5+ cells was determined by flow cytometry after staining with anti-
CD19 and anti-CD5 antibodies (BD Biosciences, San Jose, CA) using a FACSCaliber (BD
Biosciences). In 19 of 21 samples, the percentage of CLL cells (CD5+CD19+) was =90%.
Two samples with <90% CLL cells required purification to =90% by negative selection
(Human B Cell Enrichment Kit without CD43 Depletion, Stemcell Technologies,
Vancouver, Canada). The median CLL cell content of studied samples was 95% (range 91 —
98%). Cell viability was assessed with trypan blue stain exclusion using the Countess
Automated Cell Counter (Invitrogen, Carlsbad, CA) and determined to be >90% in all
samples. Samples were then cryopreserved at a concentration of 20x108 cells/mL in freezing
medium consisting of 10% dimethyl sulphoxide (Sigma-Aldrich, St. Louis, MO), 40% heat-
inactivated fetal bovine serum (Sigma-Aldrich), and 50% RPMI 1640 medium (Gibco,
Invitrogen Corporation, Grand Island, NY). Cell vials were first frozen overnight in a Cryo
1°C Freezing Container (Nalgene Labware, Thermo Fisher Scientific, Rochester, NY) at
—80°C and then stored at —150°C. Prior to study, cells were rapidly thawed in a 37°C water
bath, washed twice with 30mL of AIM-V medium (Invitrogen) and checked for viability by
trypan blue staining. Samples with >90% cell viability were then incubated overnight under
sterile conditions at 3x106 cells/mL in AIM-V medium at 37°C with 95% humidity and 5%
CO5. Cells were then checked for viability by flow cytometry using annexin V and
propidium iodide (P1)(BD Biosciences) as previously described to ensure viability >80%
before being studied [9]. We performed CDC assays using RTX, OFA and ALM and
measured CD20, CD52, and CD59 expression on samples from 3 patients before and after
cryopreservation and thawing and found that storage of CLL cells using this method did not
affect the results of CDC assays or the measured proteins expression levels (data not shown).
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Quantification of CD20 and CD52 expression

CLL cells were treated with either mouse anti-human CD20-FITC antibodies (BD
Biosciences) or mouse anti-human CD52-FITC (Pierce Antibodies, Thermo Fisher Scientific
Inc., Rockford, IL). Target antigen expression was quantified by flow cytometry using
molecules of equivalent soluble fluorochrome (MESF) with the Quantum FITC-5 MESF
Premix kit (Bangs Laboratories, Fishers, IN) and QuickCal v2.3 software units as previously
described [36].

CDC Assays

For these studies, the sources of complement were normal human serum (NHS)(Human
Serum Complement, Sigma) and C5 deficient serum (C5-serum, Sigma). The complement
levels of these reagents were assayed using standard clinical tests by the Mayo Clinic
Protein Immunology Laboratory. Total complement activity of NHS was 55.7 U/mL and that
of C5-serum was <3 U/mL (reference range 3075 U/mL). The C3 level of NHS was 147
mg/dL and that of C5-serum was 141 mg/dL (reference range 75-175 mg/dL), and the C5
level of NHS was 25.5 mg/dL and that of C5-serum was <6 mg/dL (reference range 10.6—
26.3 mg/dL). Rituximab (Genentech, South San Francisco, CA), ofatumumab
(GlaxoSmithKline, Research Triangle Park, NC), and alemtuzumab (Genzyme, Cambridge,
MA) were obtained from the Mayo Clinic pharmacy. CDC studies were performed as
previously described [9]. In brief, 2x10°6 CLL cells in ImL AIM-V medium were pretreated
on ice for 30 minutes with 10pg/mL of each mAD either alone or in combination. These cell
suspensions were then split and either received no serum, 10% (v/v) NHS, or 10% (v/v) C5-
serum. The cells were then incubated for one hour at 37°C with 95% humidity and 5% CO»
and then washed twice with 3mL of AIM-V medium before analysis. Absolute viable cell
counts were assayed using flow cytometry with BD Trucount beads (BD Biosciences) in a
1% BSA buffer [37] with PI staining to assess cell viability. Cells killed by CDC can either
be lysed (i.e. disintegrated and no longer detected on flow cytometry) or remain intact with
Pl permeable membranes (intact dead cells). Cell lysis was determined for each sample by
dividing the absolute cell count of the experimental specimens by that of the control
specimen (10%NHS). Total CDC (% cytotoxicity) which measures the sum of lysed cells
and intact dead cells was determined for each sample by dividing the absolute viable (PI
negative) counts of the experimental specimens by that of the control specimen followed by
multiplication by 100.

