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Introduction

Summary

Alemtuzumab is a humanized monoclonal antibody specific for the CD52
protein present at high levels on the surface of B and T lymphocytes. In
clinical trials, alemtuzumab has shown a clinical benefit superior to that
of interferon-$ in relapsing—remitting multiple sclerosis patients. Treat-
ment with alemtuzumab leads to the depletion of circulating lymphocytes
followed by a repopulation process characterized by alterations in the
number, proportions and properties of lymphocyte subsets. Of particular
interest, an increase in the percentage of T cells with a regulatory pheno-
type (Treg cells) has been observed in multiple sclerosis patients after ale-
mtuzumab. Since Treg cells play an important role in the control of
autoimmune responses, the effect of alemtuzumab on Treg cells was
further studied in vitro. Alemtuzumab effectively mediated complement-
dependent cytolysis of human T lymphocytes and the remaining popula-
tion was enriched in T cells with a regulatory phenotype. The
alemtuzumab-exposed T cells displayed functional regulatory characteris-
tics including anergy to stimulation with allogeneic dendritic cells and
ability to suppress the allogeneic response of autologous T cells. Consis-
tent with the observed increase in Treg cell frequency, the CD25™ T-cell
population was necessary for the suppressive activity of alemtuzumab-
exposed T cells. The mechanism of this suppression was found to be
dependent on both cell-cell contact and interleukin-2 consumption. These
findings suggest that an alemtuzumab-mediated increase in the proportion
of Treg cells may play a role in promoting the long-term efficacy of
alemtuzumab in patients with multiple sclerosis.

Keywords: alemtuzumab; immune regulation; multiple sclerosis; regula-
tory T cells.

CD52 may play a role in cell—cell interactions as well as
in T-cell migration or co-stimulation.'*'* Treatment with

Alemtuzumab is a humanized monoclonal antibody spe-
cific for human CD52,' a 12-amino-acid glycoprotein
tethered to the outer layer of the cell membrane via a
glycosylphosphatidylinositol anchor.”> The C-terminal por-
tion of the protein and part of the glycosylphosphatidyli-
nositol anchor comprise the epitope recognized by
alemtuzumab.” CD52 is expressed at high levels on the
surface of T and B lymphocytes and at lower levels on
natural killer cells, monocytes and macrophages.*> There
is little or no CD52 on neutrophils, plasma cells or bone
marrow stem cells.* "' The exact biological function of
CD52 remains unclear but reports have suggested that
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alemtuzumab results in the depletion of lymphocytes
through several mechanisms including cellular and
complement-mediated  cytolysis and induction of
apoptosis.'> "

Recent phase 3 clinical trials in relapsing-remitting
multiple sclerosis (MS) have indicated that alemtuzumab
administered as two annual courses of treatment (12 mg
intravenous on 5 consecutive days at study start and
3 days a year later) provided a greater clinical benefit
than interferon-fla (IFN-f1a) administered three times
per week (44 ug subcutaneously) in both treatment-naive
patients® and in patients who relapsed on previous
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therapy.”’ In addition, long-term follow up of patients
from a phase 2 study (CAMMS223) suggested that the
impact of alemtuzumab is long-lasting as it lowered the
risk of sustained accumulation of disability by 72% and
the rate of relapse by 69% compared with IFN-f1a for up
to 4 years after the last treatment.”” The mechanism by
which alemtuzumab exerts its therapeutic effect in MS is
not fully understood but may involve rebalancing of the
immune system through the depletion and repopulation
of lymphocytes. In clinical studies, the administration of
alemtuzumab results in rapid depletion of lymphocytes
from the circulation, which may reduce the inflammatory
processes associated with MS.>> This is followed by a dis-
tinctive pattern of lymphocyte repopulation with B cells
returning to baseline levels within 6 months and T-cell
counts rising more slowly, generally approaching the
lower limit of normal levels by 12 months post-
treatment.”* Clinical research findings suggest that
alemtuzumab alters the number, proportions and properties
of lymphocyte subsets during the repopulation process
including an enrichment in regulatory T (Treg) cells” **
and a shift in T-cell cytokine profile characterized by a
decrease in the production of the pro-inflammatory cyto-
kines IFN-y and interleukin-17 (IL-17) and an increase in
the anti-inflammatory cytokines IL-4, IL-10 and trans-
forming growth factor-f (TGF-$).2** Such changes may
lead to a rebalancing of the immune system that persists
long after clearance of the antibody and which may con-
tribute to the observed therapeutic benefit in MS patients.

