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The Journal of Immunology

Differential Reconstitution of T Cell Subsets following
Immunodepleting Treatment with Alemtuzumab (Anti-CD52
Monoclonal Antibody) in Patients with Relapsing—Remitting
Multiple Sclerosis

Xin Zhang,""1 Yazhong Tao,*! Manisha Chopra,* Mihye Ahn,T Karen L. Marcus,*
Neelima Choudhary,* Hongtu Zhu,”* and Silva Markovic-Plese*

Alemtuzumab (anti-CD52 mAb) provides long-lasting disease activity suppression in relapsing-remitting multiple sclerosis
(RRMS). The objective of this study was to characterize the immunological reconstitution of T cell subsets and its contribution to
the prolonged RRMS suppression following alemtuzumab-induced lymphocyte depletion. The study was performed on blood
samples from RRMS patients enrolled in the CARE-MS 1I clinical trial, which was recently completed and led to the submission of
alemtuzumab for U.S. Food and Drug Administration approval as a treatment for RRMS. Alemtuzumab-treated patients
exhibited a nearly complete depletion of circulating CD4* lymphocytes at day 7. During the immunological reconstitution,
CD4*CD25*CD127"" regulatory T cells preferentially expanded within the CD4* lymphocytes, reaching their peak expansion
at month 1. The increase in the percentage of TGF-f1-, IL-10—, and IL-4-producing CD4" cells reached a maximum at month 3,
whereas a significant decrease in the percentages of Thl and Th17 cells was detected at months 12 and 24 in comparison with the
baseline. A gradual increase in serum IL-7 and IL-4 and a decrease in IL-17A, IL-17F, IL-21, IL-22, and IFN-y levels were
detected following treatment. In vitro studies have demonstrated that IL-7 induced an expansion of CD4*CD25*CD127"" regu-
latory T cells and a decrease in the percentages of Th17 and Thl cells. In conclusion, our results indicate that differential
reconstitution of T cell subsets and selectively delayed CD4™ T cell repopulation following alemtuzumab-induced lymphopenia

may contribute to its long-lasting suppression of disease activity. The Journal of Immunology, 2013, 191: 5867-5874.

lemtuzumab is a humanized mAb directed against human
A glycosylated GPI-linked CDS52 cell surface protein (1).

As an effective lymphocyte-depleting therapy, it has
been evaluated as a treatment for rheumatoid arthritis (2), chronic
lymphocytic leukemia (3), T cell prolymphocytic leukemia (4),
and as an conditioning agent prior to bone marrow (5) and kidney
transplantation (6). Anti-CD52 mAb treatment has been studied
during the past years as one of the medications with the longest
lasting effect against multiple sclerosis (MS) (7). It depletes T and
B lymphocytes and, to a lesser extent, monocytes, macrophages,
dendritic cells, and NK cells via Ab-dependent cellular cytotox-
icity, complement-induced cell lysis (8—11), and the induction of
apoptosis (12). Although effectively depleting all CD52-bearing
cells, this immunodepleting therapy does not affect hematopoietic
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stem cells (13), and thus the potential for an immune response
reconstitution is preserved. The long-lasting clinical disease sup-
pression and an improvement in disability measures (14) have led
to the hypothesis that in addition to the immune cell depletion, the
subsequent repopulation of CD4" cells may contribute to de-
creased new brain lesion formation, which has been consistently
demonstrated by brain magnetic resonance imaging scans in phase
IT and III clinical trials (15). Although several studies have dem-
onstrated predominant memory cell reconstitution, there are no
available data on the reconstitution of individual T cell subsets,
which may contribute to the prolonged therapeutic effect.

In a phase II, randomized clinical trial (14), alemtuzumab was
given in an initial 5-d infusion, followed at 12 mo by a 3-d infu-
sion. However, its efficacy persisted during the 36 mo of the trial,
and for a subset of patients as long as 5 y (16). Based on the
positive results of the recently completed phase III studies (15,
17), an application for the approval of alemtuzumab as a treatment
for relapsing—remitting MS (RRMS) has been submitted to the
U.S. Food and Drug Administration.

In contrast to its documented efficacy, alemtuzumab’s mechanisms
of action are not fully understood. In the present study, using blood
samples from patients enrolled in the CARE-MS II phase III clinical
trial, we have examined the cellular and molecular mechanisms of
alemtuzumab-induced long-lasting immunomodulatory effects.

Materials and Methods
Study subjects

Ten RRMS patients who were randomized to alemtuzumab and four to
control IFN-B1a therapy in the CARE-MS II clinical trial were enrolled in
this laboratory study. An additional four RRMS patients were enrolled in
the extension study. Alemtuzumab was administered via i.v. infusion (12
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mg/d) for 5 consecutive days, and again after 12 mo for 3 d, whereas IFN-
Bla treatment was given subcutaneously (44 pg three times a week). The
study duration was 24 mo. In the extension phase of the study, four patients
initially randomized to the IFN-B1a treatment were treated with alemtu-
zumab using the same regimen as in the initial 2-y study. All patients
signed an Institutional Review Board—-approved consent form.

Twenty-five untreated RRMS patients were enrolled in the in vitro study.
The inclusion criteria consisted of a RRMS diagnosis (18); the exclusion
criteria were treatment with immunomodulatory or immunosuppresive
therapy as reported previously (19).

Flow cytometry

Peripheral blood samples were collected from 10 RRMS patients randomized
to alemtuzumab and 4 to control IFN-B1la therapy in the CARE-MS II
clinical trial at baseline and months 1, 3, 6, 12, and 24 after therapy. In an
extension study, peripheral blood samples were collected from four patients
at baseline and at day 7 as well as at months 1, 2, 3, and 6 after alemtu-
zumab therapy. For these ex vivo studies, fresh PBMCs were separated
using Ficoll gradient. Surface markers were stained with fluorescein-
conjugated Abs against CD52 (Santa Cruz Biotechnology), CD4, CD8,
CD45RA, CD45R0O, CD25, CD127, GITR (BD Biosciences), and CD39
(eBioscience) on the nonmanipulated cells. Intracellular staining was per-
formed after stimulation with PMA (50 ng/ml) and ionomycin (500 ng/ml)
(Sigma-Aldrich) for 2 h, and brefeldin A (1:1000 dilution) (eBioscience)
was added for an additional 3 h. Cells were fixed, permeabilized, and stained
with fluorescein-conjugated Abs against IL-17A, IFN-vy, IL-4, FOXP3,
granzyme B, perforin (eBioscience), TGF-B1 (LifeSpan BioSciences), IL-10,
and CD4 (BD Biosciences). The percentages of cells expressing each mol-
ecule in gated T cells were determined using a BD FACSCalibur flow
cytometer and CellQuest software (BD Biosciences).