Analysis of CDC resistance

To analyze some of the factors that could contribute to the mechanisms of resistance of CLL
cells that survived treatment with mAb and complement, 30x106 CLL cells were treated
with 10pg/mL of ALM and 10%NHS. Surviving cells were then isolated by density gradient
centrifugation and re-suspended in fresh AIM V medium. These surviving cells were then
retreated with either 10%NHS (control) or 10%NHS with ALM, OFA, or ALM+OFA using
the same methods as described above and evaluated for CDC. In samples from 3 patients,
surviving cells after both initial and re-treatment were analyzed by flow cytometry for CD5+
and CD19+ expression as described above, and were shown to contain > 90% CLL cells.
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Measurement of Complement Activation

We used flow cytometry to measure covalent deposition of C3 activation fragments or
binding of C5b-9 to CLL cells. C3 fragment deposition was measured with the anti-C3b/
iC3b FITC conjugated mAb 7C12 [38]. Binding of the terminal complement complex C5b-9
was measured by flow cytometry using a rabbit anti-human C5b-9 neoantigen antibody
(Complement Technology, Inc., Tyler, TX) and a secondary Alexa fluor 488 goat anti-rabbit
IgG antibody (H+L, Invitrogen). As noted above, CDC can cause complete disintegration of
target cells (cell lysis) which is most likely to occur in the cells with the highest levels of
complement activation. Therefore, to ensure that our studies measured C3 activation in the
entire CLL population, these measurements were also conducted using C5-serum in which
complement activation does not generate formation of the MAC responsible for cell lysis,
but C3 fragment deposition occurs freely. For all of these experiments samples were
incubated with the complement specific antibodies in the presence of 2mg/mL of purified
mouse IgG (Lampire Biological Laboratories, Pipersville, PA) to decrease non-specific
binding. Quantitation of binding was measured as delta median fluorescent intensity (dMFI)
compared to the specimens not reacted with mAbs but simply treated with 10%NHS or
10%C5-serum only as appropriate.

Measurement of mAb Binding to CLL cells

We used flow cytometry and the anti-human Fc FITC conjugated mAb HB43 [38] to
measure the binding of ALM, OFA or RTX to CLL cells. To evaluate mAb binding in all
CLL cells these studies were performed on both cells treated with 10%NHS and those
treated with 10% C5-serum.

Measurement of Expression of Complement Regulatory Proteins

The expression of CD59 and CD55 was measured by flow cytometry using anti-CD59 (BD
Biosciences) and the anti-human CD55 FITC conjugated HD1A antibody [39].

Statistical Analysis

The Wilcoxon signed rank test was used to evaluate the relationship between paired values.
Relationships between continuous variables were evaluated using Spearman's rank
correlation coefficient. All tests were two-sided and statistical significance was defined as
p<0.05.

Results
OFA increases ALM CDC

RTX induced low levels of CDC in CLL cells reacted in 10%NHS as a complement source
(median 1%, range 0% — 9% p=0.002)(Figure 1). In contrast, under comparable conditions,
OFA induced substantial CDC (median 23%, range 0%-71%, p<0.0001) and considerably
higher levels of CDC were achieved by ALM (median 86%, range 49%-96%, p<0.0001)
(Figure 1). CDC can cause cell lysis or dead cells can remain intact. In these studies, the
median CLL cell lysis due to OFA mediated CDC was 14% (61% of total CDC) and 39%
(45% of total CDC) for ALM mediated CDC. In general we found that approximately half
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of the cells killed by CDC were indeed lysed (Figure 1). The combination of ALM and OFA
led to significantly higher median levels of CDC in CLL cells compared to those treated
only with ALM (median 91%, range 83-96%, p = 0.01) (Figure 1). As apparent from the dot
plot, the CLL cells with the lowest levels of ALM CDC had the largest increases in CDC
with the combination of ALM and OFA.

