
Ex vivo-expanded cynomolgus macaque regulatory T cells are
resistant to alemtuzumab-mediated cytotoxicity

E.M. Donsa,b, G. Raimondia, H. Zhanga, A.F. Zahorchaka, J.K. Bhamac, L. Lua, M.
Ezzelaraba, J.N.M. Ijzermansb, D.K.C. Coopera, and A.W. Thomsona,d

aThomas E. Starzl Transplantation Institute, Department of Surgery, University of Pittsburgh,
Pittsburgh, PA bDepartment of Surgery, Erasmus Medical Center Rotterdam, Rotterdam, The
Netherlands cDepartment of Cardiothoracic Surgery, University of Pittsburgh Medical Center
Presbyterian, Pittsburgh, PA dDepartment of Immunology, University of Pittsburgh, Pittsburgh, PA

Abstract
Alemtuzumab (Campath-1H) is a humanized monoclonal antibody (Ab) directed against CD52
that depletes lymphocytes and other leukocytes, mainly by complement-dependent mechanisms.
We investigated the influence of alemtuzumab (i) on ex vivo-expanded cynomolgus monkeys
regulatory T cells (Treg) generated for prospective use in adoptive cell therapy and (ii) on
naturally-occurring Treg following alemtuzumab infusion. Treg were isolated from PBMC and
lymph nodes and expanded for two rounds. CD52 expression, binding of alemtuzumab, and both
complement-mediated killing and Ab-dependent cell-mediated cytotoxicity (ADCC) were
compared between freshly-isolated and expanded Treg and effector T cells. Monkeys undergoing
allogeneic heart transplantation given alemtuzumab were monitored for Treg and serum
alemtuzumab activity. Ex vivo-expanded Treg showed progressive downregulation of CD52
expression, absence of alemtuzumab binding, minimal change in complement inhibitory protein
(CD46) expression and no complement-dependent killing or ADCC. Infusion of alemtuzumab
caused potent depletion of all lymphocytes, but a transient increase in the incidence of circulating
Treg. After infusion of alemtuzumab, monkey serum killed fresh PBMC, but not expanded Treg.
Thus, expanded cynomolgus monkey Treg are resistant to alemtuzumab-mediated, complement-
dependent cytotoxicity. Furthermore, our data suggest that these expanded monkey Treg can be
infused into graft recipients given alemtuzumab without risk of complement-mediated killing.
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Introduction
Alemtuzumab (Campath-1H) is a humanized IgG1 mAb directed against the CD52 molecule
that is expressed by lymphocytes, natural killer (NK) cells, dendritic cells and monocytes
(1). Its administration depletes these cells and it is consequently used to treat lymphoid
malignancies (2) or suppress transplant rejection (3). Complement activation, as well as Ab-
dependent, cell-mediated cytotoxicity (ADCC) are responsible for alemtuzumab-mediated
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killing of CD52+ cells (4, 5). The half-life of alemtuzumab in humans is approximately 8
days, but since low concentrations may be sufficient to cause cytotoxicity, depletion of
CD52+ cells may persist for up to two months after its infusion (6).

Regulatory T cells (Treg), defined as CD4+CD25highForkhead box P3 (FoxP3+T cells, can
promote allograft tolerance in mice and humanized mouse models following their adoptive
transfer (7–11). This function of Treg has usually been demonstrated in lymphocyte-
depleted graft recipients, although there is also evidence of their tolerogenic function in
immunocompetent hosts (12). A relative increase in circulating Treg has been demonstrated
after alemtuzumab induction in renal transplant patients (13, 14), although this effect
appears to be transient (15).

Recently, clinical trials have been initiated to determine the safety and efficacy of Treg
infusion in transplant recipients (16). Human naturally-occurring Treg display relatively
high levels of CD52 compared with other lymphocyte subsets, and are susceptible to killing
by alemtuzumab (5, 17). However, little is known about CD52 expression on Treg after their
ex vivo expansion,- a pre-requisite for their therapeutic application. We posed the question
whether, in the context of non-human primate (NHP) organ transplantation and efforts to
promote immunological tolerance, expanded NHP Treg are susceptible to alemtuzumab and
whether circulating/residual alemtuzumab might destroy administered Treg, thus negating
their in vivo function.