For the in vitro studies, PBMCs from untreated RRMS patients were
cultured in the absence or presence of IL-7, IL-2, or TGF-B1 (R&D
Systems) for 10 d (or additional time points as stated) at the indicated
concentrations. Where indicated, PBMCs were stained with CFSE (eBio-
science) before culturing. Cells were washed and stained with fluorescein-
conjugated Abs against CD4, CD25, and CD127 (BD Biosciences) and for
intracellular cytokines, as described above.

ELISA

Serum samples were collected from four patients in the extension phase of
the study at baseline and at day 7 and months 1, 2, 3, and 6 after alem-
tuzumab treatment. IL-17A, IL-17F, IL-21, IL-22, IL-9, IL-23, IL-7, IL-15
(eBioscience), IFN-vy, IL-4, TGF-B1, IL-10, TNF-a, IL-1B, IL-6, IL-
12p70, IL-2 (BD Biosciences), IL-11, and IL-27 (R&D Systems) were
measured in duplicate by ELISA. The sample incubation was for 24 h at
4°C, and the detection Ab incubation was for 2 h at room temperature.

Western blotting

CD4* T cells were isolated from PBMCs collected from three untreated
RRMS patients using CD4 microbeads (Miltenyi Biotec) and cultured in
the absence or presence of IL-7 (100 ng/ml) for 30 min, 1, 2, 4, and 24 h.
Cell lysates were denatured in SDS, resolved by 7.5 or 10% SDS-PAGE,
and incubated with Abs against pSTAT1, STAT1, pSTAT3, STAT3,
pSTATS, STATS, pSTAT6, STAT6 (Cell Signaling Technology), T-bet,
FOXP3 (Santa Cruz Biotechnology), and tubulin (Sigma-Aldrich), fol-
lowed by secondary Ab incubation (20). The protein bands were quantified
using an Odyssey infrared imaging system (LI-COR Biosciences).

Statistics

For the longitudinal data analysis, where each individual provided blood
samples for repeated measurements over time, we applied the gener-
alized estimating equation (GEE) E(y;)) = By + B2Time, + ... + Brlime;
for/=1,...,Nandj=1, ..., T, where y;; is the measurement of the ith
subject at the jth time point, N is the number of subjects, 7'is the number
of repeated measurements for each subject, and Time;; is an indicator vari-
able that is 1 if j = k and otherwise is O for k = 1. In this study, we have
compared the difference between baseline and the next time points. To test
whether the change was significantly different, we carried out the tests of the
parameters s in the GEE formulation. The GEE analyses were implemented
using SAS 9.3 software (SAS Institute, Cary, NC) using the GENMOD
procedure.

The comparisons between two groups were performed using paired or
unpaired 7 tests. Linear correlation analysis was performed using GraphPad
InStat software (GraphPad Software). Repeated-measures ANOVA was
used for the comparisons between multiple groups also using GraphPad
InStat software.

Results
Alemtuzumab treatment effectively depletes lymphocytes, with
delayed reconstitution of CD4™ T cells

To characterize the cellular and molecular mechanisms of the long-
lasting immunomodulatory effects induced by alemtuzumab, we
studied PBMCs from 10 RRMS patients enrolled in the CARE-MS
II clinical trial who were randomized to alemtuzumab and 4 patients
randomized to IFN-B1a control therapy. Flow cytometry studies
were performed on fresh cells to determine the expression of mul-
tiple surface markers and intracellular cytokines at baseline and at
months 1, 3, 6, 12, and 24 after therapy.

Alemtuzumab significantly decreased the absolute numbers
of lymphocytes, both CD4* and CD8”, with a significant depletion
persisting up to 12 mo after treatment (Fig. 1A). Following
treatment, the percentage of lymphocytes within the PBMCs had
significantly decreased at months 1-6 and gradually returned to
baseline at month 12 (Fig. 1B). The percentage of CD4" and CD8*
T cells in gated lymphocytes was decreased at month 1 and re-
mained significantly decreased in the case of CD4™ cells for 24 mo
(Supplemental Fig. 1), whereas the relative number of CD8"
T cells normalized at month 3 (Fig. 1B). These results reveal
alemtuzumab’s effective depletion of lymphocytes, with signifi-
cantly decreased absolute numbers of both CD4 and CD8 cells up
to 12 mo, but with selectively delayed reconstitution of only the
CD4" cell percentage within the lymphocytes.

To identify the nadir of alemtuzumab-mediated depletion and the
onset of the reconstitution phase, we enrolled an additional four
RRMS patients participating in the CARE-MS II extension study.
We found that at day 7 after alemtuzumab treatment, the percentage
of CD4* and CD8" T cells in lymphocytes had decreased by 99.8
and 98.5%, respectively, with the onset of reconstitution evident at
month 1 (Fig. 1C).

Alemtuzumab treatment induces nearly complete depletion of
memory T cells, which is followed by their preferential
expansion during the immune reconstitution

We next examined the alemtuzumab-induced depletion and sub-
sequent reconstitution of naive and memory T cells. One month
after treatment, there was a significant decrease in the percentage of
naive CD45RA™ cells in both CD4* and CD8" lymphocytes, ac-
companied by a predominant expansion of CD45RO* memory
cells (Fig. 2A, 2B).

To address whether CD52* memory cells are preferentially
lysed and subsequently expanded, or are spared during the
alemtuzumab-mediated T cell lysis, we determined their relative
percentages at an earlier time point (day 7 after therapy) in four
patients enrolled in the extension phase. Our results confirm that the
memory cells were depleted at day 7 and then preferentially ex-
panded during the homeostatic proliferation, whereas the percentage
of residual naive T cells remained elevated on day 7, followed by
a rapid decrease at month 1 after therapy (Fig. 2C).