1. mAb binding and CDC—To investigate possible reasons for the difference in efficacy
of ALM and OFA in mediating CDC we measured CD20 and CD52 expression by CLL
cells and the ability of each mAb to bind to CLL cells and activate complement. The median
expression of CD52 on CLL cells was significantly higher (6x) than that of CD20
(p<0.0001). We also found that there was considerably more binding of ALM to CLL cells
compared to binding seen for either OFA or RTX (p<.0001) and that OFA binding was
slightly higher than RTX (p=0.04)(Figure 2A).

We compared mAb binding to CLL cells in 10%NHS (contains all complement components
and supports CDC) to mAb binding in 10%C5-serum (supports C3b activation but does not
result in MAC formation and CDC) (Figure 2A). Live (Pl negative) CLL cells treated with
OFA, ALM, RTX + ALM, and OFA + ALM in 10%C5-serum has significantly higher levels
of mAb binding compared to those reacted in 10%NHS (p<0.001 for each comparison)
(Figure 2A). The higher levels of binding of the mAbs (and of C3b, see below) to cells
reacted in C5-serum compared to intact NHS most likely reflects the killing of CLL cells
with the highest levels of mAb ligation and thus complement activation in intact serum. We
are currently investigating this question and will report on it separately.

2. C3b deposition and CDC—C3b binding was considerably higher in CLL cells treated
with ALM, RTX + ALM, and OFA + ALM in C5-serum compared to binding observed for
live (CDC resistant) cells following treatment with 10%NHS (p<0.0001)(Figure 2B). These
results for cells treated with ALM suggest that higher levels of C3b deposition are associated
with increased amounts of CDC. In contrast, C3b binding to CLL cells treated with OFA in
10%C5-serum was similar to C3b binding to live cells following treatment with 10%NHS
(p=0.55)(Figure 2B). This finding suggests that the susceptibility of CLL cells to OFA
mediated CDC is less dependent on the aggregate level of C3b activation and that there
could be differences in the mechanisms by which OFA and ALM induce CDC. This is
currently under investigation and will be reported separately.

3. Binding of C5b-9 to mAb opsonized CLL cells—ALM, OFA and RTX can
activate the classical complement pathway with sequential generation of C3b and C5b-9
resulting in formation of the MAC. To determine the relationship between C3b binding and
generation of the MAC we measured levels of C5b-9 in CLL cells from 10 patients treated
with mAb and 10%NHS. As illustrated in Figure 3A, in all cases median C5b-9 levels were
considerably higher in /intact dead cells (Pl positive) compared to live cells (PI negative)
(p=0.002). In addition, considerably more C5b-9 binding was detected in cells reacted with
ALM compared to cells reacted with OFA (live and intact dead cells p<0.006). Addition of
RTX or OFA to ALM modestly increased C5b-9 levels in intact dead cells (p=0.01 and
p=0.02 respectively) but not in live cells (p>0.2). Figure 3B indicates that there was a
significant correlation between the levels of deposited C3b (which includes data from Figure
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1) and cell-associated C5b-9 for the intact dead CLL cells (squares, r?=0.77, p<.0001). This
was also found for each individual population of dead cells: OFA (p=0.01); ALM
(p<0.0001); ALM + RTX (p=0.02); and ALM + OFA (p=0.02). On the other hand, no
correlation was evident for live cells (open circles, r2=0.19, p=0.23) for any population
(Figure 3B). Moreover, many of the live cells had as much cell-associated C3b or C5b-9 as
did the dead cells, but obviously this level of complement attack was not adequate to kill the
cells. This suggests that there is a subpopulation of CLL cells that is very sensitive to mAb
induced CDC (killed by lower levels of C5b-9 mediated by binding of OFA) and another
subpopulation that is more resistant to the effects of complement activation (not killed by
higher levels of C5b-9 generated by ALM). An individual patient with CLL could thus have
appreciable variation in the sensitivity of their CLL cells to activated complement, with
distinct subpopulations of cells which are susceptible and resistant to MAC activity (Figure
3C).