We investigated this question in cynomolgus macaques of Indonesian origin. Unlike
humans, most NHP species express CD52 on both white and red blood cells. The Indonesian
sub-species of cynomolgus macaque, however, does not express CD52 on erythrocytes, and
can be given alemtuzumab safely (18). Cynomolgus monkey CD52 shares 85% structural
homology with its human counterpart (19, 20). Our study focused on the influence of
alemtuzumab on ex vivo-expanded cynomolgus macaque Treg, as well as on Treg in vivo.

Materials and Methods
Cynomolgus monkeys

Healthy cynomolgus monkeys (Macaca fascicularis) of Indonesian origin (3–5 kg), were
obtained from specific pathogen-free colonies at Alpha Genesis, Inc, or the NIAID NHP
colony (both Yamassee, SC). Some monkeys (n=3) received a heterotopic heart transplant
from an ABO-compatible, allogeneic donor on day (d) 0. On d -2, 5 and 12, the recipient
was given an intravenous (i.v.) infusion of alemtuzumab (Campath-1H; Genzyme,
Cambridge, MA) at doses of 20, 10, and 10 mg/kg, respectively. Maintenance
immunosuppression consisted of mycophenolate mofetil (Genentech USA, Inc, South San
Francicso, CA) from d -1 to 18 (target trough levels of 3–6 µg/ml), followed by rapamycin
(LC Laboratories, Woburn, MA) monotherapy from days 19 to 54 (target trough levels of
10–15 ng/ml) after which rapamycin was weaned slowly and discontinued completely on d
84. All animal procedures were in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and conducted under a University of Pittsburgh Institutional Animal
Care and Use Committee-approved protocol. Specific environment enrichment was
provided.

Sources of cells
Normal, untreated monkeys were used as blood donors for in vitro experiments. PBMC were
used either immediately upon isolation or after storage in liquid N2. Blood was drawn
weekly after alemtuzumab infusion to monitor lymphocyte subsets.
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Treg and Teff cell isolation
Cryopreserved cells were thawed or PBMC isolated from fresh blood on d 0 of each
experiment (Treg isolation) for 2 rounds of Treg and effector T cell (Teff) expansion. Cells
from the same source were also thawed or isolated on d 20, and served as unexpanded
controls, as well as responder cells in carboxyfluorescein diacetate succinimidyl ester
(CFSE)-mixed leukocyte reactions (MLR). nTreg were isolated from PBMC or LN cells by
flow sorting (BD Aria, BD Biosciences, San Jose, CA) based on CD4+CD25hiCD127−

expression, as described (21); Supplementary Figure 1A. Simultaneously, Teff were sorted
based on CD4+CD25− expression and served as controls for expanded Treg. FoxP3
expression was determined in separate samples.

Treg expansion
The protocol used for Treg and Teff expansion and investigation is shown in Figure 1A.
Treg and Teff were cultured in AIM-V medium, with 10% v/v heat-inactivated human AB
serum. Treg were expanded using NHP-specific anti-CD2/3/28 microbeads (Miltenyi,
Biotec, Bergisch Gladbach, Germany) at a cell:bead ratio of 1:2, with high-dose
recombinant human (rhu)IL-2 (1000 U/ml) and rhu transforming growth factor β (TGF-β;
5ng/ml). Teff were expanded similarly at a cell:bead ratio of 2:1, with IL-2 (500 U/ml), but
without TGF-β. When sufficient cells were obtained, they were tested for suppressive
function in CFSE-MLR.

Expression of cell surface markers and intracellular staining
Fresh and expanded T cells were stained for cell surface antigens using fluorochrome-
labeled mAbs directed against CD3, CD4, CD8 (all BD Biosciences), CD25 (eBioscience),
CD46, CD52 (both AbD Serotec) or CD127 (BD Biosciences). Intracellular FoxP3 staining
was performed using the protocol provided by eBioscience® (San Diego, CA).

Treg suppressive function: CFSE-MLR
CD2+T cells stained with CFSE were stimulated with NHP-specific anti-CD2/3/28 beads
(Miltenyi Biotec) at a cell:bead ratio of 10:1. Expanded T cells stained with Violet Trace (to
distinguish them from CD4+CFSE-proliferating responder cells) were added to the
responder cells in responder:T cell ratios of 1:2, 1:4, 1:8, 1:16 and 1:32. CFSE-MLR were
harvested on d 5. Proliferation was determined as the percentage of CFSE− cells within the
CD3+CD4+ and CD3+CD8+ populations.