The increase in the percentage of T cells with a regulatory
phenotype observed post-alemtuzumab is of particular
interest as Treg cells are considered to be important regula-
tors of the immune system.’® Treg cells are anergic and
function by suppressing T-cell responses in a dose-depen-
dent manner’' suggesting a potential impact of changes in
the ratio of Treg cells to effector T cells. Initially identified
by high expression of the IL-2 receptor (CD25) on the cell
surface, Treg cells are also characterized by expression of
the nuclear transcription factor Forkhead box protein 3
(Foxp3). Foxp3 expression correlates with suppressive
activity’> and mutations in Foxp3 result in severe autoim-
mune disease in both humans and mice.”>® Importantly,
several clinical studies have described a Treg cell deficit in
MS patients in terms of frequency or function.”” *' Studies
in animal models of experimentally induced MS also sup-
port the importance of Treg cells in central nervous system
inflammation (reviewed in ref. 42).

Since observations so far have been limited to pheno-
typic profiling of Treg cell surface markers post-
alemtuzumab, in vitro functional studies with human T
cells were conducted to determine whether T cells treated
with alemtuzumab and complement display regulatory
activity. Enrichment in T cells with a regulatory pheno-
type was also observed in vitro and the cells displayed the
functional characteristics of Treg cells such as anergy to
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allogeneic stimulation and ability to suppress autologous
T cells through both contact-dependent and contact-inde-
pendent mechanisms.

Materials and methods

Cell preparations

Peripheral blood mononuclear cells (PBMCs) from con-
senting normal donors were isolated by Ficoll density cen-
trifugation from peripheral blood. T cells were enriched
from PBMCs by negative selection with the Easysep T-cell
enrichment kit (Stemcell Technologies,Vancouver, Can-
ada). Stimulator dendritic cells (DCs) from a different
donor were prepared as previously described,* and stored
frozen. For consistency in stimulation, the same batch of
DCs was used throughout the study.

Complement-dependent cytolysis assay

Enriched T cells were incubated for 1 hr at 37° with
10 pug/ml alemtuzumab or control human IgG (Jackson
ImmunoResearch, West Grove, PA) and 10% (volume/
volume) normal human complement (Quidel, San Diego,
CA) at 2-5 x 10° cells/ml in complete AIM-V medium
(AIM-V supplemented with 10% fetal bovine serum, 100
units/ml penicillin-streptomycin, 2 mM glutamine and
50 um  f-mercaptoethanol; Life Technologies, Grand
Island, NY). At the end of the incubation period, the cells
were washed and resuspended in complete AIM-V med-
ium for flow cytometry analysis or functional assays.

Flow cytometry analysis

Samples were stained on ice with an antibody cocktail to
cell surface markers (CD3, CD4, CD8, CD127 and CD25)
(eBioscience, San Diego, CA) in PBS with 5% fetal bovine
serum, then washed in phosphate-buffered saline (PBS)
and resuspended in protein-free PBS containing live/dead
fixable blue dead cell staining dye (Life Technologies).
Intracellular Foxp3 staining was performed following
manufacturer’s instructions (eBioscience). Samples were
acquired using an LSRII flow cytometer (BD Biosciences,
San Jose, CA) and data were analysed using FLowjo soft-
ware v.7-6-5 (Tree Star, Ashland, OR). The live gate was
used to select the cells for analysis (the same gate was
used in both control IgG and alemtuzumab-treated
samples).

