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Abstract

Objective: To characterize long-term repopulation of peripheral immune cells following alemtuzumab-induced
lymphopenia in relapsing-remitting MS (RRMS), with a focus on regulatory cell types, and to explore associations
with clinical outcome measures.

Methods: The project was designed as a multicenter add-on longitudinal mechanistic study for RRMS patients
enrolled in CARE-MS II, CARE-MS II extension at the University of Southern California and Stanford University, and an
investigator-initiated study conducted at the Universities of British Columbia and Chicago. Methods involved
collection of blood at baseline, prior to alemtuzumab administration, and at months 5, 11, 17, 23, 36, and 48 post-
treatment. T cell, B cell, and natural killer (NK) cell subsets, chemokine receptor expression in T cells, in vitro
cytokine secretion patterns, and regulatory T cell (Treg) function were assessed. Clinical outcomes, including
expanded disability status score (EDSS), relapses, conventional magnetic resonance imaging (MRI) measures, and
incidents of secondary autoimmunity were tracked.

Results: Variable shifts in lymphocyte populations occurred over time in favor of CD4+ T cells, B cells, and NK cells
with surface phenotypes characteristic of regulatory subsets, accompanied by reduced ratios of effector to
regulatory cell types. Evidence of increased Treg competence was observed after each treatment course. CD4+ and
CD8+ T cells that express CXCR3 and CCR5 and CD8+ T cells that express CDR3 and CCR4 were also enriched after
treatment, indicating heightened trafficking potential in activated T cells. Patterns of repopulation were not
associated with measures of clinical efficacy or secondary autoimmunity, but exploratory analyses using a random
generalized estimating equation (GEE) Poisson model provide preliminary evidence of associations between pro-
inflammatory cell types and increased risk for gadolinium (Gd+) enhancing lesions, while regulatory subsets were
associated with reduced risk. In addition, the risk for T2 lesions correlated with increases in CD3+CD8+CXCR3+ cells.
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Conclusions: Lymphocyte repopulation after alemtuzumab treatment favors regulatory subsets in the T cell, B cell,
and NK cell compartments. Clinical efficacy may reflect the sum of interactions among them, leading to control of
potentially pathogenic effector cell types. Several immune measures were identified as possible biomarkers of lesion
activity. Future studies are necessary to more precisely define regulatory and effector subsets and their
contributions to clinical efficacy and risk for secondary autoimmunity in alemtuzumab-treated patients, and to
reveal new insights into mechanisms of immunopathogenesis in MS.

Trial registration: Parent trials for this study are registered with ClinicalTrials.gov: CARE-MS II: NCT00548405, CARE-
MS II extension: NCT00930553 and ISS: NCT01307332.

Keywords: Multiple sclerosis, Alemtuzumab, Lymphopenia, Lymphocyte repopulation, Immune regulation,
Tolerance, Drug mechanisms, T cell subsets, B cell subsets, Natural killer cell subsets

Background
Currently approved disease modifying drugs for patients
with relapsing-remitting multiple sclerosis (RRMS), an auto-
immune demyelinating disease of the CNS, target cells of
the immune system to achieve clinical efficacy [1, 2]. Most
have been reported to act in variable fashion to suppress or
block pro-inflammatory CD4+ T cell types and cytokines,
such as IFN-γ-secreting Th1 cells and IL-17A-secreting
Th17 CD4+ T cells, and to promote immune regulation via
effects on classical foxP3+ Tregs, Th2 cells, and IL-10 se-
creting cells. MS drugs may also target CD8+ T cells [3, 4],
natural killer (NK) cells [5], antigen presenting cells [6], and
more recently, B cells [7–9]. In addition, fingolimod [10],
cladribine [11], glatiramer acetate [12], and others (reviewed
by Longbrake and colleagues [13]) may differentially affect B
cell subsets, especially memory B cells [14]. Characterization
of persistent changes in immune cell types and functions in
response to treatment has potential to advance our under-
standing of disease pathogenesis and to promote develop-
ment of more effective and refined treatment strategies.
Furthermore, long-term analyses of immune phenotypes
that prevail or change over time could be crucial to the as-
sessment of the risk of future disease activity.
Alemtuzumab (Lemtrada, Genzyme, Cambridge, MA)

is a humanized monoclonal antibody against CD52, a
glycoprotein expressed on the surface of most lymphoid,
and to a lesser extent, myeloid cell types. It was ap-
proved in the USA for the treatment of RRMS in 2014,
based on durable clinical efficacy, in spite of carrying a
high risk for development of secondary autoimmunity
[15–19]. The standard treatment protocol consists of
two annual courses of i.v. alemtuzumab (12 mg/day) for
five consecutive days at baseline and three consecutive
days 12 months later (M12), with provisions for add-
itional 3-day courses as needed.
Alemtuzumab induces rapid and profound lymphope-

nia within days of infusion, accompanied by more subtle
and transient effects on monocytes, NK cells, dendritic
cells, and neutrophils [16, 20–22]. Lymphopenia is

followed by repopulation of B cells, CD8+ T cells, and
CD4+ T cells in sequence over time, with persistent de-
pletion of CD4+ T cells for 3 to 4 years [23–25]. The
temporal pattern of repopulation, accompanied by per-
sistent redistribution of T cell subsets in favor of circu-
lating memory and regulatory T cells and against pro-
inflammatory cytokines and Th1 and Th17 subsets, are
considered to be fundamental to mechanisms of action
that lead to durable efficacy in the absence of ongoing
treatment [24, 26–30]. However, changes in B cells [22,
26, 31] and innate-like lymphoid cells [21], including NK
cells, have also been observed, suggesting that efficacy
and the development of secondary autoimmunity involve
greater mechanistic complexity.
The goals of this multicenter cohort alemtuzumab

treatment study were as follows: (1) to analyze the re-
population of immune cells over time, with a focus on
the balance between regulatory T cell, B cell, and NK
cell subsets and effector subsets in each compartment;
(2) to assess Treg functional competence over time; (3)
to identify changes in T cells that express chemokine re-
ceptors; (4) and to explore associations of immune mea-
sures with disease activity and the risk of secondary
autoimmunity.

Methods
Study design
This project was designed as a prospective add-on
mechanistic multicenter study for patients enrolled in
CARE-MS II, CARE-MS II extension (CARE-MS II Ext)
at the University of Southern California (USC) and
Stanford University, and an open label investigator-
sponsored study (ISS) conducted at the Universities of
British Columbia (UBC) and Chicago (UC). Thirty-seven
patients were initially enrolled, eight were excluded due
to baseline (M0) sample shipping delays; final enroll-
ment was 29 patients. The first patient was enrolled in
January of 2009, the final patient was enrolled in June of
2013, and the last blood sample was collected in May of
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2016. Patients received two annual courses of i.v. alem-
tuzumab (12 mg/day) for 5 days at baseline (M0) and
for 3 days 12 months later (M12), except for one CARE-
MS II patient, who was randomized to receive 24 mg/
day; 11 patients received a third course on study or
shortly thereafter. Inclusion and exclusion criteria for
CARE-MS II [15, 16] and ISS have been described previ-
ously [32]. Demographics and baseline characteristics of
the patients are illustrated in Table 1.

Clinical assessments
Clinical, conventional imaging, and safety assessments
were conducted as described for the original CARE-MS
studies (ClinicalTrials.gov identifiers NCT00548405 and
NCT00930553 and [16], modified as described by Vava-
sour and colleagues [33]. Data were available for up to
28 patients. EDSS was assessed at 6-month intervals for
2 years, and for a small number of patients (N = 6) at
M36 and M48. The number of new T2 or Gd+ lesions
were identified by comparison with prior scans, where
applicable, on an annual basis for 4 years, accompanied
by assessment of changes in total T2 lesion volume and
brain parenchymal fraction (BPF). Relapses, defined as
new MS symptoms lasting at least 48 h and confirmed
by neurological examination, were recorded. The inci-
dence and timing of new symptomatic secondary auto-
immunity were tracked according to trial safety
monitoring requirements, which included blood testing
for evidence of autoimmune thyroid disease, immune
thrombocytopenia (ITP), and autoimmune nephropathy.

Blood collection and shipment
Venous blood was collected at M0, prior to alemtuzu-
mab infusion, and at M5, M11, M17, M23, M36, and

M48 from patients at UBC, UC, and Stanford and
shipped overnight at ambient temperature to USC for
processing and assay performance. To maintain as much
consistency as possible in the time from blood collection
to processing in the laboratory, samples arriving at USC
after 12:00 noon PST were excluded from further study.
Samples collected at USC were stored overnight at room
temperature and processed the next day.

Lymphocyte phenotype analyses by flow cytometry
Three strategies were used to assess changes in percent-
ages of lymphocyte phenotypes using 4-color
fluorescence-activated cells sorting (FACS). First, a gen-
eral survey was conducted in whole blood using stand-
ard staining procedures as described previously [34] and
fluorochrome-labeled antibodies specific for CD3+ T
cells (CD3-APC, clone UCHT1), CD3+CD4+ T cells
(CD4-PE and PECy5, clone RPAT4), CD3+CD8+ T cells
(CD8-FITC, clone RPAT8), CD3-CD19+ B cells (CD19-
FITC, clone HIB19), CD3-CD56+ NK cells (CD56-PE,
clone B159), CD3+CD56+ NKT cells, CD3+CD4+ T
cells that express CD45RA (total naïve; CD45RA-FITC,
clone HI100), or CD45RO (total memory; CD45RO-
FITC, CD45RO-PE, clone UCHL1). To evaluate changes
in naïve and memory T cell subsets in the CD4+ T cell
compartment, the whole blood FACS panel also in-
cluded antibodies against CD27 (CD27-APC, clone M-
T271 or O323) to identify CD4+CD27+CD45RA naïve T
cells, CD4+CD27+CD45RA- central memory T cells
(TCM), CD4+CD27-CD45RA- effector memory T cells
(TEM), and CD4+CD27-CD45RA+ new effector T cells
(new Teff), according to Lovett-Racke et al. [35]. Anti-
bodies against VLA-4 (very late antigen 4, VLA-4-PE,
clone 9F10) and chemokine receptors CXCR3, CCR5,

Table 1 Patient demographic and baseline characteristics

Characteristic Values

Number enrolled 29

Sex: female/male 21/8 (74% female)

Age at baseline: mean ± SD years 33.9 ± 8.9

Ethnicity (self-reported): number (%)

White (non-Hispanic) 14 (48.2%)

Hispanic/Latino/Mexican 4 (13.8%)

African American 6 (20.7%)

Asian 4 (13.8%)

Unknown 1 (3.45%)

Treatment naïve at baseline: number (%) 6 (20.7%)