Binding of alemtuzumab to target cells
Alemtuzumab was titrated to final concentrations of 100 – 0.001 µg/ml and cells incubated
for 30 min at 4°C, washed, then blocked with normal goat serum to prevent non-specific
binding. Washed cells were then stained with FITC-goat anti-hu IgG-γ (Invitrogen,
Carlsbad, CA) and PerCP-Cy5.5 anti-CD3 (BD PharMingen, San Diego, CA). Fresh cells
were stained additionally for APC-H7 anti-CD4 (BD PharMingen) and PE-Cy7 anti-CD25
(eBioscience) to enable analysis of binding to Treg and Teff cells within the total cell
population. Analysis of binding was based on the MFI of FITC+ cells within live (DAPI−)
CD3+ cells, setting the gate based on cells incubated with PBS alone.

Killing of target cells by alemtuzumab
To determine complement-mediated killing, cells were incubated with alemtuzumab in
autologous serum (final concentration 100 – 0.01 µg/ml) for 30 min (at 37°C), washed, and
stained for Annexin-V (BD Biosciences) to detect early apoptosis. Before analysis, cells
were also stained with 7-AAD to detect dying/dead cells. CountBright counting beads
(Invitrogen) (to determine absolute cell numbers) were added before flow cytometry. In
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addition, normal cynomolgus serum was compared with heat-inactivated serum (HI serum),
RPMI-1640 (no serum) and RPMI-1640 + rabbit complement (10 µg/ml), with or without
alemtuzumab (30 µg/ml).

To quantify ADCC, freshly-isolated normal cynomolgus PBMC and violet proliferation dye
(VPD450)-labeled expanded Treg (ratio 4:1) were incubated with the same range of
alemtuzumab concentrations, in the presence of heat-denatured autologous serum for 4 h at
37°C. The cells were then washed with PBS and stained with CD3, CD4, CD20 and FoxP3
mAbs. CountBright counting beads were added to each tube so that absolute cell numbers
could be calculated. Background cell death was <2%. Positive controls for alemtuzumab
killing of T cells were human PBMC in place of monkey cells together with heat-denatured
autologous human serum.

Statistical analysis
Differences between means were evaluated using Student’s paired ‘t’-test or the non-
parametric Mann-Whitney U test, as appropriate. Statistical analyses were conducted using
the standard formula in Microsoft Excel software.

Results
Treg isolation and expansion from cynomolgus monkey blood and LN

The incidence of circulating Treg (CD4+CD25hiCD127−) in healthy, untreated cynomolgus
monkeys was similar to that in healthy humans (i.e. ~5% of total CD4+ T cells), but was
comparatively higher (~10%) in LN. The size of the monkeys (3–5 kg) allowed for a
maximum blood draw of 30–50 ml per month. A large difference was noted in the number
of Treg that could be obtained from the different cell sources (Table 1). Cryopreserved and
fresh PBMC (both n=3 experiments) yielded 0.23% and 0.13% Treg, respectively, from total
isolated cells, whereas LN cells (n=4 experiments) yielded 1.05% Treg from total isolated
cells (Table 1). Although LN cells yielded higher absolute numbers of Treg, those isolated
from fresh blood could be expanded at a much higher rate than Treg isolated from either
cryopreserved PBMC or LN cells, with a mean 80-fold expansion after two rounds versus
24- and 22-fold expansion for stored PBMC and LN cells, respectively (Figure 1B).

FoxP3 expression was determined at the start of culture and after each round of expansion.
Teff (CD4+CD25−) from the same source were expanded simultaneously and served as
controls. Although not statistically significant, fresh Treg exhibited higher intracellular
FoxP3 expression (MFI) than fresh Teff (p=0.060). FoxP3 expression (MFI) increased in
both populations, especially Treg, upon expansion and was statistically significant for Treg
(p=0.048) (Figure 1C and Supplementary Figure 1B). Whereas Treg exhibited
comparatively high FoxP3 levels throughout culture, FoxP3 intensity in Teff was much
lower (Figure 1C and Supplementary Figure 2) and diminished after the first round of
expansion (Figure 1C).