Cell sorting experiments

Enriched T cells from normal donors were labelled with
fluorescent dye-conjugated antibodies to CD25 and CD3.
As regulatory T cells express high levels of CD25, the top
10-12% of the CD3 cells that stained for CD25, were
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removed by sorting on a FACSAria II, and the remaining
enriched CD25" population (CD257) was collected.
CD25  cells or unsorted T cells were treated with ale-
mtuzumab or control IgG and complement as described
above and used as suppressors in mixed lymphocyte reac-
tion (MLR) assays or analysed by flow cytometry to
determine purity (on average 0-6% of the CD4 T cells in
the CD25" group expressed Foxp3).

Mixed lymphocyte reaction

An MLR was used to evaluate the ability of ale-
mtuzumab-exposed T cells to respond to allogeneic stim-
ulation or to inhibit the response of autologous T cells to
allogeneic DC stimulation. Allogeneic DCs were irradiated
and used as stimulators at a 1 : 10 ratio to the total num-
ber of cells in the well. Untreated T cells or T cells
exposed to complement and alemtuzumab or control IgG
were plated at 50 000 viable cells per well. In suppression
MLR assays, alemtuzumab or control IgG-exposed T cells
(suppressors) were added to autologous untreated T cells
(responders) at an equal ratio. To account for the num-
ber of dead cells present along with the live ale-
mtuzumab-exposed cells, total cell numbers in the wells
of the control groups were normalized by supplementing
with irradiated autologous donor PBMCs. The irradiated
cells alone did not proliferate significantly in response to
allogeneic stimulation — typically ~ 1000 counts/minute
(cpm). Cultures were incubated in complete AIM-V med-
ium in 96-well plates for 5 days. In some experiments,
100 pg/ml anti-human TGF-f (GC-1008 Fab, Genzyme,
Cambridge, MA) or 50 IU/ml recombinant human IL-2
(eBioscience) was added to the suppression assays at initi-
ation and after 72 hr. To evaluate the cell-cell contact
dependency of suppression, some MLR assays were per-
formed in 0-4 um Corning HTS transwell plates (Sigma,
St Louis, MO). In these assays, 50 000 live responder T
cells were cultured in the lower wells together with stimu-
lator allogeneic DCs while alemtuzumab or control IgG-
exposed suppressors were incubated with allogeneic DCs
in the transwell insert. In mixed culture controls, all cells
were incubated in the lower wells. In all MLR assays, pro-
liferation was measured after 5 days of culture by addi-
tion of 0-5-1 uCi [’H]thymidine (Perkin Elmer,
Waltham, MA) to the bottom wells for 8-18 hr. Cells
were then harvested onto filter plates and incorporated
[3H]thymidine was measured with a Wallac microbeta
counter (Perkin Elmer). Values of cpm were exported
into ExceL and analysed in GRAPHPAD PRISM software v5
(GraphPad Software Inc., San Diego, CA).

Statistical analysis
Data analysis was performed using GRAPHPAD PRISM soft-

ware v5 (GraphPad Software Inc.), and data are presented

© 2013 John Wiley & Sons Ltd, Immunology, 141, 123-131

Effect of alemtuzumab on Treg cells

as mean + SEM cpm. Unpaired t-tests were used to
determine the P value (P < 0-05 was considered statisti-
cally significant).