Disease duration from diagnosis: mean ± SD years 3.1 ± 2.5

Disease duration from symptom onset: mean ± SD years 4.7 ± 3.8

Number of relapses 2 years prior to baseline: mean ± SD 2.5 ± 0.7

Baseline EDSS: mean ± SD 3.1 ± 1.1
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CCR3, and CCR4 were included to assess the potential
for CD3+CD4+ and CD3+CD8+ T cells to migrate and
enter tissue, and for the chemokine receptors, as surro-
gate markers of pro-inflammatory T helper 1 (Th1:
CXCR3 and CCR5) and anti-inflammatory T helper 2
(Th2: CCR3 and CCR4) cells. Antibodies were purchased
from BD Biosciences, San Jose, CA, and eBioscience/
ThermoFisher Scientific, Grand Island, NY.
Second, changes in Tregs were assessed in PBMC

isolated from heparinized blood by density gradient
centrifugation using Ficoll-Paque-Plus (GE Healthcare,
17-1440-02; Sigma Aldrich, St. Louis, MO), as de-
scribed previously [36]. When possible, excess PBMCs
were stored in liquid nitrogen for future studies. Iden-
tification of classical Tregs, defined as CD4+CD25hiC-
D127lo/neg foxP3+ cells was accomplished using kits
purchased from eBioscience/ThermoFisher according
to the manufacturer’s instruction and similar to
methods described by Jones and colleagues [37] and
consistent with minimal requirements recommended
for Treg identification [38]. Effector T cells (Teff)
were defined as CD4+CD25+CD127+ cells lacking ex-
pression of foxP3. The panel also included anti-CD39,
CD45RA, and CD45RO and consisted of CD4-PerCP-
Cy5.5 (clone RPAT4), CD127-FITC (clone EBioRDR5),
CD45RA-FITC (clone HI100), CD45RO-PE (clone
UCHL1), CD25-PE (clone MA251), CD39-FITC (clone
eBioA1), and foxP3-AlexaFluor 647 (clone 150D).
Antibodies were purchased from BD Biosciences or
eBioscience/ThermoFisher Scientific with the excep-
tion of foxP3, which was from BioLegend (San Diego,
CA).
Third, changes in CD19+CD20+ B cell subsets were

assessed in PBMC thawed from storage in liquid nitro-
gen. The FACS panel included antibodies against CD19,
CD20, CD38, CD27, and CD24 to allow identification of
total memory B cells as CD19+CD20+CD27+, total naïve
B cells as CD19+ CD20+ CD27-, and “transitional” or
naïve “regulatory” B cells as CD19+ CD20+ CD27-
CD24hiCD38hi, similar to that described by Kim et al.
[39]. Antibodies were as follows: CD19-FITC (clone
HIB19), CD20-FITC (clone 2H7), CD38-PerCP (clone
HIT2), CD27-APC (clone M-T271), and CD24-PE (clone
ML5), purchased from BD Biosciences or BioLegend.
Staining conditions and FACS settings, including

photomultiplier tube (PMT) voltages and compensations
were defined in preliminary experiments and used
throughout the study. Data acquisition was accom-
plished using a FACSCalibur flow cytometer (BD Biosci-
ences, San Jose, CA) and analyses accomplished using
the FlowJo software (version 7.6.5, Ashland, OR). Gating
strategies for stained populations were applied in com-
bination with staining by appropriate isotype control
antibodies for all assays.

Cell counts for primary lymphocyte populations in a
subset of patients were also available from clinical phe-
notyping (TBNK panel) or complete blood counts (CBC,
with differential) performed every 6 months (M0, M6,
M12, M18, M24, M36, and M48) by Quest or Covance
Laboratories.

Functional regulatory T cell assay
Treg function is typically assessed by the ability of puri-
fied CD4+CD25hi suppressor cells to inhibit proliferation
or cytokine secretion by mitogen- or antigen-activated
CD4+CD25- target cells in vitro [40, 41]. These assays
require freshly isolated cells in a number sufficient for
purification, presenting a practical challenge for lympho-
penic patients and in samples shipped overnight. For this
reason, an alternative assay was developed in which the
presence of functional Tregs is revealed by rebound pro-
liferation in PBMC depleted of CD25+ cells (CD25-de-
pleted PBMC), compared with unfractionated PBMC
containing CD25+ cells (CD25-undepleted PBMC). This
approach is justified by the fact that strategies to deplete
CD25+ T cells formed the original basis for identifica-
tion of Tregs in mouse models of autoimmune disease
[42] and by its use to detect Tregs in PBMC from sys-
temic lupus erythematosus patients [43]. Depletion was
accomplished using anti-CD25-coupled magnetic
microbeads and magnetic cell separation columns (MS
columns) available from Miltenyi Biotec (human CD25
Microbeads II, Auburn, CA), according to the manufac-
turer’s protocol. Success of depletion was confirmed in
all samples by FACS (see Fig. 1a) employing the same
antibodies used for Treg identification, with 88–95% re-
duction of CD4+CD25hi cells, and 81–95% depletion in
cells stained for CD4, CD25hi, and foxP3 (data not
shown). Rebound proliferation was measured in PBMC
and CD25-depleted PBMC plated separately at 2 × 105

cells/well and stimulated with 5 μg/mL PHA for 4 days.
Tritiated thymidine (3H TdR, 1 μCi/well; MP Biomedi-
cals) was added for the last 18–24 h. Cells were har-
vested onto glass fiber filter strips and counts per
minute (cpm) 3H-TdR measured in a liquid scintillation
counter. Data are expressed as percent increase in mean
cpm in CD25-depleted PBMC compared with unde-
pleted PBMC.

Analyses of cytokine secretion patterns and percentages
of Th1 and Th17 cells in PBMC
Cytometric bead array (CBA) kits from BD Pharmingen
(San Diego, CA) were used to measure concentrations of
IL-2, IL-4, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13,
IL-17A, IL-21, MCP1, RANTES, fractalkine, TNF-α,
IFN-γ, and GM-CSF in 48-h supernatants from PBMC
plated in triplicate at 2 × 105 cells/well in 96 well plates
(Corning Costar) in the presence and absence of
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phytohemagglutinin (PHA; 5ug/mL). Supernatants were
stored at − 20 °C until used for assays, when they were
thawed and incubated with appropriate bead fluoro-
chrome pairs in triplicate, according to the manufacturer’s
protocol and as reported previously [44]. Data were ac-
quired using a BD Accuri C6 flow cytometer (BD

Biosciences, San Jose, CA) and analyzed using CBA FCAP
Array software, v3.0 (BD Biosciences). Concentrations
were extrapolated from standard curves included for each
analyte. Assays were performed in batches that included
all timepoints for each individual patient. Inter-assay vari-
ability was assessed by inclusion of standard supernatants

Fig. 1 Changes in CD4+ regulatory T cells (Treg), “effector” T cells (Teff), and Treg function in PBMC. a FACS gating strategy used to identify CD4
+ CD25hiCD127lo/neg foxP3+ Tregs and CD4 + CD25 + CD127 + foxP3- Teff in PBMC (first four FACS plots, left to right) and in PBMC depleted of
CD25+ Tregs (fifth FACS plot, right). b-e Illustrate changes over time at each study timepoint for each individual patient (open symbols),
compared with baseline (M0) values. b Changes in Tregs. c Changes in Teff. d Changes in Teff:Treg ratio. e Changes in Treg function, indicated as
percent rebound in CD25-depleted PBMC compared to undepleted PBMC. Data in all panels represent median/IQR values for all patients at each
timepoint. p values indicate significant changes from baseline (M0) as follows: ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05; mixed effects
ANOVA with Tukey’s corrections for multiple comparisons
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prepared from a bulk culture of PBMC collected from a
control subject and stimulated with 5 μg/mL PHA, and by
spiking the assays with known concentrations of each
cytokine. Inter-assay variability was less than 10% (data
not shown). Samples were available from M0, M5, M11,
M17, and M23 timepoints.
Changes in Th1 and Th17 cells in PBMC were

assessed using procedures adapted from intracellular
cytokine staining and leukocyte activation cocktail kits
available from BD Biosciences (San Jose, CA). Briefly,
1-2 × 106 PBMC/mL were suspended in culture
medium and placed at 37 °C, 5% CO2 for 2 h prior to
the addition of leukocyte activation cocktail (phorbol
12-myristate 13-acetate, or PMA and ionomycin at
50 ng/mL and 500 ng/mL, respectively) in the pres-
ence of the protein transport inhibitor, brefeldin A at
10 μg/mL. Culture medium consisted of RPMI 1640
(JRH Bioscience/Millipore Sigma, St. Louis, MO) sup-
plemented with 5% heat-inactivated fetal calf serum
(Omega Scientific, Tarzana, CA), 20 mM HEPES, 0.1
mM non-essential amino acids, 4 mM L-glutamine, 1
mM sodium pyruvate, 100 units/mL penicillin/strepto-
mycin, and 50 μM 2-mercaptoethanol. PBMC cultured
in the absence of leukocyte activation cocktail served
as controls. After overnight incubation, PBMC were
stained for surface CD4 expression followed by fix-
ation/permeabilization and staining to detect intracel-
lular IFN-γ (Th1; IFN-γ-FITC, clone 25,723.11) or IL-
17A (Th17; IL-17A-PE, clone eBio65DEC17). Data
were acquired on a FACSCalibur flow cytometer and
analyses conducted using the FlowJo software. The
gating strategy involved identification of lymphocytes
in FSC/SSC plots and gating on CD4+ lymphocytes
to identify CD4+IFN-γ+and CD4 + IL-17A+ cells.
Analyses also included IFN-γ+ and IL-17A+ cells in
the CD4- gate. Antibodies were purchased from BD
Biosciences or eBioscience/ThermoFisher Scientific.
Staining conditions and FACS settings were defined
in preliminary experiments and used throughout the
study.

Statistical analyses
The study was originally powered to detect a minimum
45% change in the percentage of Tregs at 70% variability
at any timepoint from M5, M11, M17, and M23 com-
pared with baseline, to achieve a power of 0.8 at p ≤ 0.05
(paired t test). Based on these assumptions, 21 patients
were required; 29 were enrolled to achieve this goal and
22 completed all M0-M23 timepoints. Subsequently, the
study was amended to add M36 and M48 timepoints; 15
patients completed all timepoints from M0-M36, and 5
completed all M0-M48 timepoints. The maximum num-
ber of samples available for assays at each timepoint was
29 (M0, M5), 27 (M11), 26 (M17, M23), 15 (M36), and 8

(M48) for most measures in whole blood and PBMC, de-
pending on cell yields. For thawed PBMC used to iden-
tify B cell subsets, the maximum number of samples
available for each timepoint was 23 (M0), 10 (M5), 14
(M11), 5 (M17), 16 (M23), 11 (M36), and 4 (M48). For
clinical TBNK analyses, samples were available for up to
20 patients at M0, M6, M12, M18, M24, M36, and M48.
Statistical significance of changes in lymphocyte mea-
sures and in BPF and T2 volume at each timepoint com-
pared with baseline was assessed using a mixed effects
analysis of variance (ANOVA) model with Tukey’s cor-
rections for multiple comparisons. Exceptions occurred
for analyses of changes in B cell subsets, cytokine con-
centrations in PBMC supernatants, EDSS, and number
of new T2 and Gd+ lesions, in which Kruskal-Wallis test
for non-parametric data was used. Graphpad Prism, v8
was used for these analyses; p values ≤ 0.05 are consid-
ered statistically significant.
Post hoc analyses of correlations between longitudinal

changes in lymphocyte, clinical, and imaging parameters,
between- and within-individuals were conducted on data
from patients enrolled at USC, UBC, and UC and
employed a linear mixed effects model for repeated mea-
sures described by Irimata et al. [22], using a SAS macro
(SAS 9.4). Associations between percentages of specific
lymphocyte subsets and EDSS, BPF, number of new T2
lesions, T2 lesion size, and number of new Gd+ lesions
were assessed. In addition, immunological data were
stratified for patients with active and stable disease, and
for patients who did or did not develop secondary auto-
immunity during the 4-year study period. Active disease
was defined as the presence of relapses and/or new T2
lesions any time on study. Stable disease was defined as
the absence of relapses and the absence of new T2 le-
sions on study.
An additional exploratory analysis strategy involved