To verify their suppressive function, when sufficient Treg were recovered at the end of the
expansion period (d 20), CFSE-MLR were set up to determine their ability to inhibit CD2+

T cell proliferation. Expanded Treg were strongly suppressive at Treg:Tcell ratios up to 1:4,
whereas expanded Teff were comparatively ineffective (Figure 1D,E). These data on FoxP3
expression and suppressive function confirmed that the expanded Treg retained their
phenotypic and functional identity.
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Expression of CD52
We next determined CD52 expression (MFI) on fresh total T cells (isolated from either
PBMC or LN), as well as on fresh and expanded Treg and Teff (Supplementary Figure 2).
CD52 expression on fresh Treg was higher than on fresh Teff (p=0.095) and on the fresh
bulk T cell population before expansion. During expansion, CD52 expression decreased
progressively on both Treg and Teff. Downmodulation of CD52 was greatest on expanded
Treg, as shown in Figure 2A (p=0.041) and in Supplementary Figure 2.

Binding of alemtuzumab to fresh and expanded T cells
To ascertain the relationship between cell surface expression of CD52 and binding of
alemtuzumab, cells were incubated with various concentrations of alemtuzumab, then
stained with secondary Ab. All freshly-isolated cells (total lymphocytes from PBMC or LN,
fresh Treg and fresh Teff) bound alemtuzumab, with a peak at 10 µg/ml. Consistent with
their higher CD52 expression, fresh Treg bound alemtuzumab slightly more strongly than
fresh Teff, although this difference was not statistically significant. Importantly,
alemtuzumab did not bind to expanded cells (either Treg or Teff) at any mAb concentration
tested (Figure 2B, C). The difference in binding between expanded and fresh T cells was
significant at alemtuzumab concentrations of 100 µg/ml (p=0.044) and 10 µg/ml (p=0.014).
This finding correlates with the markedly reduced CD52 expression on expanded cells.

Cytotoxicity of alemtuzumab
After observing that expanded Treg had markedly reduced CD52 expression and were not
bound by alemtuzumab, we quantified the cytotoxic activity of alemtuzumab against these
cells. Notably, neither expanded Treg nor Teff upregulated expression of the complement
inhibitory protein CD46 compared with fresh cells (Figure 2D). Fresh T cells (from PBMC)
and expanded Treg and Teff were incubated with alemtuzumab at different concentrations,
and then analyzed for apoptosis/cell death using a combination of Annexin-V and 7-AAD
staining, as well as by total cell counts via the CountBright bead percentage (see Materials
and Methods). When fresh T cells were incubated with high concentration alemtuzumab (30
µg/ml) in either normal cynomolgus serum (containing complement) or RPMI-1640
supplemented with rabbit complement for 30 min, killing was markedly enhanced compared
to the absence of alemtuzumab (Figure 3A). However, when fresh T cells were incubated
with either heat-inactivated serum or RPMI-1640, there was no difference in killing between
0 and 30 µg/ml alemtuzumab. Consequently, we used autologous serum for all subsequent
experiments.

Alemtuzumab was diluted to final concentrations ranging from 0.01 to 100 µg/ml to
generate a titration curve. Freshly-isolated bulk T cells were killed in a dose-dependent
manner (determined by higher incidences of Annexin-V+ and 7-AAD+ cells; Figure 3B, and
Supplementary Figure 3) and CountBright bead percentage. Killing was evident at or above
a mAb concentration of 10 µg/ml, correlating with maximal binding of the mAb to these
cells (Figure 2B). No killing was detected at <1 µg/ml, where values returned to baseline (no
alemtuzumab) level. Expanded Treg exhibited a lower baseline level of apoptosis than
expanded Teff in each experiment, but both expanded Treg and Teff displayed no
alemtuzumab-induced killing. Annexin-V and 7-AAD staining (Figure 3B,C and
Supplementary Figure 3), and the percentage of CountBright beads remained at baseline
levels at each concentration of alemtuzumab tested. Thus, even at high in vitro
concentration, alemtuzumab does not kill expanded T cells through a complement-
dependent mechanism.