Immunological reconstitution following alemtuzumab
treatment is characterized by relative expansion of CD4*
CD257CDI27"" regulatory T cells and subsequent expansion
of TGF-B and IL-10-producing CD4" cells

We further examined the effects of alemtuzumab on CD4*CD25*
CDI127"Y (T-regulatory cell [Treg]), Thl, Th2, and Th17 T cell
subsets, which displayed a similarly high baseline expression of
CD52 (data not shown). Following nearly complete depletion of
all CD4™ T cells at day 7, individual T cell subsets showed dif-
ferential reconstitution patterns. We observed a significant in-
crease in the percentage of CD4*CD25*CD127"" Treg cells,
which peaked at month 1 (Fig. 3A, 3B). Because CD4*CD25"
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FIGURE 1. Alemtuzumab treatment significantly depletes lymphocytes, with a long-lasting depletion of CD4™ T cells. (A) Absolute numbers of
lymphocytes, CD4" cells, and CD8" cells at baseline and at indicated time points following alemtuzumab therapy. Graphs present median values + SD at
each time point. (B) Changes in the percentages of lymphocytes within the PBMCs and CD4* and CD8* cells within the gated lymphocytes from 10 RRMS
treated patients at baseline and at indicated time points following alemtuzumab treatment. (C) Percentages of CD4" and CD8" T cells were determined in
a lymphocyte-gated population in four RRMS patients enrolled in the extension phase of the study at baseline and at day 7 and months 1, 2, 3, and 6
following alemtuzumab treatment. Statistical analysis was performed using GEE. *p < 0.05, *** p < 0.001.

CDI127"% cells are not detectable at 7 d after alemtuzumab treat-
ment, we conclude that their relative percentage increase at month 1
reflects their homeostatic proliferation. The in vivo—expanded CD4*
CD25"CD127" Treg cells following alemtuzumab treatment in
patients in the extension phase (baseline and day 7 to month 6 after
treatment) maintained an immunosuppressive FOXP3"CD39"gran-
zyme"TGF-B17 phenotype (Fig. 3C), which has a documented
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regulatory function in human in vitro studies (21-23). However,
owing to a low CD4*CD25*CD127"" cell number in alemtuzumab-
treated lymphodepleted patients, we did not examine their function,
and thus their suppressive capacity was not confirmed.

Our study for the first time demonstrates that alemtuzumab
treatment induces an incremental increase in the percentage of
TGF-B1 and IL-10-producing CD4™ T cells (Fig. 3D, 3E), which
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FIGURE 3. CD4*CD25"CD127"" Treg cells expand during immunological reconstitution, followed by an expansion of TGF-B and IL-10-secreting
CD4" cells. (A) Representative CD4*CD25*CD127"" Treg cell staining at baseline and multiple time points after alemtuzumab therapy from one treated
patient. (B) Graph presents percentages of Treg cells within the CD4* lymphocytes at baseline and multiple time points after therapy in 10 patients. (C)
Phenotype of CD4*CD25*CD127" Treg cells at baseline and month 1 after therapy. The figure represents one of four similar experiments. (D) Repre-
sentative intracellular cytokine staining for TGF-B1 and IL-10 from 1 of 10 treated patients. (E) The graphs present percentages of TGF-B1 and IL-10"
CD4" cells at baseline and indicated time points after therapy. Statistical analysis was performed using GEE. *p < 0.05, ***p < 0.001.

peaked at 3 mo, as well as an increase in the percentage of CD8"
cells producing TGF-B1 and IL-10, which peaked at month 12 and
month 6, respectively (data not shown). Changes in the percentage
of CD4*CD25*CD127'°Y Treg cells positively correlated with the
percentage of TGF-B1-producing CD4™ T cells during the 12-mo
treatment period (r = 0.404, p = 0.004).

We determined that a control treatment with IFN-B1a, which did
not induce changes in the absolute lymphocyte numbers or the
relative expansion of Treg or TGFR*CD4™" cells, induced a sig-
nificant increase in the percentage of IL-10—producing CD4" and
CD8* T cells (data not shown). However, the magnitude of in-
crease of IL-10-secreting CD4* T cells was at all time points
lower than in the alemtuzumab-treated patients, consistent with
a significantly higher efficacy of the alemtuzumab treatment.

Immune reconstitution following alemtuzumab treatment is
characterized by the relative expansion of Th2 cells and
decreased percentages of Th17 and Thl CD4* cells

In addition to CD4*CD25*CD127"°% Treg, TGE-B*, and IL-10*
CD4* T cells, alemtuzumab also significantly increased the per-
centage of IL-4—producing Th2 cells, which peaked at month 3
(Fig. 4A, 4B), whereas the percentages of IL-17A—-producing
Th17 cells and IFN-y—producing Thl cells were significantly
decreased at month 12 after treatment (Fig. 4C, 4D). An increase
in the percentage of CD8" cells producing IL-4 was also signifi-
cant at months 1-6 (data not shown), whereas a decrease in the
percentage of CD8" cells producing IL-17A and IFN-y was most
prominent at month 24 (Supplemental Fig. 2).

Although IFN-B1a control treatment did not change the abso-
lute number of lymphocytes, it induced a significant decrease in
the percentage of CD4" Th1 cells at months 6 and 12 and Th17
cells at months 12 and 24 (data not shown), consistent with a
previous report (24).

Immune reconstitution following alemtuzumab treatment is
characterized by changes in serum cytokine profiles

To test how alemtuzumab-induced lymphopenia changes the serum
cytokine profiles that may contribute to the immune reconstitution,
we measured the serum levels of multiple cytokines in patients
enrolled in the extension study at baseline and day 7 to month 6
after treatment. We detected gradually increasing levels of the
homeostatic cytokine IL-7, which reached significance at day 7 and
maintained it up to month 6 in comparison with baseline. Con-
sistent with the Th2 cell reconstitution, we observed a significant
increase in serum IL-4, which also peaked at month 3. Additionally,
serum cytokine measurements revealed a decrease in Th17 cyto-
kines IL-17A, IL-17F, IL-21, and IL-22, Thl cytokine IFN-vy, as
well as of Th17-polarizing IL-11, L-1f3, IL-6, and IL-23 and Th1-
polarizing IL-27 and IL-12 (Fig. 5). Cytokine measurements for
IL-9, TGF-B1, IL-10, TNF-a, and IL-2 did not reveal significant
changes over the examined time points.