the use of a random generalized estimating equation
(GEE) Poisson distribution model to determine if im-
mune measures change in association with risk of new
Gd+ or T2 lesions (SAS 9.4). Briefly, GEE adopts the
nested structure of within- and between-individual data
and allows application of a random effect to estimate
within-individual risk. The dispersion parameter ϕ was
estimated as the ratio of deviance, with correction if
overdispersion was detected. This method standardizes
immune measures that vary in scale to a mean z score of
0 and standard deviation of 1. This allows comparisons
and ranking of the strength of associations across all
measurements, such that a rate ratio (rr) represents in-
creased relative risk associated with one standard devi-
ation increase in immune measures. A Benjamini-
Hochberg procedure was used to adjust error for mul-
tiple comparisons and reduce false discovery rates. p
values ≤ 0.05 are considered statistically significant.
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Results
Changes in Tregs and Teff in PBMC over time
Figure 1a illustrates the FACS gating strategy used to
identify classical CD4+CD25hiCD127lo/neg foxP3+ Tregs
and CD4+CD25+CD127+foxp3- Teff in PBMC. Briefly,
lymphocytes were identified in forward scatter/side scat-
ter plots (FSC/SSC; lymphocyte gate) followed by gating
on CD4+ lymphocytes (CD4 gate) to identify
CD4+CD25hiCD127lo/neg and CD4+CD25+CD127+ cells
(see middle plot), with CD25 (clone M-A251) on the y-
axis and CD127 on the x-axis. The percentage of clas-
sical Tregs increased following alemtuzumab treatment,
most clearly evident at the earliest timepoint (M5),
followed by more modest, but significant elevation until
M23 (Fig. 1b). By contrast, the proportion of
CD4+CD25+CD127+foxP3- Teff cells showed a non-
statistically significant trend for reduction over the study
period (Fig. 1c). Overall, ratios of Teff:Treg were signifi-
cantly reduced from M5 to M23 (Fig. 1d).
The majority of Tregs were CD39+ (Supplementary

Figure S2A & D), with CD39 expression occurring in
both foxP3+ (Figure S2A & B) and foxp3- T cells (Figure
S2C). CD39+ cells were also found on CD4+ T cells that
did not express CD25 (Figure S2E). Tregs exhibited a
predominantly CD45RO+ memory phenotype, increas-
ing significantly at M5 and M23 (Figure S2F), while the
percentage of CD45RA+ Tregs was significantly reduced
at M5 (Figure S2G).

Functional capacity of Tregs
Treg function was assessed by measuring the presence
of rebound proliferation in PBMC depleted of CD25+
cells, as described in the methods. Results are presented
in Fig. 1e. Significant rebound in PHA-induced prolifera-
tion was observed at M5 and M17 (p = 0.01 and 0.05, re-
spectively), comparing PBMC with CD25-depleted
PBMC. This suggests not only that Tregs are functional,
but that they may exhibit enhanced function in the early
phase of repopulation after each course of alemtuzumab
treatment.

Changes in patterns of repopulation by T cells expressing
chemokine receptors
Chemokine receptors have been reported to be differen-
tially expressed in Th1 (CXCR3 and CCR5) and Th2
cells (CCR3 and CCR4) [45–48], and CXCR3 is also up-
regulated in Th1 and CD8+ effector T cells upon activa-
tion [49, 50]. Thus, it was of interest to evaluate
chemokine receptor expression in T cells during repopu-
lation. Figure 2a and b, respectively, shows changes in
the percentage of total CD3+CD4+ and CD3+CD8+ T
cells in whole blood. The percentage of CD3+CD4+ T
cells expressing CXCR3 (Fig. 2c) or CCR5 (Fig. 2d), pre-
sumed Th1-like cells, increased significantly at M5, with

sustained elevation of CD3+CD4+CCR5+ T cells until
M23, compared with M0. The percentage of CD3+CD4+
T cells expressing CCR3 or CCR4, enriched in Th2 cells,
did not vary significantly over time (Fig. 2e and f, re-
spectively). For CD3+CD8+ T cells, the proportion of
CXCR3 (Fig. 2g), CCR4+ (Fig. 2j), and to a lesser extent,
CCR5+ (Fig. 2h) and CCR3+ (Fig. 2i) cells increased sig-
nificantly from M5 to M36. The majority (greater than
90%) of CD3+CD4+ and CD3+CD8+ T cells expressed
VLA-4 with no change over time (data not shown).

Changes in naïve and memory CD4+ T cell subsets in
whole blood
It has been well-documented that total CD4+CD45RA+
naïve T cells are reduced, and total CD4+CD45RO+
memory T cells are spared following alemtuzumab treat-
ment [23, 30]. Our data show similar changes in total
memory (supplementary Figure S3A) and total naïve
CD4+ T cells (Figure S3B). Figure S3 also illustrates
changes over time in subsets of naïve and memory
CD4+ T cells, defined as described by Lovett-Racke and
colleagues [35]. Briefly, lymphocytes were identified in
FSC/SSC plots, followed by gating on CD4+CD45RA+
or CD45RA- cells to identify CD27+ and CD27- lym-
phocytes (FACS gating strategy not illustrated). Figure
S3 shows that the percentage of CD4+CD45RA+CD27+
naïve T cells (Figure S3C) was reduced at M5 and M17,
while CD4+CD45RA-CD27+ central memory T cells
(TCM; Figure S3D) remained relatively stable over time.
The percentage of CD4+CD45RA-CD27- effector mem-
ory T cells (TEM; Figure S3E) increased at M5, along
with CD4+CD45RA+ new effector T cells (new Teff; Fig-
ure S3F).

Changes in cytokine secretion patterns in PBMC
Supplementary Figure S4 illustrates significant reduc-
tions in concentrations of IL-2 (Figure S4A) and IFN-γ
(Figure S4B) from M5 to M23, while IL-17A (Figure
S4C) was significantly reduced at M5, M11, and M23
compared with M0. The anti-inflammatory cytokine IL-
10 showed little change except for a modest reduction at
M23 (Figure S4D). Concentrations of TNF-α, IL-8, IL-6,
Rantes, MCP-1, and GM-CSF were unchanged, and IL-
4, IL-7, IL-9, IL-13, IL-21, and fractalkine were undetect-
able in PHA-activated PBMC supernatants (data not
shown).

Changes in Th1 and Th17 cells
Because Th1 and Th17 cells have been implicated in the
pathogenesis of MS [2, 51], intracellular cytokine stain-
ing for IFN-γ and IL-17A was also performed in PBMC.
Supplementary Figure S4 shows a significant increase in
the percentage of CD4+IFN-γ+ Th1 cells (Figure S4E)
only at M5 compared with M0, with no change in
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CD4+Th17+ cells (Figure S4F). Lymphocytes lacking
CD4 expression (CD4-) were clearly capable of produ-
cing IFN-γ (Figure S4G) but showed no change in per-
centage throughout the study. IL-17A was not detected
in CD4- cells, and CD4+ T cells capable of producing
both IFN-γ and IL-17A were negligible (data not
shown). IFN-γ and IL-17A were undetectable in un-
stimulated cells (data not shown).

Changes in B cell subsets
There is strong evidence of key roles for B cells in the
pathogenesis of MS [7, 13, 14, 52–54], so evaluation of
changes in B cell subsets following alemtuzumab is of
considerable interest. The findings are shown in Fig. 3.
Figure 3a illustrates the FACS gating strategy used to
identify CD19+CD20+CD27+ memory B cells and
CD19+CD20+CD27- naïve B cells in the lymphocyte
gate, followed by gating on naïve B cells to identify naïve
“regulatory” CD19+CD20+CD27-CD24hiCD38hi B cells.
Figure 3b shows profound, sustained depletion of the
percentage of total memory B cells from M5 to M36,
compared with M0, accompanied by significant elevation

of total naïve B cells from M5 to M48 (Fig. 3c), indica-
tive of hyper-repopulation. Naïve “regulatory” B cells
were also significantly increased at M5, M17, M23, and
M36 (Fig. 3d); cells with this phenotype have been re-
ported to exhibit regulatory activity [10, 39]. Figure 3e
indicates that the ratio of total memory B cells to naïve
“regulatory” CD24hiCD38hi B cells is markedly reduced
from M5 to M36. The ratio of total CD19+CD27-naive
B cells to CD19+CD27-CD24hiCD38hi naïve “regulatory”
B cells was reduced at M5 and was not sustained at later
timepoints (Fig. 3f). The depletion of CD19+CD27+
memory B cells and expansion of CD19+CD27-
CD24hiCD38hi B cells were robust and occurred in most,
if not all patients.

Changes in natural killer (NK) subsets
Figure 4a illustrates the FACS gating strategy used to
identify total CD3-CD56+ NK cells, CD3-NK cells that
express high levels of CD56 (CD3-CD56bright NK cells),
and CD3+CD56+ NKT cells in the lymphocyte gate,
similar to methods published by Andre and Anfossi [55].
Figure 4b shows a significant increase in the percentage

Fig. 2 Changes in CD4+ and CD8+ T cells expressing chemokine receptors in whole blood. a Total CD3+CD4+ T lymphocytes. b Total CD3+
CD8+ T cells. c and d Show CD3+CD4+ T cells expressing CXCR3 and CCR5, respectively, which are enriched in Th1 cells. e and f Show
CD3+CD4+ T cells expressing CCR3 and CCR4, respectively, which are enriched in Th2 cells. g–j Show CD3+CD8+ T cells that express CXCR3,
CCR5, CCR3, and CCR4, respectively. Data represent median/IQR values for all patients at each timepoint; open circles indicate data points for
each individual patient. p values indicate significant changes from baseline (M0) values as follows: ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤
0.05; mixed effects ANOVA with Tukey’s corrections for multiple comparisons
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of total CD3-CD56+ NK cells from M5 to M23, while
Fig. 4c shows a similar pattern of increase in CD3-
CD56bright NK cells. By contrast, the proportion of
CD3+CD56+ NKT cells (Fig. 4d) remained relatively
stable over time, resulting in significant reductions in
the ratio of NKT cells to CD56bright NK cells. (Fig. 4e).

Clinical disease outcomes
Patients enrolled in this study were part of a larger co-
hort for an individual investigator-initiated study

conducted at the Universities of British Columbia and
Chicago; clinical and imaging outcome data have been
reported for the larger cohort [33] and are summarized
for the current cohort in Fig. 5, which also included
CARE-MS II and CARE-MS II extension patients en-
rolled at USC. Although there appeared to be a modest
trend for improvements in EDSS (panel a), number of
new T2 lesions (panel b) and number of new Gd+ le-
sions (panel d), statistically significant differences from
baseline were only detectable in T2 volume (panel c)

Fig. 3 Changes in B cell subsets in thawed PBMC. a FACS gating strategy used to identify CD19+20+CD27+ total memory B cells, CD19+20+
total naïve B cells, and CD19+ CD20+CD27-CD24hiCD38hi B cells. b Total CD19+CD20+CD27+ memory B cells. c CD19+CD20+CD27- total naïve B
cells. d CD19+CD20+CD27-CD24hiCD38hi B cells. e Ratio of total memory B cells to naïve “regulatory” CD24hiCD38hi B cells. f Ratio of total naïve B
cells to CD19+CD20+CD27-CD24hiCD38hi B cells. Data represent median/IQR values for all patients at each timepoint; open circles indicate data
points for each individual patient. p values indicate significant changes from baseline (M0) values as follows: ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤
0.01, *p ≤ 0.05; Kruskal-Wallis test
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and BPF (panel e). Eleven patients developed new T2 le-
sions (panel f) and 5 experienced new Gd+ lesions on
study (panel h). Eight patients experienced relapses
(panel j), most of which occurred in the third year, for a
total of 13 relapses from M0 to M48. New or secondary
autoimmunity occurred in years 2 or 3, affecting eight
patients (data not illustrated). Seven developed
autoimmune thyroiditis and one had autoimmune
thrombocytopenia. Two patients had autoimmune thy-
roid disease prior to baseline and were not included in
the on-study count. Eleven patients were considered to
have active disease, based on presence of relapses and/or
new T2 lesions, while 17 patients were classified as hav-
ing stable disease, based on the absence relapses and ab-
sence of new T2 lesions on study (panel k). When

defined less conservatively as the presence of relapses
and/or new T2 lesions and/or new Gd+ lesions, the
numbers of patients with active disease vs. stable disease
were 12 and 16, respectively.