4. OFA increases ALM CDC—To test the efficacy of sequentialtherapy with ALM
followed by OFA, CLL cells surviving initial treatment with ALM and 10%NHS were
retreated with ALM, OFA, or ALM + OFA, and 10%NHS. This resulted in a significantly
higher median CDC (32%) for OFA compared to ALM (7%)(p=0.01)(Figure 4A). The
cumulative CDC of concomitant and sequential (91% in both Figures 1 and 4B) therapy with
ALM and OFA was thus similar. Our data shows that addition of OFA to ALM increases
CDC of CLL cells /n vitro. However it is important to note that approximately 10% of the
CLL cells remain resistant to combination therapy indicating that this combination mAb
therapy achieves only 1 log order cytotoxicity /n vitro. This CDC resistant CLL cell
population could limit the clinical efficacy of combination mAb therapy.

Mechanisms of resistance of CLL cells to mAb CDC

To examine possible reasons why a subpopulation of CLL cells is resistant to mAb mediated
CDC, we tested for limiting factors (availability of complement and mAb), the role of
complement regulatory proteins (CRP), and the intrinsic ability of the CLL cells to resist the
cytotoxic effects of activated complement.

1. mAb and complement availability are not limiting factors for CDC—Re-
treatment of viable CLL cells, that had survived initial treatment with ALM and 10%NHS,
with fresh 10%NHS resulted in no significant increase in CDC (median 1%, range 0%-6%,
p=0.0005). Re-treatment of these viable cells with ALM and 10%NHS, resulted in only a
modest additional mAb and C3b binding and cytotoxicity (median 7% CDC, range 0%—-60%
Figure 4A) which was significantly lower than the CDC (median 86%, range 49%—-96%)
achieved with initial treatment (p<.0001)(Figure 1). These data suggest that ALM and
complement are not limiting factors for CDC in this experimental model.

2. High levels of C3b deposition are necessary but not sufficient for COC—A
subpopulation of CLL cells could be resistant to CDC because of lower levels of
complement activation. As reported above, we compared the binding of C3b and C5b-9 to
viable and intact dead cells after treatment with mAb and 10%NHS (Figure 3B). These data
show that higher levels of C3b binding were associated with higher levels of C5b-9 binding
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in the cells that were killed but intact and thus amenable to analysis. However, as noted
above, there was considerable overlap between the levels of C3b binding between live (open
circles) and intact dead cells (filled squares).

To further evaluate the importance of C3b deposition, we next examined the detailed
patterns of C3b deposition in the CLL cells. As shown in data from a representative patient,
we found that C3b binding following reaction with OFA (Figure 5A, 10% CDC) or ALM
(Figure 5B, 50% CDC) in 10%NHS was bimodal for cells resistant to CDC (live) and
unimodal for intact dead cells killed by CDC. Moreover, for both mAb treatments there was
a sizable subpopulation of live cells with C3b binding equal to that found on intact dead
cells. The CLL cells from this patient were then either treated with ALM +OFA
concomitantly in a cocktail (87% CDC), or sequentially (total CDC of 80%). Concomitant
treatment resulted in a marked increase in C3b deposition in all cells and the small
subpopulation of live cells had the same level of cell-associated C3b as the intact dead cells
(Figure 5C). When live CLL cells that survived treatment with ALM and 10%NHS were
purified, resuspended in fresh medium, and then treated again with either OFA or ALM and
10%NHS, examination of the live cells surviving the second treatment shows that OFA
promoted more C3b deposition than ALM but that these cells did not undergo CDC (Figure
5D).

These data show that high levels of C3b deposition are required for CDC but that not all
cells opsonized with large amounts of C3b are killed by CDC. We have previously shown
that there is no increase in the rate of cell death in cells surviving mAb mediated CDC
compared to control cells at 24 hours after treatment [9] and thus conclude that a
subpopulation of CLL cells is resistant to CDC despite effective activation of C3b.