Results

Complement-dependent cytolysis by alemtuzumab
in vitro results in an increase in the percentage of
CD4 T cells with a FoxP3" regulatory phenotype

Treatment of MS patients and human CD52 transgenic
mice with alemtuzumab results in an increase in the per-
centage of T cells with a regulatory phenotype (Treg
cells).'®*® To study this phenomenon in vitro, purified
human T cells were exposed to alemtuzumab or control
human IgG in the presence of complement to induce
complement-dependent cytolysis, one of the mechanisms
involved in lymphocyte depletion by alemtuzumab.***
The cultures were then analysed by flow cytometry to
assess the frequency of CD4" T cells expressing Foxp3™.
Results obtained with 11 separate donors indicated that,
while exposure to alemtuzumab and complement resulted
in a marked overall depletion of CD4" T cells, the fre-
quency of Foxp3-expressing cells in the remaining live
CD4" T-cell population was significantly increased com-
pared with that observed with control IgG (Fig. 1)
(P < 0:0001). The mean percentage of Foxp3" CD4" T
cells was 465+ 3-9% in the alemtuzumab-exposed
group compared with 3-8 £ 0-4% in the control IgG
group, amounting to an average 13-fold increase in the
frequency of T cells with a regulatory phenotype. The
CD4" FoxP3" T-cell population was also evaluated for
additional Treg cell markers including CD25 and CD127.
As expected, these cells also expressed high levels of
CD25 and low levels of CD127, consistent with a Treg
cell phenotype (data not shown). These results indicate
that the increased ratio of CD4" Treg cells observed post-
alemtuzumab in vivo can be reproduced in vitro.

Alemtuzumab-exposed T cells display functional Treg
cell characteristics

To determine whether the observed increase in T cells
with a regulatory phenotype also correlated with an
increase in Treg cell function, the activity of ale-
mtuzumab-exposed T cells was tested in standard Treg
cell assays (n =6 donors). First, equal numbers of live
cells from cultures exposed to alemtuzumab or control
human IgG and complement, as well as untreated T cells,
were compared for their ability to respond to stimulation
with allogeneic DCs in a MLR. The proliferative response
was measured by [’H]thymidine incorporation after
5 days of culture. As expected, control IgG-exposed
T cells and untreated T cells proliferated strongly
in response to stimulation with allogeneic DCs
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Figure 1. Alemtuzumab and complement treatment results in the
enhanced frequency of Foxp3" cells in the live CD4 T-cell popula-
tion. Enriched human T cells were exposed in vitro to complement
and 10 ug/ml alemtuzumab or control IgG and then stained for cell
surface markers, live dead exclusion dye and Foxp3. (a) Representa-
tive dot plots of the frequency of Foxp3™ cells in the live CD4 T-cell
population of control IgG or alemtuzumab -exposed T cells. (b)
Graph representing the frequency of Foxp3" cells in the live CD4 T-
cell population of control IgG or alemtuzumab-exposed T cells
(n = 11 donors).

(64 327 + 6748 and 63 678 £ 6575 cpm, respectively)
(Fig 2a). In contrast, alemtuzumab-exposed T cells
showed background levels of proliferation when stimu-
lated with allogeneic DCs (1278 + 327 cpm). These
results indicate that alemtuzumab-exposed CD4" T cells
are largely anergic to allogeneic stimulation.

Next, the suppressive activity of alemtuzumab-exposed
T cells was also tested in mixed lymphocyte cultures. In
these studies, alemtuzumab- or control IgG-exposed T
cells were incubated with autologous responder T cells at a
ratio of 1 : 1 and the cultures were stimulated with alloge-
neic DCs. Cultures of responder T cells alone were also
stimulated with allogeneic DCs as an additional control.
Proliferation was measured after 5 days of incubation. As
shown in Fig. 2(b), responder T cells cultured with autolo-
gous alemtuzumab-exposed T cells showed significantly
reduced levels of proliferation in response to allogeneic
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Figure 2. Alemtuzumab-exposed T cells are characterized by anergy
and suppression of responses of autologous T cells to allogeneic den-
dritic cells (DCs). Purified T cells exposed to alemtuzumab or IgG
and complement were incubated with allogeneic DCs in a mixed
lymphocyte reaction (a), or co-cultured with allogeneic DCs and
autologous T cells at 1 : 1 ratio to assess their suppressive activity
(b). Proliferation was determined by [*H]thymidine incorporation
after 5 days of culture. Symbols represent the mean counts/min
(cpm) of triplicate wells from each individual donor, and lines repre-
sent the mean = SEM of six donors.