Analyses of relationships between immunological
parameters and clinical disease outcomes
Analyses of correlations between immune measures and
EDSS, number of new T2 lesions, T2 volume, number of
new Gd+ lesions or BPF did not reveal statistically signifi-
cant associations when assessed individually (data not
shown). Lymphocyte subset and function data were strati-
fied for the presence and absence of active disease (Fig. 6)
or the presence and absence of secondary autoimmunity
(Fig. 7). The data in both figures illustrate between group

Fig. 4 Changes in NK cell subsets in whole blood. a FACS gating strategy used to identify CD3-CD56+ total NK cells, CD3-CD56bright NK cells, and
CD3+CD56+ NKT cells. b Total CD3-CD56+ NK cells. c CD3-CD56bright NK cells. d CD3+ CD56+ NKT cells. e Ratio of NKT cells:CD3-CD56bright T
cells. Data represent median/IQR values for all patients at each timepoint; open circles indicate data points for each individual patient. p values
indicate significant changes from baseline (M0) values as follows: ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05; mixed effects ANOVA with
Tukey’s corrections for multiple comparisons
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values (plots on the left), as well as individual values
within each group (middle and right plots). No significant
differences were observed over time for percentages of
Teff (Figs. 6 and 7, panels a–c), Tregs (Figs. 6 and 7, d–f),
total naïve B cells (Figs. 6 and 7, panels g–i), naïve “regula-
tory” CD24hiCD38hi B cells (Figs. 6 and 7, j–l), NKT cells
(Figs. 6 and 7, panels m–o) and CD3-CD56bright NK cells
(Figs. 6 and 7, panels p–r).
Although the changes in Teff did not differ between pa-

tients with active or stable disease, they showed different

trends at M5, most clearly evident as an increase in pa-
tients with active disease (Fig. 6b) and a decrease in pa-
tients with stable disease (Fig. 6e). This trend held up for
patients with and without relapses (supplementary Figure
S6A-C), and less so for patients with and without Gd+
and T2 lesions, combined (supplementary Figure S6D-F).
There were no significant associations with disease sta-

tus or secondary autoimmunity and Teff:Treg ratios,
Treg function, Th1 and Th17 cells, CD3 + CD4+ and
CD3 + CD8 + CXCR3+ and CCR5+ cells, naïve and

Fig. 5 Clinical and imaging outcomes. a Expanded disability status scores (EDSS), measured every 6 months. b Number of new T2 lesions. c T2
volume. d Number of Gd+ lesions at baseline; subsequent timepoints represent new Gd+ lesions. e Brain parenchymal fraction (BPF). Data are
expressed as median/IQR values for all patients at each timepoint. p values indicate significant changes from baseline (M0), where applicable, as
follows: **p ≤ 0.01, *p ≤ 0.05; Kruskal-Wallis test for EDSS, number of new T2 and Gd+ lesions, and mixed effects ANOVA with Tukey’s corrections
for T2 volume and BPF. f Number of patients with new T2 lesions in the first year (up to M12), second year (M13–M24), third year (M25–M36),
and fourth year (M37–M48) accompanied by total number for all timepoints on study. g Total number of new lesions in each year. h Number of
patients with Gd+ lesions at M0 [11] and new Gd+ lesions in each year, accompanied by the total number of new Gd+ lesions from M12 to M48.
i Total number Gd+ lesions at M0 and new Gd+ lesions in each year. j Number of patients who experienced relapses in each year on study,
accompanied by the total for all years. k Number of patients who experienced relapses and/or new Gd+ lesions (active disease) or had no
relapses or Gd+ lesions (stable disease) on study
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memory CD4+ T cell subsets, total B cells, and total
memory B cells (supplementary Figure S5).
Cell count data from clinical TBNK analyses, illustrated

in supplementary Figure S1, revealed a typical temporal
pattern of lymphopenia and repopulation in primary
lymphocyte populations after each treatment course, con-
sistent with published findings [23, 26–28, 56–59].

Estimation of risk for lesion activity associated with
immune measures
Exploratory analyses of potential associations between
immune measures and the incidence of new T2 or Gd+
lesions at all timepoints were conducted using a random
effect GEE Poisson model. The random effect estimates
within-individual level associations between immune

Fig. 6 Lack of significant differences in selected lymphocyte subsets stratified for patients with active and stable disease activity during the 48-
month study period. Each row represents data from one lymphocyte subset, with the left panels in each row illustrating between-subjects
analyses, followed by within-subjects analyses for patients with active (middle panels) and stable (right panels) disease activity. a–c Changes in
CD4+CD25+CD127+foxP3- Teff. d–f Changes in CD4+CD25hiCD127lo/neg foxP3+ Tregs. g–i Changes in CD19+CD20+CD27- total naïve B cells. j–l
Changes in CD19+CD20+CD27-CD24hi CD38hi B cells. m–o Changes in CD3-CD56bright NK cells. p–r Changes in CD3+CD56+ NKT cells. Data
represent median/IQR; closed symbols indicate patients with active disease, and open symbols indicate patients with stable disease. Data were
subjected to between- and within-subject analyses using a linear mixed effects model for repeated measures
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measures and risk of T2 or Gd+ lesion incidents. The
overall fixed effect was the weighted average across mul-
tiple individuals. Since immune measures were standard-
ized to a z score with a standard deviation of 1, the
estimated rate ratio (rr) reflects a change in risk associ-
ated with immune measures that increase by one stand-
ard deviation from group means. In addition, because
these analyses included measures at M0, they were

conducted without consideration for a treatment effect.
Low rate ratios (≤ 0.5, green/yellow), indicative of a re-
duced risk for Gd+ lesions, or a protective effect, were as-
sociated most strongly with regulatory cell subsets or
functions, including Treg function and percentages of
naïve “regulatory” B cells, CD3-56bright NK cells, and Tregs
(Table 2). High rate ratios (≥ 1.0, orange/red), indicative of
increased risk for Gd+ lesions, were associated with

Fig. 7 Lack of significant differences in selected lymphocyte subsets stratified for patients with and without secondary autoimmunity during the
48-month study period. Each row represents data from one lymphocyte subset, with the left panels in each row illustrating between-subjects
analyses, followed by within-subjects analyses for patients with secondary autoimmunity (middle panels) and without secondary autoimmunity
(right panels) disease activity. a–c Changes in CD4+CD25+CD127+foxP3- Teff. d–f Changes in CD4+CD25hiCD127lo/neg foxP3+ Tregs. g–i Changes
in CD19+CD20+CD27- total naïve B cells. j–l Changes in CD19+CD20+CD27-CD24hi CD38hi B cells. m–o Changes in CD3-CD56bright NK cells. p–r
Changes in CD3+CD56+ NKT cells. Data represent median/IQR; closed symbols indicate patients with secondary autoimmunity, and open
symbols indicate patients without secondary autoimmunity. Differences over time between and within groups were not statistically significant
(linear mixed effects model for repeated measures)
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general T cell populations, including proportions of
CD3+, CD3+CD4+, CD3+CD8+, and total
CD4+CD45RA+ naive T cells, as well as NKT cells, ratio
of NKT:CD3-CD56bright NK cells, and total
CD19+CD20+CD27+ memory B cells. The data also re-
veal a high rate ratio for IL-2 (1.37, p = 0.02), a pro-
inflammatory cytokine that promotes T cell activation and
proliferation. Of note, an increase the percentage of
CD4+CD25+CD127+foxP3- Teff by one standard devi-
ation from the mean, with a rr of 0.93, was not associated
with increased Gd+ lesion risk (p = 0.94; supplementary
Table 1). Supplementary Table 1 shows additional pheno-
types or functions that either did not yield rr values ≤ 0.5
or ≥ 1.0 or did not reach p values ≤ 0.05.
For new T2 lesions, CD3+CD8+CXCR3+ T cells were

the only cell subset that showed significantly increased
risk, with a rate ratio of 1.54 (p = 0.017; supplementary
Table 1). The rate ratio for this subset showed the oppos-
ite trend for Gd+ lesions (rr = 0.44; p = 0.006; Table 2).

Discussion
The data in this manuscript show that regulatory cell types
that are enhanced and persist after alemtuzumab treatment
include classical CD4+CD25hiCD127lo/negfoxP3+ Tregs,

CD19+CD27-CD24hiCD38hi naïve “regulatory” B cells, and
CD56bright NK cells. All were present at higher percentages
within their respective parent populations after treatment,
compared with baseline. Although similar findings have
been reported for each of these subsets, very few studies
have assessed all of them in the same patient cohort in
long-term studies. In addition, the data expand our know-
ledge of the effect of alemtuzumab on the balance between
regulatory and putatively pathogenic effector cell types, in
which the ratios of CD4+CD25+CD127+foxP3- Teff:Treg,
CD19+CD20+CD27+ memory B cells:naïve “regulatory” B
cells, and CD3+CD56+NKT:CD56bright NK cells were signifi-
cantly reduced, in favor of regulation.
The Treg observations in this study are consistent with

several reports that CD4+CD25hiCD127lo/neg foxP3+
Tregs expand preferentially in the CD4+ T cell pool dur-
ing the early stages of recovery, peaking at approximately
3–5months and remaining elevated compared with base-
line for approximately 2 years [23, 29, 30, 37]. Our find-
ings expand these observations to include assessments of
ratios between Teff:Treg, which were profoundly and per-
sistently reduced over time. Teff:Treg ratios were similarly
reduced when calculated on the basis of estimated Treg
and Teff counts (data not shown).

