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Abstract

Objective: Autologous haematopoietic stem cell transplantation (AHSCT) has

the potential to induce sustained periods of disease remission in multiple scle-

rosis (MS), which is an inflammatory disease of the central nervous system

(CNS) characterised by demyelination and axonal degeneration. However, the

mechanisms associated with durable treatment responses in MS require further

elucidation. Methods: To characterise the longer term immune reconstitution

effects of AHSCT at 24 and 36 months (M) post-transplant, high-dimensional

immunophenotyping of peripheral blood mononuclear cells from 22 MS

patients was performed using two custom-designed 18-colour flow cytometry

panels. Results: The higher baseline frequencies of specific pro-inflammatory

immune cells (T-helper-17 (Th17) cells, mucosal-associated invariant T-cells

and CNS-homing T-conventional (T-conv) cells observed in MS patients were

decreased post-AHSCT by 36M. This was accompanied by a post-AHSCT

increase in frequencies and absolute counts of immunoregulatory CD56hi natu-

ral killer cells at 24M and terminally differentiated CD8+CD28�CD57+ cells

until 36M. A sustained increase in the proportion of na€ıve B-cells, with persis-

tent depletion of memory B-cells and plasmablasts was observed until 36M.

Reconstitution of the B-cell repertoire was accompanied by a reduction in the

frequency of circulating T-follicular helper cells (cTfh) expressing programmed

cell death-1 (PD1+) at 36M. Associations between frequency dynamics and clin-

ical outcomes indicated only responder patients to exhibit a decrease in Th17,

CNS-homing T-conv and PD1+ cTfh pro-inflammatory subsets at 36M, and an

increase in CD39+ T-regulatory cells at 24M. Interpretation: AHSCT induces

substantial recalibration of pro-inflammatory and immunoregulatory compo-

nents of the immune system of MS patients for up to 36M post-transplant.

Introduction

Multiple sclerosis (MS) is an immune-mediated disorder

affecting central nervous system (CNS) characterised by

demyelination, axonal damage, and neurodegeneration,1,2 for

which autologous haematopoietic stem cell transplantation

(AHSCT) has been investigated as a treatment option in

refractory MS patients. AHSCT is highly effective in

suppressing inflammatory activity resulting in remission from

clinical relapses and radiological activity in MS patients.2–6 It

has been proposed that elimination of the autoreactive

immune system and subsequent reconstitution of a renewed

immune repertoire underpins the clinical response.7

We have previously published early lymphocyte recon-

stitution until 1 year (yr) post-AHSCT in a well-

characterized clinical cohort of MS patients treated with
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BEAM (carmustine, etoposide, cytarabine, melpha-

lan) + horse antithymocyte globulin (ATG).2 Our earlier

work demonstrated enrichment of immunoregulatory cells

until 1 yr post-AHSCT,2 corroborating similar findings

from other MS studies8–10 that extended until 2 yr,8,9 or

up to 72M post-AHSCT,7 despite using different condi-

tioning regimens. Not all the subsets reported in this cur-

rent study has been examined earlier in MS post-AHSCT.

For immune subsets that have been previously reported

in MS in the peri-transplant setting, this study examines

immune correlates up to extended post-AHSCT time-

points of 36M. The long-term timepoint of 36M post-

AHSCT is reflective of actual sustained immunological

changes beyond initial post-chemotherapy lymphopenia.

Subsets that possess CNS-transmigratory properties

were investigated, such as T-helper-17 (Th17)11,12 which

reduced post-AHSCT until 15M13 or remained unchanged

at 2 yr,14 and mucosal-associated invariant T-(MAIT)

cells which decreased until 1 yr,2 and 2 yr post-

transplant.9 Additionally, no study to date has explored

the brain-homing CD49d+ (a4+) lymphocytes post-

AHSCT, despite this being the target of natalizumab.

The role of memory B-cells in propagating MS pathogene-

sis is supported by the use of CD20 monoclonal antibody

therapy15–17 in MS. Although a single study14 described

reconstitution of B-lymphocytes by 12M post-AHSCT, it was

underpowered. As emerging histopathological and clinical

evidence indicate role of B-cells as antigen presenting cells

and/or mediators of inflammation in MS,18–20 a better under-

standing of B-cell kinetics post-AHSCT is imperative. Like-

wise, plasmablasts, antibody-secreting B-cells predominantly

present in cerebrospinal fluid and to a lesser degree in circula-

tion, are relevant in MS pathogenesis.21,22 Although plas-

mablasts are diminished in MS post-glatiramer acetate

treatment,23 its kinetics post-AHSCT is unknown. Circulat-

ing CD4+ T-follicular helper (cTfh) cells that regulate B-cell

maturation and memory B-cell formation,24 akin to their

lymphoid organ counterparts,25–27 were analysed for subset

co-expressing programmed cell death protein-1 (PD1). This

subset, currently unknown in MS post-AHSCT, regulates

immunological responses in autoimmune diseases,25,28 and

PD1 expression may be a surrogate measure of helper func-

tion towards humoral response.25,27,29

We investigated CD39+ T-regulatory cells (Tregs) that

suppress pro-inflammatory interleukin-17 production,30

CD56hi natural killer (NK) cells, immunoregulatory

innate cells that expand following DMTs in MS31,32 and

terminally differentiated CD8+CD28�CD57+ T-cells,

whose function although currently unclear, may still assist

to limit autoreactivity.9,10

Overall, this study elucidated whether the recalibration

of immune balance is maintained beyond 1 yr post-

AHSCT out to 36M and its relationship with disease

remission, highlighting possible mechanisms underlying

AHSCT-induced clinical remission. This may enable devel-

opment of novel targets for cell-based therapeutics and

immunotherapies focused on specific immune populations

of interest, which could reduce the need for chemotherapy-

based approaches and their consequent toxicity.