stimulation when compared with responder T cells incu-
bated alone (17 734 £ 5041 versus 63 678 + 6575 cpm,
respectively; P = 0-0002). By comparison, co-cultures of
responder T cells and control IgG-exposed T cells actually
displayed greater levels of proliferation compared with
responder T cells alone (98 530 + 6986 cpm) reflecting
the combined proliferative response of both cell popula-
tions. These results indicate that T-cell cultures exposed to
alemtuzumab not only show an increase in the percentage
of cells with a Treg phenotype (FoxP3") but also display
regulatory activity as evidenced by their anergy to

© 2013 John Wiley & Sons Ltd, Immunology, 141, 123-131



allogeneic stimulation and ability to suppress the response
of autologous T cells.

CD25" T cells are required for suppression

Enriched T-cell cultures exposed to alemtuzumab and
complement display an average of 46-5% T cells with a
regulatory phenotype (Fig 1) and therefore contain other
cell types that could potentially contribute to the suppres-
sive activity of the cultures. To confirm the contribution
of Treg cells, CD3" CD25" T cells (Treg population)
were removed by cell sorting before exposure to ale-
mtuzumab or control IgG and complement. The resulting
CD25"-depleted (CD257) cell population was then
compared with an unsorted population for its ability to
suppress an MLR as described (Fig. 3a). As observed pre-
viously, alemtuzumab-exposed T cells mediated signifi-
cant inhibition of responses compared with the IgG
control (Fig 3b; P = 0-0006, n = 3). In contrast, ale-
mtuzumab-exposed T cells depleted of CD3" CD25"
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Figure 3. CD25™ T cells are required for suppression. CD25~ sorted
T cells and total T cells were exposed to alemtuzumab or control
IgG + complement and were then incubated at a 1: 1 ratio with
autologous T cells in mixed lymphocyte reaction assays to assess
suppressive activity. Proliferation was measured by [*H]thymidine
incorporation after 5 days of culture. (a) Schematic representation of
the generation of T cells used in the suppressor assay, (b) Bar graphs
represent the mean cpm + SEM of three individual donors.
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T cells lost their suppressive activity and behaved in a
similar way to control IgG-exposed T cells (Fig. 3b;
P =09716, n=3). These results confirm that the
suppressive activity of T-cell cultures exposed to ale-
mtuzumab resides primarily in the Treg cell population.
As expected, there was no statistically significant differ-
ence in the proliferation obtained with the control IgG-
exposed CD25 T suppressor group compared with
the unfractionated IgG-exposed T suppressor group
(P =0-131).

Suppression by alemtuzumab-exposed T cells is
mediated by both contact-dependent and
contact-independent mechanisms

Next, we sought to characterize the mechanism by which
alemtuzumab-exposed T cells mediate their suppressive
activity. Treg cells have been reported to exert their sup-
pressive function through both contact-dependent mecha-
nisms and through soluble factors.*>*® In a first set of
studies, the contact dependence of the suppression was
investigated using a transwell system whereby responder
T cells and stimulatory allogeneic DCs were either cul-
tured in direct contact with alemtuzumab-exposed T cells
or were separated by a transwell membrane. As shown in
Fig 4(a), there was strong suppression of the proliferation
of responder T cells cultured in direct contact with ale-
mtuzumab-exposed T cells (7906 + 1256 cpm). The sup-
pression was only partially relieved when the cells were
separated by a transmembrane (15 714 £ 2515 cpm) and
the response did not reach the level of proliferation
observed with responder T cells similarly separated from
control IgG-exposed T cells (35 517 + 7876 cpm). As
observed previously, direct co-culture of responder T cells
and control IgG-exposed T cells resulted in higher levels
of proliferation (83 105 £ 3938 cpm), reflecting the abil-
ity of both populations to respond to allogeneic stimula-
tion. These results suggest that the suppressive activity of
alemtuzumab-exposed T cells is only partially mediated
by cell-to-cell contact and that other mechanisms are
involved.