Table 2 Within-individual associations between immune cell types or functions and risk of Gd+ lesions*

*Data represent findings from random GEE Poisson analyses sorted from low (green/yellow) to high (orange/red) rate ratios. Low rate ratios (≤ 0.5) indicate a
protective effect, while rate ratios (≥ 1.0) indicate that the risk for Gd + lesions is associated with an increase in immune measures, represented by an increase by
one standard deviation from the mean z score, as described in the methods section. Data are restricted to p values ≤ 0.05 after Benjamini-Hochberg corrections.
All study timepoints were included in the analyses.
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The data provide both direct and indirect evidence of
Treg competence. Direct evidence was provided in the
form of significant rebound proliferation at M5 and M17
in PHA-activated PBMC depleted of Tregs, timepoints
that follow cycles of alemtuzumab treatment at M0 and
M12. Treg competence has been reported at 12 and 24
months post-treatment by De Mercanti and colleagues,
who conducted enzyme-linked immunospot (ELISPOT)
assays to detect rebound of myelin basic protein (MBP)-
stimulated IFN-γ- and IL-17A-secreting cells in PBMC
depleted of CD25+ cells [29]. In addition, Jones and col-
leagues employed classical Treg proliferation inhibition
assays in alemtuzumab-treated patients to detect Treg
competence at 36–48months [37], but not earlier time-
points. Importantly, our data demonstrate that Tregs are
not only functionally competent, but that they exhibit
more robust competence at the early timepoints of M5
and M17.
Indirect evidence of Treg competence can be found in

data showing that the majority of Tregs express CD39, an
ectoenzyme associated with regulation of immune re-
sponses [60–62]. Our findings confirm reports of
CD39+CD25hi foxP3+ Tregs in the repopulating CD4+ T
cell pool in alemtuzumab-treated patients [30, 37, 63].
The importance of CD39 expression in Tregs is supported
by reports that the presence of CD39 stabilizes and pro-
motes functional capacity in Tregs [64–67]. In addition,
CD39+ Tregs have been reported to be reduced or func-
tionally defective in MS patients [64, 68, 69], similar to
original reports for classical Tregs [70, 71].
Although not directly assessed in this study, function-

ally competent regulatory B cells and CD56bright NK cells
may accompany the expansion of Tregs. Kim and col-
leagues reported that deficits in regulatory B cells, de-
fined as CD19+CD24hiCD38hi or CD19+PD-L1hi, are
reversed up to 1 year following alemtuzumab treatment
[22], and Grutzke and colleagues [10] have reported that
CD19+CD27-CD38hi B cells from MS patients secrete
high levels of IL-10. In addition, Gross et al. reported
that CD56bright NK cells retain potentially regulatory
cytolytic function at 6 months after alemtuzumab treat-
ment [21]. Of special interest is that changes in pheno-
typically naïve “regulatory” B cells and CD56bright NK
cells were more robust, persisted for at least 2 years and
exhibited less variability than those in Treg subsets, sug-
gesting that they may play key roles in alemtuzumab’s
durable mechanism of action.
Because regulatory populations in each compartment

interact with each other to fine-tune regulation of im-
mune responses, clinical efficacy in alemtuzumab-
treated patients may also reflect the sum of a network of
these interactions. For example, Tregs are capable of dir-
ectly and indirectly suppressing B cells to control anti-
body production [72]. Regulatory B cell subsets not only

inhibit Th1 and Th17 cells, but also convert CD4+ T
cells into Tregs or IL-10 producing Tr1 cells via produc-
tion of regulatory cytokines, including IL-10, IL-35, and/
or transforming growth factor-beta (TGF-β) [73, 74]. In
addition, subsets of NK cells promote Treg development
[75–77], and regulatory T, B, and NK subsets all interact
with antigen presenting cells to promote a tolerogenic
cascade [70, 74, 78, 79]. Furthermore, several subsets of
regulatory CD8+ T cells [80] are capable of contributing
to a regulatory environment.
Our study included assessments of changes in T cells

that express chemokine receptors, initially as a surrogate
measure of Th1 cells, which express high levels of
CXCR3+ and CCR5+, and Th2 cells, which are more
likely to express CCR3 and CCR5. We originally hypoth-
esized that an anti-inflammatory immune environment
following alemtuzumab treatment may consist of in-
creases in CCR3+ and/or CCR5+ Th2 cells and de-
creases in CXCR3+ and/or CCR5+ cells. Our findings do
not support the use of chemokine receptor expression as
indicators of Th1 or Th2 bias in CD4+ T cells, especially
since cytokine secretion patterns, or additional func-
tional assessments, were not included. However, the data
clearly indicate that CD4+ and CD8+ T cells are acti-
vated and show enhanced capacity for migration in
alemtuzumab-treated patients. Future studies might
benefit from more detailed functional and phenotypic
characterization of chemokine receptor bearing T cells.
A recent study published by Wiendl and colleagues re-

ported that no clear immunological signals of efficacy or
secondary autoimmunity could be identified in
alemtuzumab-treated patients from the pivotal CARE-
MS trials up to 24months after treatment [81]. Their
study assessed lymphocyte measures based on cell
counts and included multiple phenotypes, many similar
to those included in our study, as well as clinical mea-
sures that included relapses, 6-month confirmed disabil-
ity worsening (CDW) based on EDSS and MRI activity,
consisting of new Gd+ T1 lesions in current MRIs or
new T2 hyperintense lesions since the last MRI. Our
findings are generally consistent with this report.
However, patients in our cohort with stable disease

showed a trend for reduced CD4+CD25+CD127+foxP3-
Teff cells, most evident at M5, and Teff:Treg ratios that
remained reduced from M5 to M48. In addition, at month
11, prior to the second course of alemtuzumab infusions,
the Teff:Treg ratio appeared to be reverting to baseline in
patients with active disease. This also occurred, to a lesser
extent, in patients with and without relapses or Gd+ and
T2 lesions. Future studies with larger numbers of patients
are needed to determine if lack of depletion or reduced
depletion of CD4+CD25+CD127+foxP3- Teff occurs in
patients who exhibit disease activity on alemtuzumab, and
as such, might serve as a potential biomarker for a
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suboptimal treatment response. To our knowledge, Teff
defined as CD4+CD25+CD127+foxP3- cells have not been
monitored in clinical studies, but we considered them as
possible representatives of a general population of acti-
vated T cells that either exhibit effector functions or con-
tain specific subsets of effector T cells. Thus, it would be
of interest to determine if CD4+CD25+CD127+foxP3-
Teff express markers or functions characteristic of pro-
inflammatory “effector” T cells, such as IL-17A and IFN-γ.
Since MS is clearly an immunopathogenic disease, it is

difficult to understand why analyses using linear mixed
effects models for repeated measures have failed to more
clearly identify immune markers of clinical status, espe-
cially since a large number of patients and immune mea-
sures were included in the study published by Wiendl
and colleagues. We are either not on the right track with
selection of immune measures for analyses, or we need
to develop a different strategy of thinking about the cell
types that may be involved. In view of the dynamic, plas-
tic and heterogeneic nature of immune responses in
general, and in immune repopulation in response to
lymphopenia, it seems reasonable to consider relative
contributions of multiple cell types. The results of the
exploratory random generalized estimating (GEE) Pois-
son analyses of the risk for Gd+ and T2 lesions associ-
ated with increases in immune measures support this
proposition and provide preliminary guidance for identi-
fication of relevant immune measures in future studies
in larger patient cohorts. Of note, we found that the risk
for Gd+ lesions (expressed as a rate ratio > 1.0), in-
creased significantly when the percentage of general T
cell populations (including CD3+ and CD4+ CD4+ T
cells, CD4+CD45RA+ total naïve T cells), CD3+CD56+
NKT cells, and CD19+CD20+CD27+ memory B cells in-
creased by one standard deviation at any timepoint. By
contrast, an increase in regulatory cell types, including
naïve “regulatory” CD24hiCD38hi B cells, CD3-CD56bright

NK cell Tregs, and Treg function was associated with re-
duced risk for Gd+ lesions, or a protective effect
(expressed as a rate ratio < 0.5). These findings support the
possibility that potentially pathogenic “effector” subsets in
the T cell, B cell, and NK cell compartments contribute to
inflammatory lesion activity and that, as we have proposed,
multiple regulatory T, B, and NK subsets and functions are
capable of contributing to a protective effect.
In most patients, concentrations of IL-2 in superna-

tants from PHA-stimulated PBMC were dramatically re-
duced from M5 to M23, along with IFN-γ and IL-17A.
Several investigators have assessed cytokine secretion
patterns in serum and PBMC from alemtuzumab-treated
patients [23, 29, 30, 37, 82], but not by CBA in superna-
tants from PHA-activated PBMC. Reductions in IL-2,
IFN-γ, and IL-17A may reflect persistent depletion of
total circulating CD4+ T cells, or, especially for IL-2,

could be due to heightened susceptibility of repopulating
T cells to activation-induced cell death following alem-
tuzumab treatment [83]. However, an increase in IL-2
concentrations was associated with increased risk for
Gd+ lesions (rr = 1.33, p = 0.048) with possible implica-
tions for a less than adequate response to alemtuzumab.
Interestingly, an increase in IL-10 concentrations yielded
a rate ratio of 0.58 (p = 0.04) for Gd+ lesions, suggesting
a possible protective effect.
CD3+CD8+CXCR3+ cells were the only cell type that

showed a significant association with T2 lesions, which
are generally a reflection of longer-term demyelination
and axonal damage, and not active or acute inflamma-
tion. CD8+ T cells have long been known to outnumber
CD4+ T cells in the CNS of MS patients and there is
clear evidence of associations of CD8+ T cell subsets
with demyelination and axonal damage [84–87]. Al-
though total CD3+CD8+ T cells did not show a signifi-
cant association with T2 lesions in the current study, the
data suggest different mechanisms of immunopathogen-
esis for Gd+ and T2 lesions, and thus, support more
thorough investigation of CD8+ T cells in the future.
Although we interpret the compelling preliminary

findings from the exploratory random GEE Poisson ana-
lyses cautiously, they have identified several putative
early immunologic biomarkers with potential to identify
patients at risk for disease activity. It would be of great
interest to apply this type of analyses to the substantially
larger CARE-MS datasets, not only to confirm and valid-
ate the relative risk of lesion activity with pathogenic
and regulatory lymphocyte subsets, but to determine if
immunological signals of a treatment effect, or second-
ary autoimmunity can be identified.
At least 40% of patients treated with alemtuzumab de-

velop secondary autoimmunity following alemtuzumab
treatment and the incidence peaks approximately 3 years
after the first treatment course [19]. This is not typically
seen with other MS therapies that cause lymphopenia or
specifically target B cells, with perhaps an exception for
daclizumab, which targets NK cells [88]. We did not ob-
serve differences in T cell subsets or Treg function in pa-
tients with and without secondary autoimmunity, in
agreement with others [37, 81]. It has been suggested that
hyper-repopulation of B cells, especially naïve B cell sub-
sets, in the absence of T cell regulation predisposes pa-
tients to secondary autoimmunity [26]. Although we also
observed hyper-repopulation in total naïve B cells in our
cohort, these cells also contained CD24hiCD38hi naïve
“regulatory” cells that showed similar kinetics of change,
and analyses of changes in CD19+CD20+CD24hiCD38hi

cells in the absence of CD27 as a marker yielded similar
patterns (data not shown). None of the additional B cell or
NK measures that we assessed showed significant differ-
ences in percentage or kinetics in patients with and
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without secondary autoimmunity. Perhaps the best evi-
dence of immunological mechanisms underlying second-
ary autoimmunity in alemtuzumab-treated patients is
from two studies published by Jones and colleagues. The
first revealed that serum IL-21 was at least 2-fold higher
in a cohort of 32 patients who developed autoimmunity
compared with 27 patients who did not, a phenomenon
that may reflect a genetic predisposition [83]. Although IL-
21 was not detected in supernatants from PHA-stimulated
PBMC, we did not measure serum IL-21 in this study. The
second study provides evidence that homeostatic prolifera-
tion of pro-inflammatory CD4+ and CD8+CCR7-RA- or
CD45RA+ memory T cells with a restricted T cell reper-
toire drives the risk for secondary autoimmunity [37]. Al-
though we assessed changes in naïve and memory CD4+ T
cell subsets using CD27 instead of CCR7 as a marker, none
of them revealed an association with presence of secondary
autoimmunity. The identification of a practical immuno-
logical biomarker of the risk for secondary autoimmunity
remains a high priority.
The repopulation of subsets occurred in relatively

distinct temporal patterns, summarized in Table 3. Of
special interest are changes that were detected at M5
and sustained throughout the remaining timepoints,
or at least to M23, compared with baseline values, as
they seem most likely to contribute to the clinical ef-
ficacy of alemtuzumab. In addition, changes in several
subsets occurred in the majority, if not all patients,
including reduced percentages and counts of CD3+ T
cells and CD3 + CD4+ T cells, reductions in concen-
trations of IL-2 and IFN-γ in PHA-stimulated PBMC
supernatants, reduced percentages of total memory B
cells and increased proportions of naïve “regulatory”
B cells.