3. Individual patients have a subpopulation of CLL cells that is resistant to
activated complement—CLL cells that capture large amounts of activated C3b could fail
to undergo CDC because of inadequate generation of the MAC. To test for inadequate MAC
generation we measured C5b-9 binding to CLL cells from a subpopulation of 10 patients in
this study including all 5 patients that had < 75% ALM CDC. As reported above, these
studies showed a significant correlation between C3b deposition and C5b-9 incorporation in
intact dead cells but not viable cells (Figure 3B). However, a subpopulation of viable CLL
cells had high levels of C5b-9 binding which suggests an intrinsic cellular resistance to the
effects of MAC formation (Figure 3C). These data suggest that both inhibition of MAC
formation and resistance to the effects of the MAC could be important in the resistance of
CLL cells to CDC.

4. The role of CRP in CLL cell resistance to CDC—Our finding that for almost all
patients there is a subpopulation of cells with high levels of C3b deposition but low levels of
binding of C5b-9 (Figure 3B) suggests that higher levels of activity of CPR in these patients
could contribute to resistance to mAb induced CDC. CD46 has been previously shown to
have uniform low expression in CLL cells [10] and expression of this CRP was thus not
examined in this study. CD55 inhibits the generation and activity of C3 and C5 convertases
[40] and CD59 prevents assembly of the terminal complement complex [41]. We measured
CD59 (n=21) and CD55 (n=6) expression by the CLL cells and did not find any significant
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differences in levels of expression in viable and intact dead cells after treatment with mAb
and 10%NHS and resistance to CDC (data not shown). Specifically, CLL cells resistant to
CDC did not have increased levels of expression of CD59 or CD55. In addition, we found no
correlation between the levels of expression of CD59 in untreated CLL cells from the 21
patients and their subsequent in vitro CDC (r2=0.01, p=0.98). However, we did not test the
activity of CD55 or CD59 in these cells and were thus not able to determine the reason for
failure of C3b deposition to promote robust MAC generation adequate for CDC on
subpopulations of cells.

Discussion

We have shown that OFA increases ALM CDC in vitro which provides pre-clinical data
supporting a clinical trial testing the efficacy and safety of the combination of ALM and
OFA in the treatment of CLL. Our study has also shown that for almost all of the patients,
there is a subpopulation of CLL cells that are resistant to mAb mediated CDC /n vitro even
after two consecutive treatments. We have confirmed the findings of previously published
studies which showed that in a subpopulation of CDC-resistant CLL cells with high levels of
C3b deposition, there was inadequate generation of the MAC. This phenomenon could not
be explained based on differences in levels of expression of the CRP CD55 and CD59 in the
CDC resistant and susceptible populations [8]. In addition, we describe the novel finding
that within the subpopulation of CDC resistant CLL cells there are mAb-opsonized cells that
have indeed activated complement, because they have large amounts of both deposited C3b
and C5b-9. These data show that resistance of CLL cells to CDC mediated by mAb is
multifactorial and suggest several potential opportunities for overcoming this resistance.

Therapy of CLL with the combination of ALM and RTX is effective with response rates that
are higher than those reported for ALM monotherapy [24,42-44]. However, complete
responses in patients with relapsed/refractory disease are uncommon and the duration of
response is limited [42]. Clearly better combination therapies are required. Because OFA has
single agent activity in patients with relapsed/refractory CLL monotherapy [6], there is a
rationale for combination therapy with ALM and OFA. Our /n vitro data shows that OFA
CDC is significantly higher than that of RTX and that OFA improves ALM CDC when used
together and sequentially. This is important additional justification for developing a clinical
trial to determine the efficacy and safety of OFA and ALM combination therapy.

In this study we used an /n vitro model of CDC to compare two anti-CD20 mAb (RTX and
OFA) and an anti-CD52 mAb (ALM), and as previously reported, OFA induced
considerably more CDC than RTX [13,14]. However, OFA induced less CDC than ALM
which correlates well with the much lower level of CD20 expression compared to that of
CD52. These data support the importance of antigen density in influencing the efficacy of
complement activation by mAb.