Materials and Methods

Patients

The current study was part of the single-centre, prospec-

tive phase II clinical trial investigating efficacy of AHSCT

in MS, approved by the Human Research Ethics Commit-

tee (HREC Ref: HREC/10/SVH/135) in December 2010

and registered with the Australian New Zealand Clinical

Trial Registry (ACTRN12613000339752). Patients aged

18–60 yr with relapsing-remitting MS (RRMS) or sec-

ondary progressive MS (SPMS), diagnosed according to

the McDonald criteria33 with a Kurtzke Expanded Dis-

ability Status Score (EDSS)34 of 2.0–7.0 at baseline, and

refractory to the first-line disease-modifying therapies

(DMT) were eligible for the trial. Patients were referred

by their primary neurologist and had to fulfil the inclu-

sion criteria of failing at least two DMTs prior to AHSCT,

with a minimum of one relapse and /or disease progres-

sion with evidence of MRI activity in the year prior to

referral. Patients with comorbidities precluding AHSCT

were excluded from the trial as previously described.2

As of December 2020, 28 MS patients with RRMS or

SPMS who had undergone AHSCT had achieved follow-

up for 36M, from which six patients were excluded from

analysis as they were lost to follow-up due to inter-state

patient relocations or were censored following commence-

ment of an alternate DMT or due to pre-existing condi-

tions. The remaining 22 MS patients aged 22–55 yrs with

1:1.2 male:female ratio were included in the current

study. The patient cohort was also analysed as responders

and non-responders, whereby non-responders were

patients with either a clinical relapse or a new or enlarg-

ing T2/FLAIR lesion on MRI and /or gadolinium

enhancement of lesions during the study period up to

36M post-AHSCT. Due to postulated differences in the

pathogenesis of relapse versus progression, patients with

increasing EDSS score were not considered non-

responders. Eighteen healthy controls (HCs) who were

age- and sex-matched (26–55 yr, 1:1 male:female ratio,

Table 1) were included as a comparator group. Informed

written consent was obtained from MS patients (n = 22)

and HCs (n = 18). Demographics of MS patients and

HCs, treatments prior to AHSCT, clinical characteristics

and AHSCT treatment responses of MS patients are pro-

vided in Table 2.
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Transplant regimen

Autologous haematopoietic stem cells were mobilised

with intravenous administration of cyclophosphamide

2 g/m2 and subcutaneous administration of granulocyte

colony stimulating factor at 10 mcg/kg per day for

10 days. Peripheral blood stem cells were collected by

leukapheresis using the Cobe Spectra apheresis system

and cryopreserved. Transplant patients received BEAM

(carmustine 300 mg/m2/d on day �6, etoposide 200 mg/

m2/d on days �5 to �2, cytarabine 200 mg/m2/d on days

�5 to �2, melphalan 140 mg/m2/d on day �1) condi-

tioning chemotherapy. The thawed leukapheresis stem cell

product was administered on day 0, followed by horse

ATG 20 mg/kg/day on days +1 and +2.

Isolation of peripheral blood stem cells
from peripheral blood

Peripheral blood samples were collected into ethylenedi-

aminetetraacetic acid tubes from MS patients serially at

pre-AHSCT and post-AHSCT at 24M and 36M time-

points (�4M), and from HCs as comparator group.

Peripheral blood stem cells were isolated using Ficoll-

Paque density-gradient centrifugation and cryopreserved

for subsequent batched immunophenotyping analysis.

Immunophenotyping using polychromatic
flow cytometry

Two 18-colour immunophenotyping panels were used to

characterize the post-AHSCT immunological reconstitution

in MS patients via polychromatic flow cytometry. Briefly,

cryopreserved peripheral blood stem cell samples were

thawed in batches using thawing medium (RPMI + 10%

heat-inactivated foetal bovine serum + 1% GlutaMAX).

Pilot experiments conducted in our laboratory has success-

fully validated the suitability of using cryopreserved speci-

mens for immunophenotyping via comparison with fresh

specimens (data not shown). In this study, thawed cells were

stained in the dark at room temperature using Near Infrared

(NIR) viability dye for 30 min followed by two washes in

PBS. Antibody staining was performed using two separate

antibody cocktails (each consisting of 17 antibodies). The

stained cells were then washed with 19 flow cytometry buf-

fer followed by fixation in 0.5% paraformaldehyde. The

multicolour flow cytometry was performed using a 5-laser

20-colour BD LSR Fortessa X-20 Flow Cytometer (BD Bio-

sciences, San Jose, California, USA) and FACSDiva software.

The instrument was calibrated using CST beads prior to each

run. To correct fluorescence spillover, compensation matri-

ces were generated during acquisition on FACSDiva or post-

acquisition on FlowJo using appropriate single-stained beads

or cells. Unstained and NIR-only stained cells were also run

in addition to the full panel-stained cells for each patient.

The gating and data analysis were performed using FlowJo

software (Treestar, Ashland, Oregon, USA). The list of all

antibodies used for both immunophenotyping panels are

described in Table S1. The examined immune subset pheno-

types are described in Table S2 and the gating strategies are

shown in Figures S1–S3. All the immune subsets that were

examined for changes in frequency dynamics were also anal-

ysed for changes in their absolute counts. Only the subsets

that showed statistically significant changes in their absolute

counts between pre- and post-AHSCT in the whole MS

cohort or distinct changes within the responder and non-

responder MS patient groups are shown in Figure S4.