Several contact-independent mechanisms have been
implicated in the activity of Treg cells, including IL-2
consumption as well as production of anti-inflammatory
TGF-B.*” Regulatory T cells express high levels of the IL-2
receptor (CD25™) such that consumption of IL-2
required for T-cell proliferation can contribute to their
suppressive activity.* The ability of recombinant human
IL-2 to reverse the suppression exerted by alemtuzumab-
exposed T cells was therefore tested to assess the potential
contribution of IL-2 deprivation (Figure 4b). The addi-
tion of IL-2 to co-cultures of responder T cells and ale-
mtuzumab-exposed T cells resulted in a statistically
significant increase in proliferation compared with non-
supplemented control cultures (61 473 £ 7404 versus
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Figure 4. Suppression by alemtuzumab-exposed T cells is mediated by
both contact-dependent and contact-independent mechanisms. T cells
exposed to alemtuzumab or control IgG and complement were incu-
bated at 1 : 1 ratio with autologous T cells in mixed lymphocyte reaction
assays to assess suppressive activity. (a) Contact dependency was tested
in transwell plates where responders and suppressors were separated by a
transwell membrane (TW) or were mixed together in the lower wells
(contact). The contribution of soluble factors was tested in suppression
assays with (+) or without (—) addition of 50 IU/ml recombinant
human interleukin-2 (IL-2) (b) or 100 pg/ml anti-human transforming
growth factor f# (TGF-f) Fab (c). Symbols represent the mean counts/
min (cpm) value of triplicate wells from individual donors, and the lines
represent the mean & SEM of three or four donors.

22 841 &+ 4546 cpm, respectively; P = 0-0043; n = 4).

This observation suggests that IL-2 deprivation may play
at least a partial role in the suppressive activity of
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alemtuzumab-exposed T cells. The addition of IL-2 also
mediated an increase, although not statistically significant,
in the proliferation of co-cultures of responder T cells
and control IgG-exposed T cells (194 543 + 26 884 cpm
with IL-2 versus 109 296 £ 22 608 cpm without IL-2;
P =0-0514; n = 4).

Production of TGF-f by Treg cells has also been
reported to contribute to their suppressive activity, and
we therefore evaluated the impact of TGF-f neutraliza-
tion on the suppressive activity of alemtuzumab-exposed
T cells. The addition of an antibody capable of neutraliz-
ing all three isotypes of TGF-B* to co-cultures of respon-
der T cells and alemtuzumab-exposed T cells failed to
significantly increase the level of proliferation (41 099 £
13 124 cpm with antibody versus 22 841 £ 4546 cpm
without antibody; P = 0-2367; n = 4). These results sug-
gest that secretion of TGF-f does not play a significant
role in the suppressive activity of alemtuzumab-exposed
T cells in this assay. Interestingly, neutralization of TGF-f
in co-cultures of responder T cells and control IgG-exposed
T cells resulted in a statistically significant increase in pro-
liferation (P = 0-0469; 109 296 + 22 608 cpm without
antibody versus 184 482 £ 19 935 cpm with antibody)
suggesting that endogenous production of TGF-f in these
cultures limited the magnitude of the proliferative response.