Linear correlation analyses revealed that the serum IL-7 level was
positively correlated with the percentage of CD45RO* memory cells
(r =0.4403, p = 0.0313) and the IL-4 level (r = 0.693, p = 0.0002),
whereas it was negatively correlated with IL-17F (r = —0.4980,
p = 0.013) and IL-11 (r = —0.473, p = 0.02), suggesting 1L-7
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FIGURE 4. The percentages of Th2 cells
increased whereas the percentages of Th17 and
Thl cells decreased in CD4* cells during the
immune reconstitution following alemtuzumab
treatment. (A) Representative intracellular cy-
tokine staining for IL-4 and IFN-y from 1 of 10
treated patients. (B) The graph presents per-
centages of IL-4"CD4" cells at baseline and
indicated time points after treatment. Statistical
analysis was performed using GEE. **p < 0.01,
##%kp < 0.001. (C) Representative intracellular
cytokine staining for IL-17A and IFN-vy in
CD4* cells from 1 of 10 treated patients. (D)
Graphs present percentages of IL-17A and IFN-
v* CD4" cells at baseline and month 12 after
treatment.
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involvement in the differential reconstitution of T cell subsets in

the setting of lymphopenia (25).

IL-7 in vitro treatment induces the expansion of CD4*CD25*
CDI27" Treg cells and inhibition of Th17 and Thl cells

To determine to what extent the increased IL-7 levels in lym-
phopenic patients following alemtuzumab therapy contribute
to CD4*CD25*CD127"°" Treg cell expansion (26), we cultured
PBMCs derived from six untreated RRMS patients in the ab-
sence or presence of IL-7, or TGF-B1 and IL-2, cytokines with
an established role in Treg cell differentiation and expansion.

IL-7 induced a significant dose-dependent CD4*CD25*CD127""
Treg cell expansion (Fig. 6A), which reached a peak at day 10
(Supplemental Fig. 3A). We further confirmed that IL-7 induced
the proliferation of CD4*CD25"CD127""YFOXP3* Treg cells
(Fig. 6B). IL-2 also induced a dose-dependent CD4*CD25"
CD127"" cell expansion, but to a lesser extent than did IL-7,
whereas TGF-1 failed to induce this cell subset expansion in
the dose range tested (Supplemental Fig. 3B). Therefore, our
findings suggest that IL-7 may contribute to the CD4*CD25"
CD127"¥ cell expansion in the setting of alemtuzumab-induced
lymphopenia.
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FIGURE 5. Changes in serum cytokine profiles occur during the immune reconstitution following alemtuzumab treatment. The production of the in-
dicated cytokines in serum samples from four RRMS patients at baseline, day 7, and months 1, 2, 3, and 6 after alemtuzumab therapy is shown. Statistical
analysis was performed using GEE. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6. IL-7 in vitro treatment induces expansion of Treg cells and decreases the percentages of Th17 and Th1 cells in the CD4" cells. (A) PBMCs
from six untreated RRMS patients were cultured in the absence or presence of IL-7 (1-200 ng/ml) for 10 d. The percentage of CD4"CD25*CD127" Treg
cells was determined in gated CD4" T cells. Statistical analysis was performed using GEE. ***p < 0.001. (B) PBMCs from six untreated RRMS patients
were stained with CFSE and cultured in the absence or presence of IL-7 (100 ng/ml) for 10 d. The percentages of CFSE*FOXP3* cells were determined in
gated CD4"CD25" cells. The figure represents one of six similar experiments. (C) PBMCs from 10 untreated RRMS patients were cultured in the absence or
presence of IL-7 (100 ng/ml) for 10 d. Statistical analysis was performed using a paired ¢ test. (D) Representative staining for IL-17A and IFN-y in CD4*
cells, cultured in the absence or presence of IL-7. (E) CD4" T cells from three RRMS patients were cultured in the absence or presence of IL-7 (100 ng/ml)

for the indicated times. Western blotting results represent one of three similar experiments.

To clarify the role of IL-7 in the regulation of the reconstitution
of T cell subsets following alemtuzumab-induced lymphodeple-
tion, PBMCs from 10 untreated RRMS patients were cultured in the
absence or presence of IL-7. Our results indicate that IL-7 sig-
nificantly decreased the percentages of Th17 and Th1 cells in gated
CD4™" cells (Fig. 6C, 6D), which replicated the ex vivo findings
following alemtuzumab treatment.

To uncover the signaling events involved in the IL-7-mediated
regulation of the reconstitution of T cell subsets, CD4™ T cells
from three untreated RRMS patients were cultured in the absence
or presence of IL-7. Western blotting studies showed that IL-7
induced early (30 min) STATS phosphorylation, which persisted
until the last time point tested (24 h). FOXP3 levels were also
increased at all time points. IL-7 induced STAT1 phosphorylation
at 24 h, but T-bet expression was decreased at all time points. At
24 h, IL-7 also induced the phosphorylation of STAT6 Th2 tran-
scription factor, whereas it inhibited STAT3 phosphorylation,
which is involved in Th17 cell differentiation (27), (Fig. 6E).