Statistical analysis

The statistical analysis for longitudinal comparison between

pre-AHSCT and post-AHSCT timepoints within the MS

cohort was performed using linear mixed-effects model

(p < 0.05). This maximum likelihood-based approach can

utilise all the observed data points and handles missing dat-

apoints under missing at random (MAR) assumption. Mul-

tiple comparisons were adjusted using Holm-Sidak

method. Model checking was performed based on stan-

dardised residues. Logarithmic transformations were per-

formed if required after examining the residual analysis.

For the longitudinal analysis of the differences within

responders and non-responders, due to a smaller sample

size in the non-responder group, the non-parametric Fried-

man’s ANOVA with Dunn’s test with adjustment for multi-

ple comparisons (p < 0.05) was used. The difference

between pre-AHSCT and post-AHSCT timepoints within

the responder group and non-responder groups were anal-

ysed. This analysis only included patients with complete

measures available at all timepoints.

Table 1. Age and gender comparison of MS patients and HCs.

Parameters

MS

patients

Healthy

controls

Statistical

comparison

Number of subjects 22 18

Median age 34 34.5

Age range 22–55 26–55 Independent two sample

t-test; p = 0.7339

Gender ratio

(male:female)

1:1.2 1:1 Chi square test,

p = 0.7746

AHSCT, Autologous haematopoietic stem cell transplantation; ATG,

Anti-thymocyte globulin; BEAM, Carmustine, Etoposide, Cytarabine,

Melphalan; cTfh, Circulating T follicular helper; DMT, Disease modify-

ing therapies; HCs, Healthy controls; M, Months; MAIT, Mucosal-

associated invariant T; MS, Multiple Sclerosis; NK, Natural Killer; PD1,

Programmed cell death protein 1; T-conv, T-conventional; Th17, T

helper 17; Tregs, T regulatory cells; yr, Year.
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The statistical analysis between responders and non-

responders at pre-transplant timepoint as well as the

cross-sectional statistical analysis between MS samples at

specific timepoints and HCs were performed using inde-

pendent two sample t-tests to compare continuous out-

come, and Mann–Whitney U test was used if the

distribution of the continuous measure was highly skewed

(p < 0.05). Independent two sample t-test (p < 0.05) and

chi-square test (p < 0.05) were used to compare the age

and sex, respectively between MS cohort and HCs. All

analyses were carried out in GraphPad Prism 8 (Graph-

Pad Prism, La Jolla, USA).

Results

Immune reconstitution of primary
lymphocyte populations out to 36M in
MS patients

Investigating the long-term pattern of immune reconsti-

tution of MS patients after AHSCT is critical in deter-

mining the immunological recalibration occurring

beyond the initial period of chemotherapy-induced lym-

phopenia. The frequencies of CD3+, CD4+, and CD8+

T-cell, and CD19+ B-cell lymphocyte subsets in MS

Table 2. Demographics and clinical characteristics of MS patients.

Patient

ID Sex

Age

at Tx

Duration of

MS prior

to Tx

(months)

Relapses

in the

24M prior

to Tx

No of

MRIs with

new/enlarging

lesions in the

24M prior to Tx Prior DMTs1
EDSS at

baseline

Post-Tx relapses/

MRI activity

EDSS at

36M post-Tx

MS001 F 52 188 0 2 IFNb1a, MTX,

FIN, NTZ

7 N 7.5

MS002 F 22 62 3 3 IFNb1a, FIN 3.5 Relapse with right

leg weakness

at 13M

2

MS003 M 27 130 2 2 IFNb1a, NTZ 4.5 N 6

MS004 F 46 68 3 2 IFNb1a, GA, DMF 4.5 N 4.5

MS005 F 31 62 1 0 GA, DMF 4 Single new non-

enhancing T2/FLAIR

hyperintensity on MRI

at 36M. No clinical

correlate.

4.5

MS006 M 30 39 2 1 IFNb1a, FIN, NTZ 4 N 4.5

MS007 M 25 8 4 3 FIN 2 N 2

MS008 F 35 47 2 2 FIN, NTZ, plasma

exchange, DMF

3 N 0

MS009 F 43 36 3 1 FIN, NTZ 5 Relapse with left leg

weakness at 23M

3

MS010 M 33 103 1 2 IFNb1a, GA, FIN, MTX 4.5 N 1

MS011 M 33 115 0 2 IFNb1a, FIN, NTZ, DMF 7 N 8

MS012 F 38 127 3 3 IFNb1a, FIN, NTZ 4 N 0

MS013 F 55 259 1 1 IFNb1a, GA, FIN,

NTZ, DMF

6.5 Right upper limb

weakness at 33M

6.5

MS014 F 38 142 2 2 FIN, NTZ 6 N 6.5

MS015 M 31 25 3 4 IFNb1a, GA, DMF 6.5 N 7

MS016 M 29 99 2 2 IFNb1a, GA, DMF 2 N 1

MS017 M 28 73 2 1 IFNb1a, FIN 2 N 2.5

MS018 F 37 179 1 1 IFNb1a, GA, MTX,

NTZ, DMF

4 N 0

MS019 F 37 17 5 6 GA, NTZ 6.5 N 3

MS020 F 35 93 3 3 IFNb1a, FIN, NTZ 6 N 3.5

MS021 M 44 124 1 4 IFNb1a, GA, FIN, NTZ 3.5 Sensory disturbance

involving right leg

at 11M.

4.5

MS022 M 31 19 2 5 FIN, NTZ 2.5 N 2.5

DMF, Dimethyl fumarate; FIN, Fingolimod; GA, Glatiramer acetate; IFN, Interferon; MTX, Mitoxantrone; NTZ, Natalizumab; M, Months; N, No

relapse/MRI activity; Tx, Transplant (AHSCT).
1Pulse steroid use has not been included in this table.
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patients pre- and post-AHSCT are shown in Figure 1.