Assessment of ADCC-mediated killing of fresh cynomolgus T cells or expanded Treg by
alemtuzumab in the presence of heat-inactivated autologous serum for 4h as described in the
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Materials and Methods revealed very low levels of cytotoxicity (<5% cell killing) (data not
shown).

Quantitation of alemtuzumab activity in monkey serum after intravenous infusion
Serum samples were obtained from 3 heart-transplanted monkeys pre-alemtuzumab and at
several times after mAb infusion. They were tested for alemtuzumab-induced killing of fresh
normal human T cells (control target cells) as well as of cynomolgus autologous expanded
Treg. Similar to the in vitro studies, in which alemtuzumab was added to serum, when fresh
T cells were incubated with serum drawn immediately after infusion of alemtuzumab, killing
of the fresh T cells was clearly evident (Figure 4). In contrast, when incubated with serum
drawn 7 d after infusion, Annexin-V and 7-AAD staining levels had returned to baseline
(pre-alemtuzumab) (Figure 4 and Supplementary Figure 4), indicating that any alemtuzumab
remaining in the serum 7 d after infusion did not kill the cells.

These observations were confirmed by adding alemtuzumab (10 µg/ml) to the pre-
alemtuzumab (normal) serum sample, which resulted in a similar increase in Annexin-V and
7-AAD staining (Figure 4 and Supplementary Figure 4). Similarly to the in vitro
experiments, autologous expanded Treg showed no evidence of killing when incubated with
either serum taken immediately after alemtuzumab infusion or serum supplemented with 10
µg/ml alemtuzumab (Figure 4).

Alemtuzumab infusion: relative sparing of Treg
Since alemtuzumab appeared minimally cytotoxic to Treg after their ex vivo expansion, the
influence of alemtuzumab infusion on Treg remaining in the circulation was investigated.
Cynomolgus monkeys (n=3) received an allogeneic heterotopic heart transplant on d 0 under
the immunosuppressive regimen described in the Methods. Pan T cell numbers were
depleted >97% after the first dose of alemtuzumab and remained at this low level following
subsequent doses. Recovery of total CD4+T cells began by week 7 (increase to >10% of pre-
alemtuzumab numbers) (Figure 5A). All 3 monkeys maintained relatively high numbers of
circulating Treg within this small population of CD4+T cells, as determined by the incidence
of CD25hiCD127− cells (Figure 5B). In view of the overall very low number of circulating
lymphocytes, we were able to perform intracellular FoxP3 staining only at bi-weekly
intervals. FoxP3+ staining and analysis confirmed that the CD25hiCD127− cells were indeed
FoxP3+ Treg (Figure 5C). The increase in the proportion of circulating Treg was transient,
as it was evident only from weeks 2–6, after which Treg numbers returned to pre-
alemtuzumab baseline levels (Figure 5C).

Discussion
We examined whether ex vivo-expanded NHP (cynomolgus monkey) Treg are resistant to
alemtuzumab-mediated killing and whether it might be feasible to administer these cells to
transplant recipients without their being killed by circulating mAb at the time of infusion.
We used Indonesian cynomolgus macaques specifically, since CD52 is not expressed on the
erythrocytes of this species. A significant finding was that the expanded Treg exhibited
considerably lower CD52 expression than either fresh bulk T cells or freshly-isolated Treg.
Alemtuzumab showed strong binding to freshly-isolated pan T cells and Treg, with
maximum activity at a concentration of 10 µg/ml. Therapeutic levels in humans have been
reported to peak at 13.7 µg/ml after an initial dose of 20 mg (6). We could not identify a
laboratory to measure alemtuzumab in serum that would have allowed us determine mAb
concentrations after infusion. However, the killing assay that we performed using monkey
serum taken immediately and 7d after mAb infusion suggests that most cytotoxic activity of
circulating alemtuzumab has disappeared after 7d. Importantly, alemtuzumab did not bind to
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expanded Treg at concentrations up to 100 µg/ml, and whereas T cells freshly-isolated from
blood were susceptible to concentration-dependent killing by alemtuzumab, expanded Treg
were not killed at any concentration tested. These findings suggest that if Treg are isolated
and expanded from a cynomolgus graft recipient before alemtuzumab administration, then
the expanded cells can be administered to lymphocyte-depleted monkeys at any time after
transplantation in the presence of circulating alemtuzumab, without risk of complement-
mediated killing.