Discussion

Our study suggests that alemtuzumab’s early therapeutic effect is
mediated by a nearly complete depletion of lymphocytes from the
peripheral circulation, and that differential reconstitution of indi-
vidual T cell subsets may contribute to the delayed repopulation of
CD4* cells (14). Whereas alemtuzumab efficiently depletes all
CD52* cells, the delayed reconstitution of CD4* cells, resulting
from deficient CD4" cell homeostatic proliferation, susceptibility
to apoptosis (28), and a relative expansion of immunoregulatory
CD4*CD25"CD127"" Treg, TGF-B*, IL-10*, and IL-4*CD4*
cells, mediates its long-lasting clinical effect. Treg cells prefer-
entially proliferate in the setting of lymphopenia, which can
contribute to the suppression of CD4* homeostatic proliferation
and a prolonged reconstitution of CD4™ cells. To our knowledge,

our findings demonstrate for the first time that alemtuzumab
induces a significant expansion of TGF-B*CD4" cells. TGF-B*
inhibits Ag presentation and T cell proliferation and induces the
expansion of inducible Treg cells. Deficient thymic output in
adults (29), which is even more prominent in MS patients (30),
may also contribute to the prolonged CD4" cell decrease and to
the resetting of long-term CD4" cell counts to numbers that are
lower than at baseline (31).

At day 7, the earliest time point so far examined after this
treatment, the depletion of circulating lymphocytes was nearly
complete (28). Because the percentages of CD4" cells within
the lymphocytes increased at month 1, we conclude that this time
point represents an early immune reconstitution phase.

We found that CD4" and CD8" memory cells were almost
completely depleted at day 7. However, they subsequently un-
derwent a rapid homeostatic proliferation, which at month 1 led
to an increased percentage of CD4" and CD8" memory cells in
comparison with baseline. Following nearly complete depletion,
memory cells preferentially expanded owing to their homeostatic
proliferation, the conversion of naive cells to the memory phe-
notype, decreased requirements for high Ag dose and costimula-
tory signals for activation, as well as preferential survival in
peripheral lymphoid organs from which they can repopulate the
peripheral circulation (32, 33).

This study focused on the reconstitution of regulatory and
pathogenic T cell subsets (24, 34), which may underlie the long-
lasting disease activity suppression. We did not detect a differen-
tial CD52 expression on CD4*CD25*CD127"" Treg, Thl, Th2,
and Th17 CD4" cells, which were indiscriminately depleted at day
7. However, these T cell subsets exhibited a differential recon-
stitution pattern. We identified a significant relative expansion of
CD4*CD25"CD127"" Treg cells with a peak at month 1, which
has also been reported in alemtuzumab-treated transplant patients
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(23), being thus related to the lymphopenia and not to the under-
lying disease.

In contrast to documented CD4"CD25"CDI127"% Treg cell
expansion (35), the reconstitution of other T cell subsets is largely
unexplored. To our knowledge, our study has for the first time
identified a significant posttreatment incremental increase in the
percentages of the TGF-B1-, IL-10—, and IL-4—producing CD4"
cells, with the highest increase at month 3 (3.4-, 5.6-, and 2.9-fold
increase in comparison with baseline, respectively), as well as
a subsequent decrease in the IL-17A—producing and IFN-y—pro-
ducing CD4" cells at months 12 and 24. The most dramatic rel-
ative expansion was noted in TGF-B—producing CD4" cells, which
reached 48.9% of CD4" cells at month 3. We found that most
CD4"CD25"CD127"" Treg cells secreted TGF-B (Fig. 3C), sug-
gesting that Treg cells have an inducible phenotype (36). TGF- is
one of the key negative regulators of immune homeostasis, sup-
pressing autoreactive T cell expansion via the inhibition of MHC
class I and II expression on APCs (37) and via the induction of
FOXP3 expression and conversion of CD4*CD25™ cells into
CD25" suppressor cells (38). Furthermore, TGF-3 promotes T cell
production of IL-10 through direct activation of the IL-10 pro-
moter (39). These immunoregulatory cytokines may contribute to
deficient CD4™ cell reconstitution in alemtuzumab-treated RRMS
patients. Additional delayed effects of alemtuzumab treatment
include the suppression of IL-17A and IFN-y—producing CD4*
cells at months 12 and 24, which may also be related to the in-
creased numbers of TGF-B—, IL-10—, and IL-4-secreting CD4*
cells. Future studies are needed to characterize the immunosup-
pressive effects of expanded CD4*CD25*CD127"% Treg cells and
their role in the induction of immunoregulatory cytokine secretion
and the suppression of inflammatory Th1l and Th17 T cell subsets
following alemtuzumab treatment.

Although we did not study the B cell reconstitution, which may
mediate secondary autoimmunity in ~25-30% of alemtuzumab-
treated patients, IL-4, TGF-$3, and IL-10 produced by the recon-
stituting T cells may contribute to the B cell maturation (40),
regulation of Ab isotypes (41), and the induction of Ab production
(42). This may contribute to the induction of secondary autoim-
mune diseases, which was in our study detected in only one pa-
tient who developed immune thrombocytopenia 9 mo after second
infusion of alemtuzumab. Measurements of serum BAFF and
April levels in patients in the extension phase of the study, who
did not exhibit secondary autoimmunity, revealed a significant
increase in April, a B cell differentiation factor, which may con-
tribute to the B cell preferential expansion following alemtuzumab
treatment (data not shown).

Serum cytokine measurements revealed that increased IL-7
levels were positively correlated with the percentage of CD4*
CD45RO"* memory cells, consistent with the induction of memory
cell homeostatic proliferation in lymphopenia by IL-7 (35). Ad-
ditionally, we found increased serum IL-4, which peaked at 3 mo
after therapy. The Th17-polarizing cytokines (IL-1p3, IL-6, IL-23,
and IL-11) and Thl-polarizing cytokines (IL-27 and IL-12) were
decreased during immunological reconstitution, as were Thl7
effector cytokines IL-17A, IL-17F, IL-21, IL-22, and Thl IFN-y.