There are several pitfalls in the current study. The
number of M36 and M48 samples was low compared
with M0–M23, limiting firm insights into more long-
lasting clinically significant changes. Some measures
may have been altered in samples shipped overnight, af-
fecting comparisons with studies using fresh samples
processed on the same day as collection. The number of
samples available for B cell subset analyses was low com-
pared with samples processed after overnight shipment, es-
pecially at M17, though the findings are consistent with
observations published previously for B cell subsets in
alemtuzumab-treated MS patients [22, 26, 31, 56]. Treg
function was assessed in an unconventional assay involving
rebound proliferation in PBMC depleted of Tregs, making
it difficult to compare results with those in which classical
proliferation or pro-inflammatory cytokine inhibition assays
were employed. In addition, the identity of proliferating
cells in CD25-depleted PBMC, and the possibility that de-
pletion of CD25+CD8+ T cells, B cells, and NK cells might
affect the assay were not assessed. The current study was
designed to survey longitudinal changes in primary T cell,
B cell, and NK cell subsets and did not include deep pheno-
typing and functional assessments in purified CD4+,
CD19+, or CD56+ lymphocytes. This is important, since
multiple subsets of regulatory CD4+ Tregs [70], CD8+ [80]
regulatory B cells [74], and CD56bright NK cells [89] with
more specific and distinct surface phenotypes have been
described, as is the case for naturally heterogenous effector
lymphocyte subsets [90]. Finally, the study did not include
healthy controls or untreated MS patients, which may have
provided an additional perspective on the implications of
the findings.
The efficacy of currently approved disease modifying

treatments for MS is largely linked to the ability to

Table 3 Summary of findings with potential to indicate mechanisms underlying clinical efficacy in alemtuzumab-treated patients

Measure Change relative to M0

% regulatory T cells (Treg: CD4+CD25hiCD127lo/neg foxP3+) Sustained increase from M5 through M23 (Fig. 1)

% effector T cells (Teff: CD4+CD25+CD127+foxP3-) No change from M0 (Fig. 1)

Ratio of Teff:Treg in PBMC Sustained reduction from M0 through M23 (Fig. 1)

Regulatory T cell function Increased at M5 and M17 (Fig. 1)

% memory B cells (CD19+CD27+) Sustained reduction from M5 through M36 (Fig. 3)

% naïve “regulatory” B cells (CD19+CD20+CD27-CD24hiCD38hi) Sustained increase from M5 through M23 (Fig. 3)

Ratio of memory B cells:naïve “regulatory” B cells Sustained reduction from M5 through M23 (Fig. 3)

% NK cells (CD3-CD56+) Sustained increase from M5 through M23 (Fig. 4)

% "regulatory" NK cells (CD3-CD56bright) Sustained increase from M5 through M36 (Fig. 4)

Ratio of NKT cells:CD3-CD56bright Sustained reduction from M5 through M36 (Fig. 4)

IL-2 (pg/mL) Sustained reduction from M5 through M23 (Fig. S4)

IFN-γ (pg/mL) Sustained reduction from M5 through M23 (Fig. S4)

IL-17A (pg/mL) Sustained reduction at M5, M11 and M23 (Fig. S4)

IL-10 (pg/mL) No change from M0 (Fig. S4)

Gilmore et al. Journal of Neuroinflammation          (2020) 17:189 Page 17 of 21



deplete, suppress, or modify pathogenic T and B cells [2].
However, therapies that deplete both T and B cells also re-
sult in expansion or unmasking of regulatory cell types,
most evident in treatment with cladribine [11],
hematopoietic stem cell transplantation [91], and daclizu-
mab [5]. A similar phenomenon occurs in alemtuzumab-
treated renal transplant patients [92]. It is tempting to
speculate that these findings support the possibility that
regulation is a default state in the immune system that
can be revealed during recovery from lymphopenia, and in
part, recapitulates the developmental regulatory bias
known to occur in the prenatal or neonatal periods
(reviewed by Simon and colleagues, [93]).

Conclusions
The data in this communication indicate that the im-
mune environment in alemtuzumab-treated multiple
sclerosis patients with relapsing-remitting disease is
biased in favor of regulatory lymphocyte subsets that are
not restricted to the T cell compartment, but also in-
volve robust increases in the percentages of phenotypic-
ally regulatory B cell and NK cell subsets. Clinical
efficacy may reflect the sum of interactions among these
subsets to provide more effective control of multiple
pro-inflammatory effector cell types. The data also indi-
cate that CD4+ and CD8+ T cells that express chemo-
kine receptors are enriched in the repopulating
lymphocyte pool. Although clear immunological signals
of efficacy or incidence of secondary autoimmunity were
not identified, exploratory random GEE Poisson analyses
support the possibility that the relative balance of several
key potentially pathogenic and regulatory subsets is as-
sociated with the risk for or protection from inflamma-
tory Gd+ lesions, while the risk for T2 lesions is
associated with CD3+CD8+CXCR3+ T cells. Thus, the
study identifies biomarkers with potential to predict fu-
ture disease activity or stability. Future studies are
needed to validate these findings and to refine our un-
derstanding of the mechanisms of action and risk for
secondary autoimmunity in alemtuzumab-treated pa-
tients, as well as immunopathogenesis in MS.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-020-01847-9.

Additional file 1: Table S1. Increases in immune cell types or functions
lacking statistically significant associations with risk of Gd+ and T2 lesions,
with an exception for CD3+CD8+CXCR3+ T cells and T2 lesions (in bold
type). Figure S1. Typical patterns of changes in lymphocyte and
monocyte counts assessed every six months following alemtuzumab
treatment in whole blood assessed in clinical TBNK assays. Figure S2.
Expanded characteristics of Treg phenotypes in PBMC. Figure S3.
Changes in naïve and memory CD4+ T cell subsets in whole blood
following alemtuzumab treatment. Figure S4. Changes in cytokine
secretion patterns in PBMC. Figure S5. Analyses of additional

lymphocyte subsets stratified for active vs stable disease or presence and
absence of secondary autoimmune disease. Figure S6. Lack of
significant differences in percentages of CD4+CD25+CD127+foxP3- Teff
cells stratified for patients with and without relapses (top three panels) or
evidence of lesion activity on MRI (bottom three panels).

Abbreviations
MS: Multiple sclerosis; RRMS: Relapsing-remitting multiple sclerosis;
CD: Cluster of differentiation; FACS: Fluorescence-activated cell sorting;
Treg: Regulatory T cells; Teff: Effector T cells; Th1: T helper 1 cells; Th2: T
helper 2 cells; Th17: T helper 17 cells; NK: Natural killer cells; NKT: Natural
killer T cells; IFN-γ: Interferon-gamma; IL: Interleukin;
PHA: Phytohemagglutinin A; PBMC: Peripheral blood mononuclear cells;
TBNK: T cell, B cell, NK cell (clinical laboratory phenotype assessment);
CBC: Complete blood count; FSC: Forward scatter (FACS); SSC: Side scatter
(FACS); CBA: Cytometric bead array; rr: Rate ratio

Acknowledgements
We offer a special thank you to the patients and their families for their
participation in this long-term study. We are grateful to Pat Gutierrez and
Jose Aparicio of USC for assistance as study coordinators, and to the physi-
cians at the USC MS Center for their participation in CARE-MS II and CARE-
MS II extension studies and for helpful discussions. We acknowledge the ex-
pert research teams at the University of British Columbia, University of Chi-
cago, and Stanford University for patient enrollment, blood collection, and
shipment. We are thankful to Dr. David Horwitz at USC for suggesting CD25
depletion as an alternative approach to identify functional Tregs, and to Drs.
Luca Durelli and Simona Rolla of the University of Turin for helpful discus-
sions in the early stages of the project.

Authors’ contributions
WG conceived and designed the study, including technical approaches,
contributed to data acquisition, analyzed and interpreted data, designed
figures, and drafted and finalized the manuscript. BTL contributed to overall
study design, played a primary role in design, acquisition, and analyses of
FACS data, and reviewed and edited the manuscript. PL played a primary
role in technical aspects of assay development, especially regulatory T cell
functional assays, was responsible for conducting assays involving PBMC,
including FACS staining and cytokine measurement, data analyses,
preliminary statistical analyses, and database development. AML was
responsible for FACS data acquisition and reviewed the manuscript. EEK
assisted with FACS data acquisition and reviewed and edited the manuscript.
OA reviewed the data, played a role in data interpretation and reviewed and
edited the manuscript. SG played a primary role in design of statistical
approaches and oversight of statistical analyses for assessment of changes in
lymphocyte populations. SYC designed the strategy to assess relationships
between clinical and imaging data and immunological measures and
conducted the analyses. DP provided essential advice for analyses of clinical
data and selection of statistical approaches to analyze relationships with
immunological data. LPW served as site Principal Investigator (PI) for the
parent CARE-MS II clinical trial at USC, assisted with patient recruitment, con-
tributed to data interpretation, and reviewed the manuscript. AJ served as
sub-site PI for the parent imaging study at UC, was responsible for patient re-
cruitment, contributed to data acquisition and interpretation, and reviewed
and edited the manuscript. JD was site PI for Stanford University, oversaw pa-
tient recruitment, contributed to data acquisition, and reviewed the manu-
script. ALT was PI for the parent imaging study at UBC, was responsible for
patient recruitment, contributed to data acquisition and interpretation, and
reviewed and edited the manuscript. The authors read and approved the
final manuscript.

Funding
This study was supported by Sanofi/Genzyme Corporation.

Availability of data and materials
Additional details on all methods will be shared with investigators upon
request for purposes of replicating procedures and results. The data from
this study will be provided by the corresponding author to qualified
investigators upon reasonable request.

Gilmore et al. Journal of Neuroinflammation          (2020) 17:189 Page 18 of 21

https://doi.org/10.1186/s12974-020-01847-9
https://doi.org/10.1186/s12974-020-01847-9


Ethics approval and consent to participate
Protocols and procedures were reviewed and approved for each site by
institutional review and/or ethics review boards. All patients provided written
informed consent to participate.

Consent for publication
Not applicable

Competing interests
WG has received funding from Sanofi/Genzyme for investigator-initiated re-
search and honoraria for service on advisory and scientific boards for Sanofi/
Genzyme. BTL has received funding from Sanofi/Genzyme, Novartis Pharma-
ceuticals Corporation, and Teva Pharmaceuticals for investigator-initiated re-
search and has received honoraria from Teva Pharmaceuticals. PL has no
disclosures to report. AML has no disclosures to report. EEK has received
funding for investigator-initiated research from Novartis Pharmaceuticals Cor-
poration and Teva Pharmaceuticals. OA has no disclosures to report. SG has
no disclosures to report. SYP has no disclosures to report. DP has received
consultation honoraria from Biogen, EMD Serono, Genentech, Genzyme Cor-
poration, Novartis Pharmaceuticals, and Teva Pharmaceuticals and research
funding from Genzyme Corporation. LPW has no disclosures to report. AJ
has received consultation honoraria from EMD-Serono, Sanofi-Genzyme,
Novartis, Biogen, and Genentech. JED has received honoraria for participation
on Advisory Boards from Genentech, Biogen, and Alexion and compensation
for education programs from Novartis and Sanofi. ALT has received grant
funding from the MS Society of Canada, Canadian Institute for Health Re-
search, Roche, and Genzyme. He has received honoraria or travel grants from
Teva Canada Innovation, Roche, Merck/EMD Serono, Genzyme, and Chugai
Pharmaceuticals.