An important finding was that a subpopulation of CLL cells that survived treatment with
ALM and 10%NHS retained sensitivity to OFA CDC. In these ALM CDC “resistant” cells,
OFA had lower median levels of cell binding but higher levels of C3b deposition and CDC
compared to cells reacted with ALM. This observation suggests there may be differences in
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the mechanisms of complement activation by OFA and ALM. Potential explanations include
spatial separation of CD20 and CD52 on the cell membrane and differences in movement of
these molecules in the cell membrane after mADb ligation. Additional investigations will be
required in the future and could provide important insights into the mechanisms of action of
ALM and OFA.

Our studies of the level of binding of C3b and C5b-9 to CLL cells after treatment with mAb
and 10%NHS showed that ALM was the most effective antibody at activating complement
and levels of C3b deposition correlated with levels of binding of C5b-9 in intact CLL cells
killed by CDC. However, levels of C3b and C5b-9 did not correlate well in surviving cells
suggesting there may be several mechanisms by which the cells resist CDC. To further
investigate this question we measured the expression of the CRP CD55 and CD59 by CLL
cells but did not find increased levels of expression of these proteins in cells that were not
killed by CDC. This finding is similar to that previously reported where, despite the failure
to show differences in levels of expression of CRP in CDC sensitive and resistant CLL cells,
inhibition of CD59 and CD55 activity did increase CDC [10,45].

Resistance to the cytotoxic effects of the MAC has been previously demonstrated for several
types of cells [28]. This present study has demonstrated for the first time, that a
subpopulation of CLL cells survive the effects of complement activation despite levels of
membrane bound C5b-9 that are equal to or higher than on cells that are killed by CDC (Fig.
3B-C). Cells that are intrinsically resistant to MAC cytotoxicity have previously been shown
to use multiple defense mechanisms [46]. Our novel identification of an intrinsically CDC
resistant subpopulation of CLL cells provides an opportunity to identify the mechanisms of
this resistance so as to be able to develop combination regimens to overcome resistance and
improve treatment efficacy.

CDC resistance in CLL cells could also be overcome by interventions to increase cellular
cytotoxicity. One possible intervention is to target complement components, selectively
deposited on mAb opsonized cells, such as iC3b. Binding of this complement fragment to
complement receptor 3 (CR3) expressed by neutrophils and macrophages can result in
complement dependent cellular cytotoxicity that can be enhanced by soluble CR3-specific
polysaccharides such as beta-glucan [47]. Our finding that most CDC resistant cells express
high C3b/iC3b levels supports further investigation of these therapeutic modalities.

This study used peripheral blood CLL cells from previously untreated patients with
progressive disease. This is an important target population for therapy according to current
clinical criteria and thus the study does use specimens from a relevant and appropriate
cohort. However, the study included only one patient with 17p13-, a genetic defect
associated with very-high risk CLL. The finding that OFA increases ALM induced CDC in
CLL cells will thus need to be further tested in more samples from patients with very-high
risk disease (p53 dysfunction and purine analogue refractory disease) in future studies. The
CDC assay takes into account the important observation that a considerable number of CLL
cells treated /in vitro with mAb and complement undergo lysis and will thus not be detectible
using assays that measure only the percentage of viable cells. We also ensured that the
subpopulations of resistant cells were indeed CLL cells. Our /n vitro experiments thus used
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specimens from appropriate patients with assays that provide accurate measurements of
CDC. This CDC model used CLL cells at concentrations that are considerably lower than
those occurring in the circulation of patients with CLL. This ensured that there were
adequate cells to do all the experiments and that mAb and complement availability were
optimized for detection of CLL cell sensitivity and resistance to CDC. However, the
limitation of this model was that we were not able to determine the role of potentially
important factors leading to resistance to mAb cytotoxicity including low levels of mAb and
complement and factors affecting ADCC. Despite these limitations, many of which are
intrinsic to /n vitro testing, we believe that our study has provided important novel data on
which to base future studies aimed at improving treatment of patients with CLL. Our
ongoing correlative studies in patients on clinical trials for treatment using mAb are
designed to overcome these limitations.