A single-nucleotide polymorphism in the gene encoding IL-7R
is associated with susceptibility for MS (43); however, the role of
IL-7R signaling in the pathogenesis of the disease has not been
elucidated (44). Consistent with previous reports (45), our study
reveals that IL-7 signaling induces STATS phosphorylation, which
directly binds to the FOXP3 promoter (46). Interestingly, Treg
cells are characterized by low CD127 (IL-7Ra) expression, im-
plying that inducible Treg cells could have received an IL-7 signal
at an early stage of immune reconstitution (47). In our in vitro
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study, we found that IL-7 induced CD4*CD25*CD127"" Treg cell
expansion and inhibited the percentages of Th17 and Thl cells,
which is consistent with our ex vivo results. Studies regarding the
effect of IL-7 on the development of Th17 and Thl cells are
controversial. Ishizu et al. (48) found significantly decreased ce-
rebrospinal fluid IL-7 levels in MS patients, implying that de-
creased IL-7 levels may be associated with proinflammatory
cytokine changes. Indeed, Lee et al. (49) found that in RRMS
patient serum, the IL-7 levels were inversely correlated with IL-
17F. However, in the same study, IL-7 (at 10 ng/ml) was reported
to promote Thl cell differentiation of naive CD4™ cells. Thus, our
10-d cultures of PBMCs in the presence of high-dose IL-7 (100
ng/ml) may reflect an IL-7 dose effect, or an IL-7-mediated in-
duction of the CD4*CD25*CD127"" Treg cell expansion, which
may subsequently decrease Th1l and Th17 cell numbers, as de-
termined in the ex vivo studies of alemtuzumab-treated patients.
We emphasize that the in vitro experiments demonstrating IL-7—
mediated FOXP3 induction used a high dose of IL-7 (100 ng/ml;
Fig. 6E), which in our study, similar to previous reports (50),
induced expansion of CD4*CD25*CD127"% Treg cells (Fig. 6A).
Therefore, the mechanistic in vitro results provide a proof of
principle but do not reflect the IL-7 levels measured in treated
RRMS patients (Fig. 5). In conclusion, our study has identified
novel mechanisms of immune tolerance reconstitution following
alemtuzumab immunodepleting therapy and demonstrated that
during the immune reconstitution dominated by transient early
CD4*CD25*CD127°" Treg cell expansion, patients subsequently
exhibited expansion of TGF-f—, IL-10-, and IL-4-secreting im-
munoregulatory CD4" cells, followed by the suppression of Thl
and Th17 cells. These results may advance our understanding of
immunological reconstitution in alemtuzumab-treated MS patients.

Acknowledgments

We thank the patients for participating in this study. We thank Drs. Stanley
Krolczyk and Sibyl Wray for providing samples from the patients enrolled
in the CARE-MS 11 clinical trial. We also thank Dr. R. Meeker, B.S. Mercer,
and J. Kaplan for critical reading of the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References

1. Xia, M. Q., M. Tone, L. Packman, G. Hale, and H. Waldmann. 1991. Characterization
of the CAMPATH-1 (CDw52) antigen: biochemical analysis and cDNA cloning re-
veal an unusually small peptide backbone. Eur: J. Immunol. 21: 1677-1684.

2. Isaacs, J. D., R. A. Watts, B. L. Hazleman, G. Hale, M. T. Keogan, S. P. Cobbold,
and H. Waldmann. 1992. Humanised monoclonal antibody therapy for rheu-
matoid arthritis. Lancer 340: 748-752.

3. Osterborg, A., M. J. Dyer, D. Bunjes, G. A. Pangalis, Y. Bastion, D. Catovsky,
and H. Mellstedt. 1997. Phase II multicenter study of human CD52 antibody in
previously treated chronic lymphocytic leukemia. European Study Group of
CAMPATH-1H Treatment in Chronic Lymphocytic Leukemia. J. Clin. Oncol.
15: 1567-1574.

4. Pawson, R., M. J. Dyer, R. Barge, E. Matutes, P. D. Thornton, E. Emmett,
J. C. Kluin-Nelemans, W. E. Fibbe, R. Willemze, and D. Catovsky. 1997.
Treatment of T-cell prolymphocytic leukemia with human CDS52 antibody. J.
Clin. Oncol. 15: 2667-2672.

5. Hale, G., and H. Waldmann. 1996. Recent results using CAMPATH-1 antibodies
to control GVHD and graft rejection. Bone Marrow Transplant. 17: 305-308.

6. Ciancio, G., and G. W. Burke, III. 2008. Alemtuzumab (Campath-1H) in kidney
transplantation. Am. J. Transplant. 8: 15-20.

7. Coles, A. J., M. Wing, S. Smith, F. Coraddu, S. Greer, C. Taylor, A. Weetman,
G. Hale, V. K. Chatterjee, H. Waldmann, and A. Compston. 1999. Pulsed
monoclonal antibody treatment and autoimmune thyroid disease in multiple
sclerosis. Lancet 354: 1691-1695.

8. Niickel, H., U. H. Frey, A. Réth, U. Diihrsen, and W. Siffert. 2005. Alemtuzumab
induces enhanced apoptosis in vitro in B-cells from patients with chronic lym-
phocytic leukemia by antibody-dependent cellular cytotoxicity. Eur. J. Phar-
macol. 514: 217-224.

9. Xia, M. Q., G. Hale, and H. Waldmann. 1993. Efficient complement-mediated lysis of
cells containing the CAMPATH-1 (CDw52) antigen. Mol. Immunol. 30: 1089—-1096.

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

5874

10.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ratzinger, G., J. L. Reagan, G. Heller, K. J. Busam, and J. W. Young. 2003.
Differential CD52 expression by distinct myeloid dendritic cell subsets: impli-
cations for alemtuzumab activity at the level of antigen presentation in alloge-
neic graft-host interactions in transplantation. Blood 101: 1422-1429.

. Ambrose, L. R., A. S. Morel, and A. N. Warrens. 2009. Neutrophils express

CD52 and exhibit complement-mediated lysis in the presence of alemtuzumab.
Blood 114: 3052-3055.

. Rao, S. P, J. Sancho, J. Campos-Rivera, P. M. Boutin, P. B. Severy, T. Weeden,

S. Shankara, B. L. Roberts, and J. M. Kaplan. 2012. Human peripheral blood
mononuclear cells exhibit heterogeneous CD52 expression levels and show dif-
ferential sensitivity to alemtuzumab mediated cytolysis. PLoS ONE 7: e39416.

. Gilleece, M. H., and T. M. Dexter. 1993. Effect of Campath-1H antibody on

human hematopoietic progenitors in vitro. Blood 82: 807-812.

. Coles, A. J., D. A. Compston, K. W. Selmaj, S. L. Lake, S. Moran,

D. H. Margolin, K. Norris, P. K. Tandon, et al; CAMMS223 Trial Investigators.
2008. Alemtuzumab vs. interferon B-1a in early multiple sclerosis. N. Engl. J.
Med. 359: 1786-1801.