We verified complement-dependent killing of freshly-isolated cynomolgus T cells by
alemtuzumab. No killing was observed (compared to baseline) when monkey serum was
heat-inactivated, but cytotoxicity was restored when complement was added. By contrast,
only very low levels of ADCC were mediated by alemtuzumab against freshly-isolated or
expanded cynomolgus T cells. Our findings indicate a major complement-dependent
component of cynomolgus T cell killing by alemtuzumab. This contrasts with the report of
Hu et al (4), who claimed that, using a transgenic mouse expressing human CD52, killing of
circulating lymphocytes by alemtuzumab was largely independent of complement. The
principal mechanism identified in the latter study was ADCC mediated by neutrophils and
NK cells. In the present study, complement contributed significantly to the death of fresh,
but not expanded T cells in the absence of neutrophils and NK cells. Notably, Lowenstein et
al (5) reported predominantly complement-mediated killing of human CD4+ T cells by
alemtuzumab, which was related to expression of CD52, although only unexpanded cells
were studied.

Analyses of the influence of alemtuzumab on human Treg in vivo have demonstrated a
transient increase in circulating CD4+CD25+FoxP3+ cells after kidney transplantation (13).
The mechanism responsible for the initial increase in Treg is not understood, but de novo
generation was suggested and could be explained by the induction of Treg in vivo (22). In
vitro studies of Treg proliferation have shown that Treg expand preferentially in allogeneic
MLR in the presence of alemtuzumab (23). However, in a similar study, incubation of
human PBMC with anti-thymocyte globulin was associated with Treg expansion whereas,
by contrast, alemtuzumab depleted CD25+ Treg (17).

An explanation for the increased incidence of Treg observed in the circulation of
cynomolgus monkeys after alemtuzumab administration (Figure 5B) may be that
lymphocyte depletion may occur mainly in blood and least in bone marrow (4). Human bone
marrow, where the cells are relatively spared from alemtuzumab-mediated killing (24), has a
much higher proportion of Treg than blood, LN, and thymus. This could explain the
relatively high incidence of Treg in human blood during the first 6 weeks after starting
alemtuzumab. Interestingly, when alemtuzumab was added to ex vivo cultures of human
umbilical cord blood stem cells, a significant increase in stem cells was observed (25).

Generation or preferential expansion of Treg after alemtuzumab administration in humans
appears to be transient in vivo. Bloom et al (13) reported peak Treg numbers (% total
CD4+T cells) 6 months after renal transplantation, with a subsequent decline, although the
percentage remained elevated for 36 months post-transplant. Long-term follow-up of human
kidney transplant recipients has indicated that alemtuzumab-based immunosuppression
decreases the proportion of CD4+Treg when measured several years after transplantation,
which correlates with increased anti-donor reactivity in these patients (15). The present
results in cynomolgus monkeys indicate a much shorter period of increased incidence of
Treg of only 2–7 weeks. This difference may be related to different binding affinity of
alemtuzumab in monkeys compared with humans (18).
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Although we did not determine the half-life of alemtuzumab (a humanized mAb) in
cynomolgus monkeys, our finding that ex vivo-expanded cynomolgus Treg are not affected
by alemtuzumab-mediated complement-dependent killing has important relevance to the
testing of adoptively-transferred Treg for therapy of allograft rejection in alemtuzumab-
depleted cynomolgus monkey hosts.

In conclusion, we have demonstrated that, following their ex vivo expansion, cynomolgus
monkey Treg downregulate CD52 expression and are not susceptible to complement-
mediated killing by alemtuzumab. This suggests that expanded cynomolgus Treg can be
infused into transplant recipients at any time after alemtuzumab-mediated lymphocyte
depletion without their destruction by residual mAb. In cynomolgus monkeys, a transient,
relative increase in the incidence of Treg occurs in vivo, starting about two weeks after the
initial alemtuzumab dose, and persists for approximately 4–5 further weeks.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CFSE carboxyfluorescein diacetate succinimidyl ester

FoxP3 Forkhead box P3

LN lymph node(s)