In conclusion, we have shown that OFA increases CDC of CLL cells when added to ALM
but that this combination is unable to kill a small subpopulation of cells that appear to be
intrinsically resistant to activated complement. This combination therapy is unlikely to
achieve the sequential 2-3 log order reduction of tumor burden per cycle of treatment that
could lead to eradication of the CLL clone and result in cure of the disease. However, our
study suggests several potentially important mechanisms of resistance that could be targeted
to improve the effectiveness of treatment.
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Figure 1. Complement Dependent Cytotoxicity induced by Monoclonal Antibodiesand Serum
Complement dependent cytotoxicity (CDC) induced by monoclonal antibodies (mAb) was

evaluated /n vitroin CLL cells from 21 patients with untreated CLL using counting bead
calibrated flow cytometry after propidium iodide staining. The results were normalized to
measurements on CLL cells treated with 10% normal human serum (10%NHS) as a source
of complement (C). These studies showed that CDC could result in cellular disintegration
(lysis) or loss of cell membrane integrity without lysis (intact dead cells) and our results
showed that these events occurred with similar frequency. Addition of rituximab and
10%NHS (RTX + C) promoted a low level of CDC compared to CLL cells treated with
10%NHS alone. However, ofatumumab and 10%NHS (OFA + C) did appreciably increase
CDC (median 23%, p<0.0001) but with a wide range of responses (range 0% — 71%).
Alemtuzumab and 10%NHS (ALM + C) induced considerably more CDC (median 86%,
p<0.0001) with a narrower range of responses (49% - 96%). Addition of OFA to ALM +C
caused significant additional increases in CDC (median 91%, p=0.01) with further
narrowing of the range of response (83 — 96%) but this combination achieved > 95%
cytotoxicity in only 3 patients. The median %CDC and %cell lysis for each mAb treatment
is shown in the box below the dot plot and * indicate significant differences (p<0.01).
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Figure 2. mAb and C3b Binding
CLL cells were treated with mAb and either 10%NHS (open bars) resulting in complement

dependent cytotoxicity (CDC) in some cells or 10%C5-human serum (solid bars) resulting
in complement activation but not CDC. Cells were then assayed by flow cytometry using
counting beads, propidium iodide, anti-human Fc antibody, and anti-C3b antibody to
measure binding of mAb and C3 activation fragments to live (propidium iodide negative)
cells. The absolute counts were normalized using control experiments without the mAb. The
bars represent the median values and error bars represent the standard deviation. A: For cells
treated with C5-serum, rituximab (RTX) binding is slightly less than ofatumumab (OFA)
(dMFI 32 vs 39, p = 0.04) which is considerably less than that of alemtuzumab (ALM)
(dMFI 181, p<.0001). mAb binding is significantly higher in CLL cells treated with ALM,
RTX + ALM, and OFA + ALM in C5-serum (black bars) compared to live cells reacted with
NHS but not killed by CDC (open bars) (p<0.001). Compared to ALM alone, mAb binding
in C5-serum was significantly higher for ALM + RTX (p<0.0001) and ALM + OFA
(p=0.0049). B: C3b binding is significantly higher in CLL cells treated in C5-serum with
ALM, RTX + ALM, and OFA + ALM (black bars) compared to the live cells (open bars)
(p<0.0001). Compared to ALM alone, C3b binding in C5-serum was significantly higher for
ALM + RTX (p=0.003) and ALM + OFA (p<0.0001).
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Figure 3. C3b and C5b-9 Expression and Complement Dependent Cytotoxicity
C5b-9 levels were measured on CLL cells from a subset of 10 patients including all 5