By 24M, the frequencies (Fig. 1A and B) and absolute

counts (data not shown) of CD3+ T-cells and CD4+ T-

cells had returned to pre-AHSCT levels, whereas fre-

quencies of CD8+ T-cells and CD19+ B-cells exceeded

baseline at 24M and 36M post-AHSCT (Fig. 1C and

E). The absolute counts of CD8+ T-cells had returned

to baseline by 36M while CD19+ B-cell numbers

remained higher at 24M and 36M (Fig. S4A and C).

The CD4:CD8 ratio remained below baseline at 24M

and started to normalise by 36M post-AHSCT (Fig. 1D,

Fig. S4B).

Figure 1. Comparison of lymphocyte reconstitution between pre-AHSCT and post-AHSCT timepoints in MS patients. The frequencies of (A) CD3+

T cells, (B) CD4+ T cells, (C) CD8+ T cells, (D) CD4:CD8 ratio and (E) CD19+ B cells. The frequencies in graphs (A) and (E) are shown as percentage

of live lymphocytes, and (B) and (C) as percentage of CD3+. Gating strategy can be obtained in Figure S1. Statistical analysis was performed using

linear mixed-effects model (p < 0.05) and multiple comparisons adjusted using Holm-Sidak method. Logarithmic transformations were performed

for analysing difference between pre-AHSCT and post-AHSCT timepoint in CD4:CD8 ratio. Pre-AHSCT (Pre-Tx) n = 20, 24 months (24M) n = 22,

36 months (36M) n = 22. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Black bars and asterisks indicate longitudinal comparison

between pre- and post-AHSCT timepoints within MS cohort.
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Persistent reduction in pro-inflammatory
immune subsets at 36M post-transplant

We investigated the frequencies of pro-inflammatory cells

like Th17, MAIT and CD49d+ CNS-homing T-conventional

(T-conv) due to their involvement in MS pathogenesis. We

also performed a cross-sectional comparison between MS

patients and HCs to examine the extent of immune dysregu-

lation in MS patients pre-AHSCT and whether this nor-

malised by 36M after AHSCT. The frequency of various pro-

inflammatory cells that may be involved in the pathogenesis

of the disease is shown in Figure 2. We observed that Th17

Figure 2. Decrease in frequency of pro-inflammatory immune subsets in MS patients. The frequencies of (A) Th17, (B) MAIT and (C) CNS-homing

T-conventional (T-conv) cells. The frequencies in graphs (A) and (C) are shown as percentage of CD4+, and (B) as percentage of CD8+.

Representative flow cytometry plots for subsets at each timepoint are shown in (D–F). (D) Zebra plots showing Th17 subset, with numbers on the

plots indicating memory Th17 percentage gated from CD45RA� parent population. (E) Zebra plots showing MAIT subset, with numbers on the

plots indicating MAIT cell percentage gated from CD8+ parent population. (F) Zebra plots showing CNS-homing T-conv subset (CNS-H), with

numbers on the plots indicating CNS-H subset percentage gated from CD49d+b7� T-conv cells parent population. Gating strategy can be

obtained in Figure S1. Statistical analysis was performed using linear mixed-effects model (p < 0.05) and multiple comparisons adjusted using

Holm-Sidak method. Logarithmic transformations were performed for analysing difference between pre-AHSCT and post-AHSCT timepoint in

Th17, MAIT and CNS-homing T-conv cell populations. Statistical analysis between MS at pre-/36M post-AHSCT and HCs was performed using

independent two-sample t-tests (p < 0.05). As normality assumption failed for Th17, MAIT and CNS-homing populations in MS cohort at 36M

post-AHSCT, Mann–Whitney U test was used to compare between MS at 36M pre-AHSCT against HCs for these subsets. MS Pre-AHSCT (Pre-Tx)

n = 20, 24 months (24M) n = 22, 36 months (36M) n = 22, HCs n = 18. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Grey bars and

asterisks indicate cross-sectional comparison between MS at pre-/36M post-AHSCT and HC cohorts, whereas black bars and asterisks indicate

longitudinal comparison between pre- and post-AHSCT timepoints within MS cohort.
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cells were significantly elevated in MS patients prior to

AHSCT compared to HCs, likely reflective of active disease

necessitating inclusion in the trial. A sustained decrease was

observed in the frequency of Th17 subset at both 24M and

36M timepoints as compared to pre-AHSCT frequency,

lower than HCs at 36M (Fig. 2A). No significant changes

were observed in the Th17 absolute cell numbers (data not

shown).

MAIT cells exhibited comparable frequencies in MS

patients at pre-AHSCT timepoint to that of HCs, and

were significantly reduced in their frequency and absolute

cell numbers at both the 24M and 36M post-AHSCT

timepoints (Fig. 2B, Fig. S4D) to frequencies below HCs

at 36M.

We next evaluated a putative CNS-homing T-conv cell

population, whose proportion were significantly elevated

in MS patients pre-AHSCT as compared to HCs and was

significantly reduced at 36M post-AHSCT timepoints

when compared to pre-AHSCT (Fig. 2C). By 36M the fre-

quency of this subset in MS patients was comparable to

HCs. No changes were observed post-AHSCT in their

absolute numbers (data not shown).