. Cohen, J. A,, A.J. Coles, D. L. Arnold, C. Confavreux, E. J. Fox, H. P. Hartung,

E. Havrdova, K. W. Selmaj, H. L. Weiner, E. Fisher, et al; CARE-MS I inves-
tigators. 2012. Alemtuzumab versus interferon Bla as first-line treatment for
patients with relapsing-remitting multiple sclerosis: a randomised controlled
phase 3 trial. Lancer 380: 1819-1828.

. Coles, A. J., E. Fox, A. Vladic, S. K. Gazda, V. Brinar, K. W. Selmaj,

A. Skoromets, I. Stolyarov, A. Bass, H. Sullivan, et al. 2012. Alemtuzumab more
effective than interferon B-1a at 5-year follow-up of CAMMS223 clinical trial.
Neurology 78: 1069-1078.

Coles, A. J., C. L. Twyman, D. L. Arnold, J. A. Cohen, C. Confavreux, E. J. Fox,
H. P. Hartung, E. Havrdova, K. W. Selmaj, H. L. Weiner, et al; CARE-MS 1I
investigators. 2012. Alemtuzumab for patients with relapsing multiple sclerosis
after disease-modifying therapy: a randomised controlled phase 3 trial. Lancet
380: 1829-1839.

. McDonald, W. I, A. Compston, G. Edan, D. Goodkin, H. P. Hartung,

F. D. Lublin, H. F. McFarland, D. W. Paty, C. H. Polman, S. C. Reingold, et al.
2001. Recommended diagnostic criteria for multiple sclerosis: guidelines from
the international panel on the diagnosis of multiple sclerosis. Ann. Neurol. 50:
121-127.

Montes, M., X. Zhang, L. Berthelot, D. A. Laplaud, S. Brouard, J. Jin, S. Rogan,
D. Armao, V. Jewells, J. P. Soulillou, and S. Markovic-Plese. 2009. Oligoclonal
myelin-reactive T-cell infiltrates derived from multiple sclerosis lesions are
enriched in Th17 cells. Clin. Immunol. 130: 133-144.

Zhang, X., J. Jin, Y. Tang, D. Speer, D. Sujkowska, and S. Markovic-Plese. 2009.
IFN-B1a inhibits the secretion of Th17-polarizing cytokines in human dendritic
cells via TLR7 up-regulation. J. Immunol. 182: 3928-3936.

Liu, W, A. L. Putnam, Z. Xu-Yu, G. L. Szot, M. R. Lee, S. Zhu, P. A. Gottlieb,
P. Kapranov, T. R. Gingeras, B. Fazekas de St Groth, et al. 2006. CD127 ex-
pression inversely correlates with FoxP3 and suppressive function of human
CD4" T reg cells. J. Exp. Med. 203: 1701-1711.

Seddiki, N., B. Santner-Nanan, J. Martinson, J. Zaunders, S. Sasson, A. Landay,
M. Solomon, W. Selby, S. I. Alexander, R. Nanan, et al. 2006. Expression of
interleukin (IL)-2 and IL-7 receptors discriminates between human regulatory
and activated T cells. J. Exp. Med. 203: 1693-1700.

Bloom, D. D., Z. Chang, J. H. Fechner, W. Dar, S. P. Polster, J. Pascual,
L. A. Turka, and S. J. Knechtle. 2008. CD4* CD25* FOXP3™ regulatory T cells
increase de novo in kidney transplant patients after immunodepletion with
Campath-1H. Am. J. Transplant. 8: 793-802.

Durelli, L., L. Conti, M. Clerico, D. Boselli, G. Contessa, P. Ripellino,
B. Ferrero, P. Eid, and F. Novelli. 2009. T-helper 17 cells expand in multiple
sclerosis and are inhibited by interferon-B. Ann. Neurol. 65: 499-509.
Mackall, C. L., T. J. Fry, C. Bare, P. Morgan, A. Galbraith, and R. E. Gress.
2001. IL-7 increases both thymic-dependent and thymic-independent T-cell re-
generation after bone marrow transplantation. Blood 97: 1491-1497.

Haas, J., M. Korporal, A. Schwarz, B. Balint, and B. Wildemann. 2011. The
interleukin-7 receptor a chain contributes to altered homeostasis of regulatory
T cells in multiple sclerosis. Eur. J. Immunol. 41: 845-853.

Harris, T. J., J. F. Grosso, H. R. Yen, H. Xin, M. Kortylewski, E. Albesiano,
E. L. Hipkiss, D. Getnet, M. V. Goldberg, C. H. Maris, et al. 2007. Cutting edge:
an in vivo requirement for STAT3 signaling in Ty17 development and Tyl7-
dependent autoimmunity. J. Immunol. 179: 4313-4317.

Jones, J. L., C. L. Phuah, A. L. Cox, S. A. Thompson, M. Ban, J. Shawcross,
A. Walton, S. J. Sawcer, A. Compston, and A. J. Coles. 2009. IL-21 drives
secondary autoimmunity in patients with multiple sclerosis, following
therapeutic lymphocyte depletion with alemtuzumab (Campath-1H). J. Clin.
Invest. 119: 2052-2061.

Scarsi, M., N. Bossini, F. Malacarne, F. Valerio, S. Sandrini, and P. Airo. 2010.
The number of circulating recent thymic emigrants is severely reduced 1 year

30.

32.

33.

34.

35.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

RECONSTITUTING T CELL SUBSETS IN ANTI-CD52 mAb-TREATED RRMS

after a single dose of alemtuzumab in renal transplant recipients. Transpl. Int. 23:
786-795.

Hug, A., M. Korporal, I. Schrider, J. Haas, K. Glatz, B. Storch-Hagenlocher, and
B. Wildemann. 2003. Thymic export function and T cell homeostasis in patients
with relapsing remitting multiple sclerosis. J. Immunol. 171: 432-437.