MFI mean fluorescence intensity

MMF mycophenolate mofetil

NHP non-human primate

NK natural killer

PBMC peripheral blood mononuclear cells

Teff effector T cells

Treg regulatory T cells
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Figure 1. Expansion of cynomolgus monkey FoxP3+ Treg
(A) Treg expansion protocol. Treg (CD4+CD25hiCD127−) were flow-sorted from fresh
PBMC or cryopreserved PBMC or LN cells on d 0, and expanded using NHP-specific
expansion beads, high dose rhu IL-2 and rhu TGF-β. Simultaneously, conventional T
effector cells (Teff; CD4+CD25−) were sorted and expanded using beads and IL-2, but
without TGF-β. Assays were carried out on the days indicated by arrows.
(B) Strong expansion of Treg from fresh PBMC. Treg were flow-sorted from fresh PBMC
(n=3 experiments), or cryopreserved (stored) PBMC (n=3) or LN cells (n=4), then expanded
following the protocol indicated in (A). Treg isolated from fresh PBMC (continuous line)
expanded at a much faster rate than Treg sorted from either stored PBMC (dashed line) or
stored LN cells (broken lines).
(C) Significant up-regulation of FoxP3 in expanded Treg. Fresh PBMC were stained for
CD3, CD4, CD25, CD127, and FoxP3. FoxP3 MFI was analyzed on fresh CD3+CD4+ T
cells, on fresh CD4+CD25hiCD127− Treg and fresh CD4+CD25− Teff. In the same
experiment, expanded Treg and Teff were also stained, gating on CD4+ cells, and analyzed
for FoxP3 at the end of round 1 and 2 of expansion. Expanded T cells showed increased
FoxP3 expression, that was greater in expanded Treg than in expanded Teff (n=3
experiments for all conditions). *p<0.05.
(D, E) Expanded Treg exhibit strong suppressive function on CD4+ and CD8+ T cell
proliferation. When sufficient cells were available, Treg were tested for suppressive function
in CFSE-MLR, as described in the Materials and Methods. Expanded Treg (upper panels in
D and black bars in E) showed strong suppressive capacity when added to bead-stimulated
CD2+ autologous T cells, whereas expanded Teff (lower panels in D and gray bars in E) did
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not. Treg were strongly suppressive at ratios of up to 1Treg:4 CD2+ T cells. *p<0.05;
**p<0.01. Data are representative of 3 experiments (D) and analyzed across experiments
(E).
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Figure 2. Expanded cynomolgus Treg significantly down-regulate CD52 expression, are not
bound by alemtuzumab, and show little change in CD46 expression
(A) T cells from peripheral blood or LN were stained for CD3, CD4, CD25 and CD52 (n=3).
CD52 MFI was analyzed for bulk T cells, fresh (unexpanded) Treg (gated on
CD4+CD25hiCD127−) and fresh (unexpanded) Teff (gated on CD4+CD25−). In the same
experiment, Treg and Teff cells were analyzed for CD52 after round 1 and 2 of expansion
(all conditions n=3). Expanded cells showed a decrease in CD52 expression after the first
round of expansion, which was similar for Treg and Teff, with a further decrease after the
second round (n=3 experiments for all conditions). *p<0.05. (B) Alemtuzumab does not
bind to expanded Treg. Cells were incubated with alemtuzumab at concentrations from
0.001–100 µg/ml then stained with FITC-anti-human IgGγ, as described in the Materials and
Methods to determine binding of alemtuzumab. Binding was expressed as relative MFI.
Alemtuzumab exhibited concentration-dependent binding to freshly-isolated PBMC, as well
as to freshly-isolated Treg and Teff (n=3 experiments). By contrast, alemtuzumab showed
no binding to expanded Treg (n=3) or expanded Teff (n=3) at any concentration tested.
*p<0.05; significance calculated between fresh T cells (n=3) and expanded Treg (n=3). (C),
Representative histograms showing absence of binding to expanded cells. (D) Expanded
Treg and Teff showed little change in surface expression of the complement inhibitory
protein CD46 compared with fresh cells. Fresh and expanded Treg/Teff from the same
monkey were stained for CD3, CD4, Foxp3, and CD46. Treg were gated on
CD3+CD4+Foxp3+ while Teff were gated on CD3+CD4+Foxp3−. Compared to fresh cells,
both Treg and Teff increased their expression of CD46 only modestly after two rounds of
expansion. Data are representative of 3 separate experiments.