Author details
1Department of Neurology, Keck School of Medicine, University of Southern
California, 1333 San Pablo Street McKibben Hall Room 245A, Los Angeles, CA
90033, USA. 2Department of Molecular Microbiology and Immunology, Keck
School of Medicine, University of Southern California, Los Angeles, CA, USA.
3Department of Preventive Medicine, University of Southern California, Los
Angeles, CA, USA. 4Department of Radiology, University of Southern
California, Los Angeles, CA, USA. 5Department of Neurology, University of
Chicago School of Medicine, Chicago, IL, USA. 6Department of Neurology,
Stanford University, Palo Alto, CA, USA. 7Department of Neurology, University
of British Columbia, Vancouver, CA, USA.

Received: 23 May 2019 Accepted: 19 May 2020

References
1. Martin R, Sospedra M, Rosito M, Engelhardt B. Current multiple sclerosis

treatments have improved our understanding of MS autoimmune
pathogenesis. Eur J Immunol. 2016;46(9):2078–90.

2. Baecher-Allan C, Kaskow BJ, Weiner HL. Multiple sclerosis: mechanisms and
immunotherapy. Neuron. 2018;97(4):742–68.

3. Luckel C, Picard F, Raifer H, Campos Carrascosa L, Guralnik A, Zhang Y, et al.
IL-17(+) CD8(+) T cell suppression by dimethyl fumarate associates with
clinical response in multiple sclerosis. Nat Commun. 2019;10(1):5722.

4. Sabatino JJ Jr, Wilson MR, Calabresi PA, Hauser SL, Schneck JP, Zamvil SS.
Anti-CD20 therapy depletes activated myelin-specific CD8(+) T cells in
multiple sclerosis. Proc Natl Acad Sci U S A. 2019;116(51):25800–7.

5. Bielekova B, Catalfamo M, Reichert-Scrivner S, Packer A, Cerna M, Waldmann
TA, et al. Regulatory CD56(bright) natural killer cells mediate
immunomodulatory effects of IL-2Ralpha-targeted therapy (daclizumab) in
multiple sclerosis. Proc Natl Acad Sci U S A. 2006;103(15):5941–6.

6. Prod'homme T, Zamvil SS. The evolving mechanisms of action of glatiramer
acetate. Cold Spring Harb Perspect Med. 2019;9:2.

7. Hauser SL. The Charcot Lecture | beating MS: a story of B cells, with twists
and turns. Mult Scler. 2015;21(1):8–21.

8. Moreno Torres I, Garcia-Merino A. Anti-CD20 monoclonal antibodies in
multiple sclerosis. Expert Rev Neurother. 2017;17(4):359–71.

9. Lehmann-Horn K, Kinzel S, Weber MS. Deciphering the role of B cells in
multiple sclerosis-towards specific targeting of pathogenic function. Int J
Mol Sci. 2017;18:10.

10. Grutzke B, Hucke S, Gross CC, Herold MV, Posevitz-Fejfar A, Wildemann BT,
et al. Fingolimod treatment promotes regulatory phenotype and function
of B cells. Ann Clin Transl Neurol. 2015;2(2):119–30.

11. Baker D, Herrod SS, Alvarez-Gonzalez C, Zalewski L, Albor C, Schmierer K.
Both cladribine and alemtuzumab may effect MS via B-cell depletion.
Neurol Neuroimmunol Neuroinflamm. 2017;4(4):e360.

12. Kuerten S, Jackson LJ, Kaye J, Vollmer TL. Impact of glatiramer acetate on B
cell-mediated pathogenesis of multiple sclerosis. CNS Drugs. 2018;32(11):
1039–51.

13. Longbrake EE, Cross AH. Effect of multiple sclerosis disease-modifying
therapies on B cells and humoral immunity. JAMA Neurol. 2016;73(2):
219–25.

14. Baker D, Marta M, Pryce G, Giovannoni G, Schmierer K. Memory B cells are
major targets for effective immunotherapy in relapsing multiple sclerosis.
EBioMedicine. 2017;16:41–50.

15. Cohen JA, Coles AJ, Arnold DL, Confavreux C, Fox EJ, Hartung HP, et al.
Alemtuzumab versus interferon beta 1a as first-line treatment for patients
with relapsing-remitting multiple sclerosis: a randomised controlled phase 3
trial. Lancet. 2012;380(9856):1819–28.

16. Coles AJ, Twyman CL, Arnold DL, Cohen JA, Confavreux C, Fox EJ, et al.
Alemtuzumab for patients with relapsing multiple sclerosis after disease-
modifying therapy: a randomised controlled phase 3 trial. Lancet. 2012;
380(9856):1829–39.

17. Investigators CT, Coles AJ, Compston DA, Selmaj KW, Lake SL, Moran S, et al.
Alemtuzumab vs. interferon beta-1a in early multiple sclerosis. N Engl J
Med. 2008;359(17):1786–801.

18. Katsavos S, Coles A. Alemtuzumab as treatment for multiple sclerosis. Cold
Spring Harb Perspect Med. 2018;8:10.

19. Coles AJ, Cohen JA, Fox EJ, Giovannoni G, Hartung HP, Havrdova E, et al.
Alemtuzumab CARE-MS II 5-year follow-up: efficacy and safety findings.
Neurology. 2017;89(11):1117–26.

20. Ambrose LR, Morel AS, Warrens AN. Neutrophils express CD52 and exhibit
complement-mediated lysis in the presence of alemtuzumab. Blood. 2009;
114(14):3052–5.

21. Gross CC, Ahmetspahic D, Ruck T, Schulte-Mecklenbeck A, Schwarte K,
Jorgens S, et al. Alemtuzumab treatment alters circulating innate immune
cells in multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. 2016;3(6):
e289.

22. Irimata K, Wakim P, Li X. Estimation of correlation coefficient in data with
repeated measures. SAS Global Proceedings. 2018;https://www.sas.com/
content/dam/SAS/support/en/sas-global-forum-proceedings/2018/2424-201
8.pdf.

23. Cox AL, Thompson SA, Jones JL, Robertson VH, Hale G, Waldmann H, et al.
Lymphocyte homeostasis following therapeutic lymphocyte depletion in
multiple sclerosis. Eur J Immunol. 2005;35(11):3332–42.

24. Freedman MS, Kaplan JM, Markovic-Plese S. Insights into the mechanisms of
the therapeutic efficacy of alemtuzumab in multiple sclerosis. J Clin Cell
Immunol. 2013;4:4.

25. Ziemssen T, Thomas K. Alemtuzumab in the long-term treatment of
relapsing-remitting multiple sclerosis: an update on the clinical trial
evidence and data from the real world. Ther Adv Neurol Disord. 2017;10(10):
343–59.

26. Baker D, Herrod SS, Alvarez-Gonzalez C, Giovannoni G, Schmierer K.
Interpreting lymphocyte reconstitution data from the pivotal phase 3 trials
of alemtuzumab. JAMA Neurol. 2017;74(8):961–9.

27. Hill-Cawthorne GA, Button T, Tuohy O, Jones JL, May K, Somerfield J, et al.
Long term lymphocyte reconstitution after alemtuzumab treatment of
multiple sclerosis. J Neurol Neurosurg Psychiatry. 2012;83(3):298–304.

28. Jones JL, Coles AJ. Mode of action and clinical studies with alemtuzumab.
Exp Neurol. 2014;262 Pt A:37-43.

29. De Mercanti S, Rolla S, Cucci A, Bardina V, Cocco E, Vladic A, et al.
Alemtuzumab long-term immunologic effect: Treg suppressor function
increases up to 24 months. Neurol Neuroimmunol Neuroinflamm. 2016;3(1):
e194.

30. Zhang X, Tao Y, Chopra M, Ahn M, Marcus KL, Choudhary N, et al.
Differential reconstitution of T cell subsets following immunodepleting
treatment with alemtuzumab (anti-CD52 monoclonal antibody) in patients
with relapsing-remitting multiple sclerosis. J Immunol. 2013;191(12):5867–74.

31. Heidt S, Hester J, Shankar S, Friend PJ, Wood KJ. B cell repopulation after
alemtuzumab induction-transient increase in transitional B cells and long-
term dominance of naive B cells. Am J Transplant. 2012;12(7):1784–92.

Gilmore et al. Journal of Neuroinflammation          (2020) 17:189 Page 19 of 21

https://www.sas.com/content/dam/SAS/support/en/sas-global-forum-proceedings/2018/2424-2018.pdf
https://www.sas.com/content/dam/SAS/support/en/sas-global-forum-proceedings/2018/2424-2018.pdf
https://www.sas.com/content/dam/SAS/support/en/sas-global-forum-proceedings/2018/2424-2018.pdf


32. Vavasour IM, Tam R, Li DK, Laule C, Taylor C, Kolind SH, et al. A 24-month
advanced magnetic resonance imaging study of multiple sclerosis patients
treated with alemtuzumab. Mult Scler. 2018:1352458518770085.

33. Vavasour IM, Tam R, Li DK, Laule C, Taylor C, Kolind SH, et al. A 24-month
advanced magnetic resonance imaging study of multiple sclerosis patients
treated with alemtuzumab. Mult Scler. 2019;25(6):811–8.

34. Lund BT, Kelland EE, Hayardeny L, Barilan O, Gilmore W, Weiner LP.
Assessment of changes in immune measures of multiple sclerosis patients
treated with laquinimod. J Neuroimmunol. 2013;263(1-2):108–15.

35. Lovett-Racke AE, Gormley M, Liu Y, Yang Y, Graham C, Wray S, et al. B cell
depletion with ublituximab reshapes the T cell profile in multiple sclerosis
patients. J Neuroimmunol. 2019;332:187–97.

36. Gilmore W, Arias M, Stroud N, Stek A, McCarthy KA, Correale J. Preliminary
studies of cytokine secretion patterns associated with pregnancy in MS
patients. J Neurol Sci. 2004;224(1-2):69–76.

37. Jones JL, Thompson SA, Loh P, Davies JL, Tuohy OC, Curry AJ, et al. Human
autoimmunity after lymphocyte depletion is caused by homeostatic T-cell
proliferation. Proc Natl Acad Sci U S A. 2013;110(50):20200–5.

38. Santegoets SJ, Dijkgraaf EM, Battaglia A, Beckhove P, Britten CM, Gallimore
A, et al. Monitoring regulatory T cells in clinical samples: consensus on an
essential marker set and gating strategy for regulatory T cell analysis by
flow cytometry. Cancer Immunol Immunother. 2015;64(10):1271–86.

39. Kim Y, Kim G, Shin HJ, Hyun JW, Kim SH, Lee E, et al. Restoration of
regulatory B cell deficiency following alemtuzumab therapy in patients with
relapsing multiple sclerosis. J Neuroinflammation. 2018;15(1):300.

40. McMurchy AN, Levings MK. Suppression assays with human T regulatory
cells: a technical guide. Eur J Immunol. 2012;42(1):27–34.

41. Baecher-Allan CM, Hafler DA. The purification and functional analysis of
human CD4 + CD25high regulatory T cells. Curr Protoc Immunol. 2006;
Chapter 7:Unit 7 4B.

42. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-
chains (CD25). Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. J Immunol. 1995;155(3):1151–64.

43. Engler JB, Undeutsch R, Kloke L, Rosenberger S, Backhaus M, Schneider U,
et al. Unmasking of autoreactive CD4 T cells by depletion of CD25
regulatory T cells in systemic lupus erythematosus. Ann Rheum Dis. 2011;
70(12):2176–83.