Regulation of immune subsets that
facilitate humoral immune response at 36M
post-transplant

The frequency of CD27+ memory B-cell populations was

significantly depleted at 24M and 36M post-AHSCT. This

change was accompanied by significantly increased

CD27� na€ıve B-cell frequencies, resulting in a decreased

memory:na€ıve B-cell ratio, below that of HCs at 36M

(Fig. 3A–C). Further, a significant decline was observed

in the CD27hiCD38hi plasmablast frequency at both 24M

and 36M post-AHSCT timepoints, rendering this popula-

tion significantly lower than HCs at 36M (Fig. 3D). The

absolute cell numbers of na€ıve B-cells (Fig. S4E) remained

significantly elevated, whereas the memory:naive B-cell

ratio was significantly reduced (Fig. S4F) in MS patients

at both 24M and 36M post-AHSCT, with no change in

absolute numbers of memory B-cells and plasmablasts

(data not shown).

Based on previous studies associating B-cell response and

PD1-expressing cTfh lymphocytes,25,27 we next investigated

the frequency of PD1+ cTfh in MS patients. Pre-transplant,

MS patients demonstrated significantly elevated frequencies

of PD1+ cTfh cells, putative facilitators of B cell-mediated

immune response, as compared to HCs (Fig. 3E). At 36M

post-AHSCT, a significant decrease in the PD1+ cTfh popu-

lation was observed, resulting in frequency comparable to

HCs (Fig. 3E). There were no changes observed in their

absolute cell numbers between pre-AHSCT and post-

AHSCT timepoint in MS patients (data not shown).

Frequency of key immunoregulatory and
immunosenescent subsets at 36M post-
AHSCT

Changes in immunoregulatory subsets following AHSCT

are shown in Figure 4. At baseline, MS patients exhibited

similar CD4+ Treg frequencies as HCs, and higher CD39+

Treg frequencies than HCs. Post-AHSCT no changes were

observed in CD4+ Treg and CD39+ Treg frequencies

(Fig. 4A and B) or absolute numbers (data not shown),

however by 36M MS patients exhibited lower frequency

of CD4+ Tregs than HCs.

MS patients showed comparable frequencies of the

immunoregulatory CD56hi NK cell subset pre-AHSCT com-

pared to HCs. The frequency (Fig. 4C) and absolute cell

numbers (Fig. S4G) of CD56hi NK cells were increased at

24M post-AHSCT, however by 36M post-AHSCT returned

to frequencies comparable with HCs.

MS patients showed comparable frequencies of the termi-

nally differentiated CD8+CD28�CD57+ T-cells to HCs pre-

AHSCT. The frequency (Fig. 4D) and absolute cell numbers

(Fig. S4H) of the CD8+CD28�CD57+ T-cell subset were sig-
nificantly increased at both 24M post-AHSCT and 36M

post-AHSCT, exceeding baseline frequencies of HCs at 36M.

Figure 3. Regulation of frequency in immune subsets associated with humoral immune response. The frequencies of (A) Memory B cells, (B)

Na€ıve B cells, (C) Memory:Na€ıve B cell ratio, (D) Plasmablasts and (E) Circulating PD1+ cTfh. The frequencies in (A), (B), and (D) are shown as

percentage of CD19+ and (E) as percentage of CD4+. Representative flow cytometry plots for subsets at each timepoint are shown in (F–H). (F)

Zebra plots showing na€ıve and memory B cell subsets, with numbers on the plots indicating their percentages gated from CD19+ parent

population. (G) Zebra plots showing plasmablast (PB) subset, with numbers on the plots indicating PB percentage gated from CD19+ parent

population. (H) Zebra plots showing PD1+ cTfh subset, with numbers on the plots indicating PD1+ cTfh percentages gated from CD45RA� parent

population. Gating strategy can be obtained in Figure S2. Statistical analysis was performed using linear mixed-effects model (p < 0.05) and

multiple comparisons adjusted using Holm-Sidak method. Logarithmic transformations were performed for analysing difference between pre-

AHSCT and post-AHSCT timepoint in Memory B cells, Memory:Na€ıve B cell ratio and Plasmablasts. Statistical analysis between MS at pre-/36M

post-AHSCT and HCs was performed using independent two-sample t-tests (p < 0.05). MS Pre-AHSCT (Pre-Tx) n = 20, 24 months (24M) n = 22,

36 months (36M) n = 22, HCs n = 18. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Grey bars and asterisks indicate cross-sectional

comparison between MS at pre-/36M post-AHSCT and HC cohorts, whereas black bars and asterisks indicate longitudinal comparison between

pre- and post-AHSCT timepoints within MS cohort.
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AHSCT-induced changes in key
immunological subsets associated with
clinical response in MS patients

The described immune subsets were further analysed

based on patient’s clinical response. The MS patient

cohort (n = 22) was divided into responders (n = 17)

and non-responders (n = 5) based on the clinical relapse

or new MRI activity during the study period out to 36M

post-AHSCT. Only responder (n = 15) and non-

responder (n = 5) patients with complete datapoints were

included for the longitudinal subgroup analysis of

immune subset frequencies. The frequencies of pro-

inflammatory subsets including Th17, putative CNS-
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homing T-conv and PD1+ cTfh were demonstrated to be

significantly reduced at 36M post-AHSCT within the

responder, but not the non-responder cohort (Fig. 5A–
C). Furthermore, the frequency of immunoregulatory

CD39+ Tregs was found to be increased at 24M timepoint

in responder patients, whereas it remained unchanged in

non-responder patients (Fig. 5D). Additionally, upon

comparison of pre-AHSCT frequencies of Th17, putative

CNS-homing T-conv, PD1+ cTfh and CD39+ Tregs

between the responder and non-responder patient

cohorts, no statistically significant differences were

observed (Fig. S5A–D). No discernable longitudinal dif-

ferences were detected in the frequencies of other

immune subsets within responder and non-responder

patients (data not shown). Only the absolute numbers of

immune subsets where discernible changes were observed

within responder and non-responder patients’ post-

AHSCT are shown in Figure S4I–L.