Discussion

Recent clinical studies in MS patients suggest that ale-
mtuzumab can provide a durable clinical benefit extend-
ing for several years after the last course of treatment.”’ >
While the immediate lymphocyte depletion exerted by
alemtuzumab probably contributes to its mechanism of
action, disease control is maintained in the face of lym-
phocyte repopulation, suggesting that fundamental
changes are taking place during the repopulation process
leading to a potential ‘rebalancing’ of the immune system.
Indeed, several alterations in the proportions and proper-
ties of lymphocyte subsets have been described in MS
patients post-alemtuzumab, which may contribute to its
long-term effect. For example, changes in the T-cell cyto-
kine profile from a pro-inflammatory to a less inflamma-
tory pattern, increases in the percentage of T cells with a
regulatory phenotype®® and the development of T cells
producing neurotrophic factors®® have all been reported
and have been hypothesized to play a potential role in
the mechanism of action of alemtuzumab. On the other
hand, a significant proportion of MS patients treated
with alemtuzumab (~ 30%) have been found to develop
secondary autoimmune conditions (primarily thyroid-
related) even while experiencing an MS clinical
benefit, indicating that individuals do not respond in a
homogeneous fashion. In a recent report, soluble CD52
‘shed’ by activated T cells was described to play an
immune suppressive role by binding to Siglec 10 on effec-
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tor T cells and the authors suggested that depletion of
CD52"" T cells by alemtuzumab may represent a poten-
tial mechanism for the development of secondary autoim-
munity in MS patients.”’ However, under clinical
conditions, treatment with alemtuzumab results in the
simultaneous depletion of both CD52"¢" T cells as well
as CD52" effectors of autoimmunity, along with an
increase in the percentage of conventional regulatory T
cells.”® The biological significance of these in vitro find-
ings therefore remains to be determined.

In this study, we have focused on the observed impact of
alemtuzumab treatment on the percentage of Treg cells as
they are known to play an important role in the control of
autoimmunity and Treg cell defects have been reported in
MS patients.”” *' In MS clinical trials, T-cell depletion
associated with a significant increase in the percentage of
Treg cells has been observed by several investigators lasting
up to approximately 6 months post-alemtuzumab and gen-
erally returning to baseline levels by 9 months.***® The
same pattern of increase in Treg cell frequency followed by
a gradual return to baseline was also observed after a sec-
ond course of alemtuzumab at 12 months.*® Interestingly,
similar increases in Treg cell frequency lasting up to 2 years
have also been reported in the context of kidney transplan-
tation when alemtuzumab was used as a conditioning
agent.”® Tt has been postulated that such changes in the
ratio of Treg to T effector (Teff) cells may restore the bal-
ance between pathogenic and regulatory T cells and poten-
tially contribute to the long-term control of disease.