44. Lund BT, Ashikian N, Ta HQ, Chakryan Y, Manoukian K, Groshen S, et al.
Increased CXCL8 (IL-8) expression in multiple sclerosis. J Neuroimmunol.
2004;155(1-2):161–71.

45. Rivino L, Messi M, Jarrossay D, Lanzavecchia A, Sallusto F, Geginat J.
Chemokine receptor expression identifies Pre-T helper (Th)1, Pre-Th2, and
nonpolarized cells among human CD4+ central memory T cells. J Exp Med.
2004;200(6):725–35.

46. Kunicki MA, Amaya Hernandez LC, Davis KL, Bacchetta R, Roncarolo MG.
Identity and diversity of human peripheral Th and T regulatory cells defined
by single-cell mass cytometry. J Immunol. 2018;200(1):336–46.

47. Annunziato F, Cosmi L, Galli G, Beltrame C, Romagnani P, Manetti R, et al.
Assessment of chemokine receptor expression by human Th1 and Th2 cells
in vitro and in vivo. J Leukoc Biol. 1999;65(5):691–9.

48. Fuhrman CA, Yeh WI, Seay HR, Saikumar Lakshmi P, Chopra G, Zhang L,
et al. Divergent phenotypes of human regulatory T cells expressing the
receptors TIGIT and CD226. J Immunol. 2015;195(1):145–55.

49. Nolz JC. Molecular mechanisms of CD8(+) T cell trafficking and localization.
Cell Mol Life Sci. 2015;72(13):2461–73.

50. Groom JR, Luster AD. CXCR3 in T cell function. Exp Cell Res. 2011;317(5):620–31.
51. Sospedra M, Martin R. Immunology of multiple sclerosis. Semin Neurol.

2016;36(2):115–27.
52. von Budingen HC, Palanichamy A, Lehmann-Horn K, Michel BA, Zamvil SS.

Update on the autoimmune pathology of multiple sclerosis: B-cells as
disease-drivers and therapeutic targets. Eur Neurol. 2015;73(3-4):238–46.

53. Greenfield AL, Hauser SL. B-cell therapy for multiple sclerosis: entering an
era. Ann Neurol. 2018;83(1):13–26.

54. Cross AH, Waubant E. MS and the B cell controversy. Biochim Biophys Acta.
2011;1812(2):231–8.

55. Andre P, Anfossi N. Clinical analysis of human natural killer cells. Methods
Mol Biol. 2008;415:291–300.

56. Thompson SA, Jones JL, Cox AL, Compston DA, Coles AJ. B-cell
reconstitution and BAFF after alemtuzumab (Campath-1H) treatment of
multiple sclerosis. J Clin Immunol. 2010;30(1):99–105.

57. Coles AJ, Cox A, Le Page E, Jones J, Trip SA, Deans J, et al. The window of
therapeutic opportunity in multiple sclerosis: evidence from monoclonal
antibody therapy. J Neurol. 2006;253(1):98–108.

58. Ruck T, Bittner S, Wiendl H, Meuth SG. Alemtuzumab in multiple sclerosis:
mechanism of action and beyond. Int J Mol Sci. 2015;16(7):16414–39.

59. Coles AJ, Wing M, Smith S, Coraddu F, Greer S, Taylor C, et al. Pulsed
monoclonal antibody treatment and autoimmune thyroid disease in
multiple sclerosis. Lancet. 1999;354(9191):1691–5.

60. Antonioli L, Pacher P, Vizi ES, Hasko G. CD39 and CD73 in immunity and
inflammation. Trends Mol Med. 2013;19(6):355–67.

61. Allard B, Longhi MS, Robson SC, Stagg J. The ectonucleotidases CD39 and
CD73: Novel checkpoint inhibitor targets. Immunol Rev. 2017;276(1):121–44.

62. Dwyer KM, Deaglio S, Gao W, Friedman D, Strom TB, Robson SC. CD39 and
control of cellular immune responses. Purinergic Signal. 2007;3(1-2):171–80.

63. Pant AB, Wang Y, Mielcarz DW, Kasper EJ, Telesford KM, Mishra M, et al.
Alteration of CD39 + Foxp3+ CD4 T cell and cytokine levels in EAE/MS
following anti-CD52 treatment. J Neuroimmunol. 2017;303:22–30.

64. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto
R, et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells:
hydrolysis of extracellular ATP and immune suppression. Blood. 2007;110(4):
1225–32.

65. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al.
Adenosine generation catalyzed by CD39 and CD73 expressed on
regulatory T cells mediates immune suppression. J Exp Med. 2007;204(6):
1257–65.

66. Dwyer KM, Hanidziar D, Putheti P, Hill PA, Pommey S, McRae JL, et al.
Expression of CD39 by human peripheral blood CD4+ CD25+ T cells
denotes a regulatory memory phenotype. Am J Transplant. 2010;10(11):
2410–20.

67. Gu J, Ni X, Pan X, Lu H, Lu Y, Zhao J, et al. Human CD39(hi) regulatory T
cells present stronger stability and function under inflammatory conditions.
Cell Mol Immunol. 2017;14(6):521–8.

68. Dalla Libera D, Di Mitri D, Bergami A, Centonze D, Gasperini C, Grasso MG,
et al. T regulatory cells are markers of disease activity in multiple sclerosis
patients. PLoS One. 2011;6(6):e21386.

69. Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O'Farrelly C, et al.
CD39 + Foxp3+ regulatory T cells suppress pathogenic Th17 cells and are
impaired in multiple sclerosis. J Immunol. 2009;183(11):7602–10.

70. Kitz A, Singer E, Hafler D. Regulatory T cells: from discovery to
autoimmunity. Cold Spring Harb Perspect Med. 2018;8:12.

71. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional
suppression by CD4 + CD25+ regulatory T cells in patients with multiple
sclerosis. J Exp Med. 2004;199(7):971–9.

72. Weingartner E, Golding A. Direct control of B cells by Tregs: an opportunity
for long-term modulation of the humoral response. Cell Immunol. 2017;318:
8–16.

73. Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, et al.
CD19 + CD24hiCD38hi B cells maintain regulatory T cells while limiting TH1
and TH17 differentiation. Sci Transl Med. 2013;5(173):173ra23.

74. Mauri C, Menon M. Human regulatory B cells in health and disease:
therapeutic potential. J Clin Invest. 2017;127(3):772–9.

75. Vacca P, Cantoni C, Vitale M, Prato C, Canegallo F, Fenoglio D, et al.
Crosstalk between decidual NK and CD14+ myelomonocytic cells results in
induction of Tregs and immunosuppression. Proc Natl Acad Sci U S A. 2010;
107(26):11918–23.

76. La Cava A, Van Kaer L, Fu DS. CD4 + CD25+ Tregs and NKT cells: regulators
regulating regulators. Trends Immunol. 2006;27(7):322–7.

77. Van Kaer L, Wu L, Parekh VV. Natural killer T cells in multiple sclerosis and its
animal model, experimental autoimmune encephalomyelitis. Immunology.
2015;146(1):1–10.

78. Gianchecchi E, Delfino DV, Fierabracci A. NK cells in autoimmune diseases: linking
innate and adaptive immune responses. Autoimmun Rev. 2018;17(2):142–54.

79. Schuster IS, Coudert JD, Andoniou CE, Degli-Esposti MA. “Natural
Regulators”: NK cells as modulators of T cell immunity. Front Immunol. 2016;
7:235.

80. Nakagawa H, Wang L, Cantor H, Kim HJ. New insights into the biology of
CD8 regulatory T cells. Adv Immunol. 2018;140:1–20.

81. Wiendl H, Carraro M, Comi G, Izquierdo G, Kim HJ, Sharrack B, et al.
Lymphocyte pharmacodynamics are not associated with autoimmunity or
efficacy after alemtuzumab. Neurology(R) neuroimmunology &
neuroinflammation. 2020;7:1.

Gilmore et al. Journal of Neuroinflammation          (2020) 17:189 Page 20 of 21



82. Jones JL, Anderson JM, Phuah CL, Fox EJ, Selmaj K, Margolin D, et al.
Improvement in disability after alemtuzumab treatment of multiple sclerosis
is associated with neuroprotective autoimmunity. Brain. 2010;133(Pt 8):
2232–47.

83. Jones JL, Phuah CL, Cox AL, Thompson SA, Ban M, Shawcross J, et al. IL-21
drives secondary autoimmunity in patients with multiple sclerosis, following
therapeutic lymphocyte depletion with alemtuzumab (Campath-1H). J Clin
Invest. 2009;119(7):2052–61.

84. Bitsch A, Schuchardt J, Bunkowski S, Kuhlmann T, Bruck W. Acute axonal
injury in multiple sclerosis. Correlation with demyelination and
inflammation. Brain. 2000;123(Pt 6):1174–83.

85. Booss J, Esiri MM, Tourtellotte WW, Mason DY. Immunohistological analysis
of T lymphocyte subsets in the central nervous system in chronic
progressive multiple sclerosis. J Neurol Sci. 1983;62(1-3):219–32.

86. Friese MA, Fugger L. Pathogenic CD8(+) T cells in multiple sclerosis. Ann
Neurol. 2009;66(2):132–41.

87. Hauser SL, Bhan AK, Gilles F, Kemp M, Kerr C, Weiner HL.
Immunohistochemical analysis of the cellular infiltrate in multiple sclerosis
lesions. Ann Neurol. 1986;19(6):578–87.

88. Milo R. The efficacy and safety of daclizumab and its potential role in the
treatment of multiple sclerosis. Ther Adv Neurol Disord. 2014;7(1):7–21.

89. Michel T, Poli A, Cuapio A, Briquemont B, Iserentant G, Ollert M, et al.
Human CD56bright NK cells: an update. J Immunol. 2016;196(7):2923–31.

90. Kaskow BJ, Baecher-Allan C. Effector T cells in multiple sclerosis. Cold Spring
Harb Perspect Med. 2018;8:4.

91. Massey JC, Sutton IJ, Ma DDF, Moore JJ. Regenerating immunotolerance in
multiple sclerosis with autologous hematopoietic stem cell transplant. Front
Immunol. 2018;9:410.

92. Bloom DD, Chang Z, Fechner JH, Dar W, Polster SP, Pascual J, et al. CD4+
CD25+ FOXP3+ regulatory T cells increase de novo in kidney transplant
patients after immunodepletion with Campath-1H. Am J Transplant. 2008;
8(4):793–802.

93. Simon AK, Hollander GA, McMichael A. Evolution of the immune system in
humans from infancy to old age. Proc Biol Sci. 2015;282(1821):20143085.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Gilmore et al. Journal of Neuroinflammation          (2020) 17:189 Page 21 of 21


	Abstract
	Objective
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Study design
	Clinical assessments
	Blood collection and shipment
	Lymphocyte phenotype analyses by flow cytometry
	Functional regulatory T cell assay
	Analyses of cytokine secretion patterns and percentages of Th1 and Th17 cells in PBMC
	Statistical analyses

	Results
	Changes in Tregs and Teff in PBMC over time
	Functional capacity of Tregs
	Changes in patterns of repopulation by T cells expressing chemokine receptors
	Changes in naïve and memory CD4+ T cell subsets in whole blood
	Changes in cytokine secretion patterns in PBMC
	Changes in Th1 and Th17 cells
	Changes in B cell subsets
	Changes in natural killer (NK) subsets
	Clinical disease outcomes
	Analyses of relationships between immunological parameters and clinical disease outcomes
	Estimation of risk for lesion activity associated with immune measures

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