. Hill-Cawthorne, G. A., T. Button, O. Tuohy, J. L. Jones, K. May, J. Somerfield,

A. Green, G. Giovannoni, D. A. Compston, M. T. Fahey, and A. J. Coles. 2012.
Long term lymphocyte reconstitution after alemtuzumab treatment of multiple
sclerosis. J. Neurol. Neurosurg. Psychiatry 83: 298-304.

Neujahr, D. C., C. Chen, X. Huang, J. F. Markmann, S. Cobbold, H. Waldmann,
M. H. Sayegh, W. W. Hancock, and L. A. Turka. 2006. Accelerated memory cell
homeostasis during T cell depletion and approaches to overcome it. J. Immunol.
176: 4632-4639.

Clark, R. A, R. Watanabe, J. E. Teague, C. Schlapbach, M. C. Tawa, N. Adams,
A. A. Dorosario, K. S. Chaney, C. S. Cutler, N. R. Leboeuf, et al. 2012. Skin
effector memory T cells do not recirculate and provide immune protection in
alemtuzumab-treated CTCL patients. Sci. Transl. Med. 4: 117rall7.

Lock, C., G. Hermans, R. Pedotti, A. Brendolan, E. Schadt, H. Garren,
A. Langer-Gould, S. Strober, B. Cannella, J. Allard, et al. 2002. Gene-microarray
analysis of multiple sclerosis lesions yields new targets validated in autoimmune
encephalomyelitis. Nat. Med. 8: 500-508.

Cox, A. L., S. A. Thompson, J. L. Jones, V. H. Robertson, G. Hale, H. Waldmann,
D. A. Compston, and A. J. Coles. 2005. Lymphocyte homeostasis following
therapeutic lymphocyte depletion in multiple sclerosis. Eur. J. Immunol. 35:
3332-3342.

. Shevach, E. M. 2006. From vanilla to 28 flavors: multiple varieties of T regu-

latory cells. Immunity 25: 195-201.

. Gorelik, L., and R. A. Flavell. 2000. Abrogation of TGF signaling in T cells

leads to spontaneous T cell differentiation and autoimmune disease. Immunity
12: 171-181.

. Chen, W., W. Jin, N. Hardegen, K. J. Lei, L. Li, N. Marinos, G. McGrady, and

S. M. Wahl. 2003. Conversion of peripheral CD4*CD25 ™ naive T cells to CD4*
CD25" regulatory T cells by TGF-B induction of transcription factor Foxp3. J.
Exp. Med. 198: 1875-1886.

Wan, Y. Y., and R. A. Flavell. 2008. TGF-B and regulatory T cell in immunity
and autoimmunity. J. Clin. Immunol. 28: 647-659.

Chen, Q., F. He, J. Kwang, J. K. Chan, and J. Chen. 2012. GM-CSF and IL-4
stimulate antibody responses in humanized mice by promoting T, B, and den-
dritic cell maturation. J. Immunol. 189: 5223-5229.

Reinhardt, R. L., H. E. Liang, and R. M. Locksley. 2009. Cytokine-secreting
follicular T cells shape the antibody repertoire. Nat. Immunol. 10: 385-393.
Caccamo, N., L. Battistini, M. Bonneville, F. Poccia, J. J. Fournié, S. Meraviglia,
G. Borsellino, R. A. Kroczek, C. La Mendola, E. Scotet, et al. 2006. CXCR5
identifies a subset of Vy9V82 T cells which secrete IL-4 and IL-10 and help
B cells for antibody production. J. Immunol. 177: 5290-5295.

Sawcer, S., G. Hellenthal, M. Pirinen, C. C. Spencer, N. A. Patsopoulos,
L. Moutsianas, A. Dilthey, Z. Su, C. Freeman, S. E. Hunt, et al; International
Multiple Sclerosis Genetics Consortium; Wellcome Trust Case Control Con-
sortium 2. 2011. Genetic risk and a primary role for cell-mediated immune
mechanisms in multiple sclerosis. Nature 476: 214-219.

Gregory, S. G., S. Schmidt, P. Seth, J. R. Oksenberg, J. Hart, A. Prokop,
S. J. Caillier, M. Ban, A. Goris, L. F. Barcellos, et al; Multiple Sclerosis Genetics
Group. 2007. Interleukin 7 receptor a chain (IL7R) shows allelic and functional
association with multiple sclerosis. Nat. Genet. 39: 1083-1091.

Foxwell, B. M., C. Beadling, D. Guschin, I. Kerr, and D. Cantrell. 1995.
Interleukin-7 can induce the activation of Jak 1, Jak 3 and STAT 5 proteins in
murine T cells. Eur. J. Immunol. 25: 3041-3046.

Passerini, L., S. E. Allan, M. Battaglia, S. Di Nunzio, A. N. Alstad,
M. K. Levings, M. G. Roncarolo, and R. Bacchetta. 2008. STATS-signaling
cytokines regulate the expression of FOXP3 in CD4*CD25" regulatory T cells
and CD4*"CD25" effector T cells. Int. Immunol. 20: 421-431.

Fry, T. J., and C. L. Mackall. 2005. The many faces of IL-7: from lymphopoiesis
to peripheral T cell maintenance. J. Immunol. 174: 6571-6576.

Ishizu, T., M. Osoegawa, F. J. Mei, H. Kikuchi, M. Tanaka, Y. Takakura,
M. Minohara, H. Murai, F. Mihara, T. Taniwaki, and J. Kira. 2005. Intrathecal
activation of the IL-17/IL-8 axis in opticospinal multiple sclerosis. Brain 128:
988-1002.

Lee, L. F,, R. Axtell, G. H. Tu, K. Logronio, J. Dilley, J. Yu, M. Rickert, B. Han,
W. Evering, M. G. Walker, et al. 2011. IL-7 promotes Tyl development and
serum IL-7 predicts clinical response to interferon-f3 in multiple sclerosis. Sci.
Transl. Med. 3: 93ra68.

Mazzucchelli, R., J. A. Hixon, R. Spolski, X. Chen, W. Q. Li, V. L. Hall,
J. Willette-Brown, A. A. Hurwitz, W. J. Leonard, and S. K. Durum. 2008. De-
velopment of regulatory T cells requires IL-7Ra stimulation by IL-7 or TSLP.
Blood 112: 3283-3292.

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