Discussion

The substantial immunological changes evidenced in this

study highlight the potential of AHSCT to shift the

immune balance of MS patients from an autoreactive nat-

ure to a more tolerant phenotype. The study findings per-

sist until 36M post-transplant, well beyond the resolution

of lymphopenia, thereby complementing our previous

study that examined early immune reconstitution until

1 yr post-AHSCT.2 Dysregulations in immune balance

have been noted in MS35 and this is the first study to

report some of the described immune subsets up to 36M

post-AHSCT in MS patients undergoing BEAM + ATG

myeloablative conditioning. In addition to immune sub-

sets identified in our previous study, like MAIT cells,

CD8+CD28�CD57+ T-cells and CD56hi NK cells, that

demonstrated durable recalibration, we also identified

immunological shifts in putative CNS-homing T-conv,

Figure 4. Increase in immunoregulatory and immunosenescent subsets at post-AHSCT timepoints in MS patients. The frequencies of (A) CD4+

Tregs, (B) CD39+ Tregs, (C) CD56hi NK cells and (D) CD8+CD28�CD57+ T cells. The frequencies in graphs (A) and (B) are shown as a percentage

of CD4+, (C) as percentage of CD3�, and (D) as percentage of CD8+. (E) Zebra plots showing CD56hi NK cell subset, with numbers on the plots

indicating their percentage gated from CD3– parent population. (F) Zebra plots showing CD28–CD57+ subset, with numbers on the plots

indicating their percentage gated from CD8+ parent population. Gating strategy can be obtained in Figure S3. Statistical analysis was performed

using linear mixed-effects model (p < 0.05) and multiple comparisons adjusted using Holm-Sidak method. Logarithmic transformations were

performed for analysing difference between pre-AHSCT and post-AHSCT timepoint in CD4+ Tregs, CD39+ Tregs and CD56hi NK cells. Statistical

analysis between MS at pre-/36M post-AHSCT and HCs was performed using independent two-sample t-tests (p < 0.05). Pre-AHSCT (Pre-Tx)

n = 20, 24 months (24M) n = 22, 36 months (36M) n = 22, HCs n = 18. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Grey bars and

asterisks indicate cross-sectional comparison between MS at pre-/36M post-AHSCT and HC cohorts, whereas black bars and asterisks indicate

longitudinal comparison between pre- and post-AHSCT timepoints within MS cohort.

214 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Immune Tolerance in MS Post-AHSCT M. Visweswaran et al.



and PD1+ cTfh subsets, a novel finding in MS patients

post-AHSCT. T-helper-1 subset was not examined as Dar-

lington et al.13 demonstrated reduction of Th17 and not

T-helper-1 cells underlie abrogation of MS post-AHSCT,

where T-helper-1 cells remained unchanged post-AHSCT.

Higher frequencies of Th17 lymphocytes, key mediators

of neuroinflammation,11,12 is likely a reflection of an

active inflammatory state in MS patients’ pre-AHSCT.

Persistent reduction of Th17 frequency post-AHSCT indi-

cates a more tolerant post-transplant immune milieu,

extending a previous study demonstrating early post-

AHSCT (12M–15M) reduction in Th17 frequency in MS

patients who underwent high-intensity immunoablative

conditioning.13 Post-AHSCT Th17 frequencies in MS

patients with BEAM + ATG conditioning remained simi-

lar to baseline at 2 yr14 or akin to HCs, despite without

longitudinal comparisons.36 In the current study the

residual proportion of Th17 cells at 36M is significantly

lower than HCs, indicating a profound suppression of

inflammatory activity post-AHSCT. When correlated with

Figure 5. AHSCT-induced changes in key immune subsets are associated with clinical response in MS patients. The MS patient cohort was split

into responders (M) and non-responders (▽) based on clinical relapse and MRI activity. The frequencies of (A) Th17 cells in responders and non-

responders, (B) CNS-homing populations in responders and non-responders, (C) PD1+ cTfh in responders and non-responders and (D) CD39+

Tregs in responders and non-responders. Statistical analysis was performed using parametric Friedman’s ANOVA with Dunn’s test (p < 0.05).

Linear mixed-effects model was not used for this analysis due to smaller sample size in non-responder group. As the Friedman’s ANOVA analyses

complete datasets, two patients from responder group that had missing timepoints were excluded for statistical comparisons. In responder group,

pre-AHSCT (Pre-Tx) n = 15, 24 months (24M) n = 15, 36 months (36M) n = 15. In non-responder group, pre-AHSCT (Pre-Tx) n = 5, 24 months

(24M) n = 5, 36 months (36M) n = 5. **p < 0.01, ****p < 0.0001. Black bars and asterisks indicate longitudinal comparison within responder

and non-responder patient subgroups in MS cohort.
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clinical outcome, the significant reduction of Th17 cells

was observed longitudinally only within responder

patients (Fig. 5A). However it is noted that the responder

patient cohort had higher baseline Th17 frequencies than

non-responder cohort but their difference was not statisti-

cally significant (Fig. 5A, Fig. S5A). Corroborating previ-

ous studies, Durelli et al.37 showed that Th17 frequencies

closely paralleled active MS, whilst another study indi-

cated a close association between Th17 frequency reduc-

tion and abrogation of new disease activity in MS

patients.13 Overall, our findings indicate dysregulated

Th17 frequencies existing in MS patients pre-AHSCT,

which are subsequently corrected post-AHSCT, main-

tained until 36M.