patients with < 75% CDC on initial treatment with mAb and 10% normal human serum
(NHS). A: C5b-9 binding was measured by flow cytometry in viable (propidium iodide (PI)
negative) and intact dead (PI positive) CLL cells. The median C5b-9 binding (dMFI) for
viable cells (open bars) and intact dead (black bars) is shown with error bars representing the
standard deviation. C5b-9 binding was significantly higher in intact dead cells compared to
viable cells for all cases (p=0.002). The level of binding of C5b-9 was higher in cells treated
with ALM compared to OFA (live and intact dead cells p<0.006). Addition of OFA (p=0.02)
and RTX (p=0.01) to ALM significantly increased C5b-9 binding in intact dead cells but not
viable cells (p>0.1). B: The binding of C3b and C5b-9 was compared in viable (open circles)
and intact dead (black squares) CLL cells treated, in 10% NHS, with OFA, ALM, ALM +
RTX, and ALM + OFA. There was a significant linear relationship between binding levels of
C3b and C5b-9 in intact dead cells (black squares, r=0.77, p<.0001) but not live cells (open
circles r2=0.19, p=0.23). There was also considerable overlap in C5b-9 levels between viable
and intact dead cells for both of these measurements. C: CLL cells from a representative
patient were treated with 10%NHS and either ALM or OFA. This histogram shows C5b-9
binding to viable cells treated with ALM (grey) and intact dead cells (black) with OFA.
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Figure 4. Retreatment of CLL Cells Surviving ALM CDC
CLL cells were first treated with ALM and 10%NHS and the surviving viable intact cells

were then isolated by density centrifugation. These cells were subsequently reacted in
109%NHS with ALM, OFA, or ALM + OFA and viable absolute cell counts were measured
and normalized to the counts of cells treated with only 10%NHS. A: Retreatment of CLL
cells with ALM and 10%NHS resulted in little additional cytotoxicity in most patients
(median 7%)(p > 0.1) although some samples did show more CDC. The median %CDC was
significantly higher for cells treated with OFA (32%)(p=0.01) or the combination of ALM
and OFA (50%)(p=0.01). B: The cumulative cytotoxicity achieved by sequential treatment
of CLL cells with ALM and 10%NHS followed by isolation of viable cells and treatment of
these cells with ALM, OFA or ALM + OFA with 10%NHS. These data show that higher
CDC was achieved using OFA than using ALM alone (p=0.01) and that the highest CDC
was achieved with ALM + OFA (p=0.01). The median %CDC (represented by the horizontal
bar in dot plots) and %cell lysis for each mAb treatment is shown in the box below the dot
plots.
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Figure 5. Comparison of C3b Activation in Liveand Intact Dead CLL Cells
These data from a representative patient sample compare C3b binding in live and intact dead

CLL cells treated with mAb and 10%NHS. A: CLL cells were treated with OFA and
10%NHS resulting in 10% CDC. C3b bhinding levels were high on all intact dead cells. In
cells surviving CDC, there was a bimodal distribution of C3b binding with one mode having
binding equivalent to that observed in intact dead cells and the other having lower levels of
C3b binding. B: CLL cells were treated with ALM and 10%NHS resulting in 50% CDC. All
the intact dead cells had high levels of C3b binding and there was bimodal binding of C3b in
cells that survived CDC. C: CLL cells were treated with ALM + OFA and 10%NHS
resulting in 87% CDC. The small number of CLL cells that survived treatment had high
levels of C3b binding which were equivalent to that of intact dead cells. D: CLL cells were
treated with ALM and 10%NHS and the live cells isolated by density centrifugation. These
cells were then treated again with either ALM and 10%NHS (16% CDC) or OFA and
10%NHS (59% CDC) and the live cells evaluated for C3b binding. This figure shows
bimodal binding of C3b in live cells treated with 10%NHS and ALM and 10%NHS. Cells
treated with OFA and 10%NHS had higher levels of C3b binding which was unimodal.
However, despite the high levels of C3b binding in many of these CLL cells, they did not
undergo CDC.
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Table |

Patient Demographics (n = 21)

Gender

Male 16 (76.2%)
Age (years)

Median 61
Range 50-80
Absolute lymphocyte count (x 10%/L)

Median 78.3
Range 18.9-252.0
FIsH ™

17p13- 1(5%)
11g22- 1 (5%)
12+ 5 (24%)
No defect detected 2 (10%)
13g14- 12 (57%)
IGHV

Unmutated (<2%) 12 (57%)
Mutated (=2%) 9 (43%)
ZAP-70

Positive (=20%) 12 (57%)
Negative (<20%) 9 (43%)
CD38

Positive (=30%) 5 (24%)
Negative (<30%) 16 (76%)

*
Described according to the hierarchical classification [48]
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