To date, profiling of Treg cells in MS patients treated
with alemtuzumab has been limited to flow cytometry
and staining for characteristic markers. We therefore con-
ducted in vitro studies to assess the functionality of these
cells. Treatment of purified human T lymphocytes with
alemtuzumab and complement resulted in robust overall
lysis of T cells via complement-dependent cytolysis, one
of the principal mechanisms of lymphocyte depletion by
alemtuzumab.*** Interestingly, FoxP3™ CD4 T cells were
depleted to a lesser extent than other CD4 T cells in the
culture, leading to a relative increase in the percentage of
Treg cells. This phenomenon mirrors in vivo clinical
observations and was reproduced with 11 donors (Fig. 1).
A similar increase in the percentage of Treg cells at the
nadir of lymphocyte depletion (3 days post-ale-
mtuzumab) was observed in human CD52 transgenic
mice, also suggesting that a relative sparing of Treg cells
may be occurring.'® In MS clinical studies, patient sam-
ples were generally collected 1 month or longer after ale-
mtuzumab exposure, such that the observed increase in
the percentage of Treg cells could also result from prefer-
ential expansion or de novo generation of these cells in
the repopulating immune cells.*®** The reason for the
differential susceptibility of Treg cells to depletion by ale-
mtuzumab in vitro remains unclear. Treg cells appear to
express levels of CD52 comparable to those of other T
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cells.”® Likewise, the expression pattern of the comple-
ment inhibitory proteins CD46, CD55 and CD59 on Treg
cells did not suggest enhanced protection by these pro-
teins against the complement lysis pathway (unpublished
results). In fact, isolated Treg cells (CD127'"/"<8) exposed
to alemtuzumab and complement were capable of under-
going complete lysis when cultured alone, indicating that
they are not intrinsically resistant to complement-depen-
dent cytolysis (results not shown). It is possible that other
factors, such as the potentially reduced antibody exposure
of this low-frequency population within PBMCs, may
play a role. Interestingly, a similar sparing of Treg cells
has also been reported in vivo in mice treated with anti-
CD3 antibody via an as yet undefined mechanism.”>"
We next determined whether the increased phenotypic
ratio of CD4" Treg cells post-alemtuzumab correlated
with an increase in Treg cell function. Treg cells charac-
teristically display anergy to allogeneic stimulation along
with the ability to suppress the proliferative response of
other T cells in an MLR.>"**** The results indicated that
alemtuzumab-exposed T cells, in contrast to control IgG-
exposed T cells, were in fact anergic and did not prolifer-
ate in response to stimulation with allogeneic DCs
(Fig 2a). The observed anergy was not a result of a loss
of viability and the cells were able to proliferate in
response to polyclonal stimulation with anti-CD3 (data
not shown). Nor could the lack of response to allogeneic
DCs be attributed to the presence of residual ale-
mtuzumab in the assay, because direct addition of ale-
mtuzumab to normal T-cell cultures (in the absence of
complement) did not affect proliferation.”® Finally, ale-
mtuzumab-exposed T cells were also found to suppress
the proliferation of autologous T cells to allogeneic stim-
ulation in mixed lymphocyte cultures consistent with the
properties of Treg cells (Fig. 2b). Taken together, these
results indicate that the observed increase in the percent-
age of T cells with a regulatory phenotype post-ale-
mtuzumab is also accompanied by increased regulatory
activity. Removal of CD25" cells from the T-cell popula-
tion before alemtuzumab treatment resulted in a loss of
suppressive activity, confirming that Treg cells are in fact
the mediators of suppression in these cultures (Fig 3).
Treg cells can mediate suppression through several
mechanisms, including contact-dependent and contact-
independent mechanisms such as competition for growth
factors and production of inhibitory cytokines.*>™*” As
reported in previous studies of Treg cells,””*® the suppres-
sive activity of alemtuzumab-exposed T cells appeared to
be in part mediated through cell—cell contact as it was par-
tially reversed when responder cells were separated by a
transwell membrane (Fig. 4a). The incomplete reversal of
suppression suggested that other contact-independent
mechanisms were also involved. Treg cell competition for
IL-2, which is required for proliferation of conventional T

48,54,59,60

cells, appeared to be a factor as the addition of

129



E. Havari et al.

IL-2 to co-cultures of alemtuzumab-exposed T cells and
responder T cells partially relieved suppression and
increased proliferation (Fig. 4b). Production of the inhibi-
tory factors TGF-f and IL-10 has also been reported to play
a role in the suppressive activity of Treg cells in vivo.*>°'
However, in our in vitro setting, antibody neutralization of
TGF-p failed to restore proliferation of responder cells cul-
tured with alemtuzumab-exposed T cells. Interestingly,
there was a significant increase in proliferation in co-cul-
tures of responder T cells and IgG control-exposed T cells,
suggesting that endogenous production TGF-f in these
cultures was limiting the potential for proliferation and
confirming the neutralizing activity of the antibody. We
were unable to detect the presence of IL-10 in our cultures
and it is therefore unlikely that this cytokine played a role
in suppression (data not shown). While it is possible that
other untested pathways may also contribute to the regula-
tory activity of alemtuzumab-exposed T cells, our results
suggest that both contact-dependent and contact-indepen-
dent mechanisms are involved.

Several immunological changes have been observed to
take place during the lymphocyte repopulation process
that follows alemtuzumab treatment. Although the bio-
logical significance of an increase in the percentage of
functionally active Treg cells post-alemtuzumab remains
to be determined, the importance of Treg cells in control-
ling autoimmunity is well-described. An increase in the
Treg/Teff ratio at a crucial time during lymphocyte
repopulation could conceivably play a role in promoting
the long-term control of disease in MS patients.
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