MAIT cells that comprise a predominant fraction of

the CD8+ T-cells producing interleukin-17 or co-

producing interleukin-17/interferon-c pro-inflammatory

cytokines9 were significantly depleted post-AHSCT,

although observed in similar frequencies in MS at pre-

AHSCT and HCs. The CD161 and CCR6 expression on

T-cells have been demonstrated to enable transmigration

into CNS.9,38 Previous reports have confirmed transmi-

gratory property of MAIT cells into brain by identifying

CD8+CD161+ and CD161+TCRVa7.2+ cells in the white

matter and inflammatory infiltrates of MS post-mortem

brain tissues,9 suggesting their involvement in MS patho-

genesis. The further reduction of MAIT cell frequency in

MS patients by 36M post-AHSCT below HCs, further

highlights the substantial downregulation of inflammatory

activity post-AHSCT.

The putative CNS-homing T-conv was identified using

upstream markers denoting non-gut homing integrin

expression (a4+b7�), and CNS-transmigratory markers

CCR6 and CD161. a4b1 (very late antigen-4) regulates

lymphocyte trafficking into CNS, bone marrow and skin

by interacting with vascular cell adhesion protein-1 on

endothelial cells.39 Further, a4b7 integrin mediates T-cell

migration to gut-associated lymphoid tissue by interacting

with mucosal vascular addressin cell adhesion molecule-

1.39,40 Natalizumab targets integrin a4 on both a4b1 and

a4b7,41 and inhibits lymphocyte migration into CNS by

blocking a4b1 integrin and vascular cell adhesion

protein-1 interaction.42,43 It has been reported that a4
integrin dichotomously binds to either b1 or b7,39,41,44

which was previously determined in our laboratory using

a different HC cohort and flow cytometry panel (data not

shown). We have therefore been able to use a4+b7� cells

as a surrogate for a4+b1+ cells, allowing further investiga-

tion of CNS-migratory potential by using CCR6 and

CD161, whose frequency reduced in MS patients post-

AHSCT, particularly within the responder group.

This is the first paper to report the reconstitution of

specific B-cell sub-populations until 36M post-transplant

in MS. A relative increase in na€ıve B-cell population drives

an expansion of CD19+ cells more generally, whilst mem-

ory B-cells and plasmablasts remained suppressed for

36M. Akin to a multitude of studies10,13,14,45 demonstrat-

ing re-emergence of a diversified na€ıve T-cell repertoire in

MS patients following AHSCT, a similar regeneration of

the B-cell pool appears evident, providing a repopulated

humoral immune system capable of mounting immune

response to novel antigenic challenges post-transplant.

Antibody-secreting plasmablasts,22,46 although circulating

at similar frequencies in MS and HCs, their reduction

post-AHSCT suggests suppressed humoral activity. Due to

limitations in the existing flow cytometry panels this study

did not examine other B-cell subsets such as regulatory B-

cells. A study by Cencioni et al.47 has demonstrated transi-

tional B-cells (CD19+CD24hiCD38hi) in MS patients to

possess a defective function when compared to HCs.

In patients with autoimmune conditions like juvenile

dermatomyositis and systemic lupus erythematosus (SLE),

cTfh frequency correlated with disease activity and

humoral response indicators.26,28 Further, PD1 expression

on cTfh cells is considered to be a surrogate measure of

their helper function on B-cells,25,27,29 and SLE and

rheumatoid arthritis patients exhibited higher

CCR7loPD1hi cTfh subset frequency associated with ele-

vated autoantibody levels and disease activity scores.25 No

studies to date have explored PD1+ cTfh subset in MS,

despite high interleukin-21 expression, the main cytokine

secreted by cTfh cells, found in MS lesions.48 Our study

findings demonstrating the correction of high PD1+ cTfh

frequencies in MS patients by 36M post-AHSCT, being

particularly relevant within the responder group, may

imply a potential PD1+ cTfh-mediated regulation of

inflammatory immune response in these MS patients.

Our findings show comparable CD4+ Tregs frequencies

between MS patients at pre-AHSCT and HCs, in agree-

ment with previous studies.30 The frequencies of CD39+

Tregs were elevated in our MS cohort as compared to

HCs, suggesting it is a qualitative not quantitative defi-

ciency of Tregs that contributes to MS pathogenesis. Our

previous study has shown an early increase in both CD4+

Tregs and CD39+ Treg percentage post-AHSCT.2 In the

current study we observed no significant changes in CD4+

Tregs and CD39+ Treg frequencies post-AHSCT with a

modest increase in CD39+ Tregs within responder

patients at 24M. Nevertheless, the impact on early surges

of Tregs in MS patients post-AHSCT should be assessed

by their functional properties.

Previous studies have demonstrated CD56hi NK cells to

possess impaired immunoregulatory function in MS

patients,49 and mediates an immunomodulatory effect on

T-cell survival following daclizumab treatment.33 CD56hi

NK cells expanded following daclizumab33 and interferon-
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b34 treatment and positively correlated with clinical

response. Previous study on MS patients who underwent

non-myeloablative conditioning followed by AHSCT has

shown transient increase in the CD56hi NK cell frequency

up to 6M post-AHSCT9 and our prior work demon-

strated an increase in this population until 1 yr post-

AHSCT.2 Here, the modest increase in CD56hi NK cell

populations at 24M returned to baseline frequencies by

36M.