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Figure 3. Alemtuzumab does not kill expanded Treg
(A) Killing of cells was tested using normal cynomolgus monkey serum, heat-inactivated
serum (HI serum), RPMI-1640 (no serum), or RPMI-1640 +complement, each with or
without 30 µg/ml alemtuzumab. Killing is shown as the percentage of cells that became 7-
AAD-positive. Normal serum and RPMI-1640 + complement were associated with
increased killing of cells incubated with alemtuzumab. Heat-inactivated serum and
RPMI-1640 were not associated with increased killing. (B, C) Cells were incubated with
alemtuzumab at the concentrations shown to determine apoptosis and killing of cells. Fresh
T cells showed increasing 7-AAD (B) and Annexin-V (C) staining as the concentration of
alemtuzumab increased. Expanded Teff had a higher baseline level of Annexin-V and 7-
AAD staining, but did not show any increase when alemtuzumab was added. Data are
representative of 4 separate experiments.
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Figure 4. Alemtuzumab-containing serum, taken immediately after mAb infusion, does not kill
expanded Treg
Monkey serum was drawn pre-alemtuzumab, immediately after a second dose (10mg/kg),
immediately before and after a third dose (10mg/kg), and 1 week after the third dose. These
sera were incubated with freshly-isolated monkey T cells and expanded autologous Treg.
The percentages of Annexin-V and 7-AAD positive cells are shown. Arrows show time-
points when alemtuzumab was infused. Fresh T cells showed an increase in apoptosis and
cell killing in response to high concentrations of alemtuzumab in the blood (d5 post-
alemtuzumab, d12 post-alemtuzumab), as well as when exposed to pre-alemtuzumab serum
to which 10 µg/ml of alemtuzumab had been added (far right). Values returned to baseline
levels of apoptosis and killing when fresh T cells were incubated with serum obtained 1
week after alemtuzumab infusion (d12, d20), indicating that serum contained high
concentrations of alemtuzumab early after infusion. Expanded autologous Treg showed no
increase in apoptosis or killing when exposed to a high concentration of alemtuzumab in
serum, whether the serum was drawn from an alemtuzumab-treated monkey, or whether
alemtuzumab had been added to the serum in vitro (far right).
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Figure 5. Relative increase in circulating Treg after infusion of alemtuzumab
Monkeys that had received a heart transplant on d 0 and 3 doses of alemtuzumab on d -2, 5,
and 12 (n=3 total; n=2 for each time-point) showed (A) a profound depletion of total
lymphocytes and, in particular, CD4+T cells. (B) Within the remaining small circulating
CD4+T cell population, the percentage of CD25hiCD127− Treg increased significantly after
alemtuzumab infusion in all 3 monkeys (up to 35% in one case) and returned to baseline
values (~5%) by week 7 post-transplant. Representative dot plots of CD127 vs. CD25 pre-
and at 2, 4, 6 weeks after alemtuzumab infusion are shown. (C) Intracellular staining for
FoxP3 (black line; left vertical axis in lower figure) pre- and 2, 4, and 6 weeks after
alemtuzumab infusion shows a transient increase in FoxP3+ cells within the CD4+ cell
population. Representative dot plots of CD25 vs. Foxp3 are shown above. The MFI for
FoxP3 (dark grey bars; right vertical axis) in CD25hiCD127− Treg is markedly higher than
that in the CD25− Teff subpopulation (light grey bars) at each time point. Representative
values for one monkey are shown.
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Table 1

Recovery of cynomolgus monkey Treg from various sources by cell sorting

Treg source Absolute cell # (x106) Percentage of total cells

Fresh PBMC (n=3) 0.12±0.06 0.13±0.05

Cryopreserved PBMC (n=3) 0.19±0.14 0.23±0.11

Cryopreserved LN cells (n=4) 1.20±0.66 1.05±0.62

Absolute numbers of cynomolgus monkey Treg (CD4+CD25hiCD127−), as well as Treg percentages obtained by flow sorting from a single blood
draw (cryopreserved or fresh PBMC) were generally low (0.13–0.23% of total cells) compared to those obtained from LN (Treg: 1% of total cells).
Values are means ±1SD (n=10 experiments).

Am J Transplant. Author manuscript; available in PMC 2014 August 01.