Terminally differentiated CD8+CD28�CD57+ cells

increased until 36M post-AHSCT in this study, were

demonstrated to expand until 2 yr post-AHSCT following

a high-intensity myeloablative conditioning by Muraro

et al.10 and until 4 yr post-AHSCT by Arruda et al.8 albeit

following a lymphoablative conditioning regimen. This

heterogeneous terminally differentiated subset is charac-

terised by loss of CD28 and gain of CD57 expression after

several rounds of proliferation.50,51 While its precise func-

tion remains debated and unclear, it is proposed to con-

tribute towards limiting autoreactivity via space attrition

or soluble immunoregulatory factors by previous MS

studies9 and possess cytotoxic function.50,51 One MS

study also demonstrated expansion of CD8+CD57+ T-cells

until 2 yr post-AHSCT, which exhibited immunosuppres-

sive activity against CD4+ T-cells.9

This study has a number of limitations. In an attempt

to counter the impact on baseline populations by previ-

ous DMTs, an average of 2-month interval was used

between last DMT and baseline blood sample. Notably,

no patients in this cohort were treated in the immediate

pre-transplant period with an immune reconstitution

therapy (alemtuzumab, cladribine) nor long-acting B-cell

depleting therapy (Ocrelizumab), therefore we expect the

effect of prior DMT to be minimal. Results presented

here were not analysed in regard to MS disability progres-

sion post-AHSCT, given this neurodegenerative compo-

nent of the disease is likely distinct from the altered

immune state that drives relapsing-remitting CNS inflam-

mation. Outcomes were analysed in terms of patients

who relapsed post-AHSCT, either clinically or with a new

MRI lesion. In MS studies, ‘no evidence of disease activ-

ity’ is never complete as it is only assessed at pre-

specified intervals, and clinical relapse and recurrent MRI

activity could still be indicative of a reduced inflamma-

tory response compared to pre-AHSCT inflammatory

activity levels. Although novel sustained shifts were

observed in circulatory immune subset frequencies, we

cannot comment on the functional corollary of cellular

phenotype in the absence of further ex vivo work. Being

a major referral centre for treating MS with AHSCT in

Australia, patient recruitments occur from across the

country. It was difficult to collect blood samples from

all patients at the exact relapse timepoint due to logistic

constraints. Therefore, we could not perform additional

correlations between immunological changes and disease

activity in non-responders. Furthermore, due to the fortu-

nately high response rate in MS patients to AHSCT, the

number of non-responder patients was small. Thus, making

robust conclusions about the association of certain subtype

alterations with response is problematic. Larger prospective

and multi-centre studies in the future would be required to

confirm this finding and to analyse correlations between

immunological findings and clinical response.

In conclusion, our study finds several immune popula-

tions altered in proportion post-AHSCT, although abso-

lute counts of few remained unchanged. We postulate

that following the period of lymphopenia, AHSCT serves

to recalibrate the balance of lymphocyte subsets which

may be dysregulated in active MS. Our findings indicate

these changes persist out to 36M post-AHSCT, comprised

of a profound reduction in pro-inflammatory subsets and

sustained expansion of subsets that may possess

immunoregulatory potential.
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Table S1. List of antibodies used for flow cytometry

panels.

Table S2. Phenotypes and gating hierarchy of immune

subsets.

Figure S1. Gating strategy of pro-inflammatory T cells.

Gating strategy for (A) Th17 cells, (B) MAIT cells and

(C) CNS-homing T-conv (CNS-H) cells are indicated.

Figure S2. Gating strategy of immune subsets regulatory

humoral response cells. Gating strategy for (A) Na€ıve and

memory B cells, (B) Plasmablasts (PB) and (C) PD1+

cTfh cells are indicated.
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Figure S3. Gating strategy of immunoregulatory and

immunosenescent cells. Gating strategy for (A) CD4+

Tregs, (B) CD39+ Tregs, (C) CD56hi NK cells, (D)

CD8+CD28�CD57+ cells are indicated.

Figure S4. Analysis of absolute counts of immune subsets

within whole MS cohort, and within responder and non-re-

sponder patient groups (expressed as cells/lL). First two

rows show absolute counts of immune subsets that showed

significant changes between pre- and post-AHSCT compar-

ison. (A) CD8+ T cells (B) CD4:CD8 ratio, (C) CD19+ B

cells, (D) MAIT cells, (E) Na€ıve B cells, (F) Memory:Na€ıve

B cells, (G) CD56hi NK cells and (H) CD8+CD28�CD57+

cells. Statistical analysis was performed using linear mixed-

effects model (p < 0.05) and multiple comparisons

adjusted using Holm-Sidak method. Logarithmic transfor-

mations were performed for analysing difference between

pre-AHSCT and post-AHSCT timepoint in CD4:CD8 ratio,

CD19+ B cells, MAIT, Na€ıve B cells, Memory:Na€ıve B cell

ratio and CD8+CD28�CD57+ cells. Pre-AHSCT (Pre-Tx)

n = 19, 24 months (24M) n = 22, 36 months (36M)

n = 22. Last two rows show absolute counts of immune

subsets that demonstrated distinct responses within respon-

der and non-responder patient groups. Absolute counts of

(I) Th17 in responder and non-responder patients, (J)

CNS-homing T-conv cells in responder and non-responder

patients, (K) Na€ıve B cells in responder and non-responder

patients and (L) CD56hi NK cells in responder and non-re-

sponder patients. Statistical analysis was performed using

parametric Friedman’s ANOVA with Dunn’s test

(p < 0.05). Linear mixed-effects model was not used for

this analysis due to smaller sample size in non-responder

group. As the Friedman’s ANOVA analyses complete data-

sets, three patients from responder group that had missing

timepoints of absolute count values were excluded for sta-

tistical comparisons. In responder group, pre-AHSCT (Pre-

Tx) n = 14, 24 months (24M) n = 14, 36 months (36M)

n = 14. In non-responder group, pre-AHSCT (Pre-Tx)

n = 5, 24 months (24M) n = 5, 36 months (36M) n = 5.

For all graphs, *p < 0.05, **p < 0.01, ***p < 0.001. Black

bars and asterisks indicate longitudinal comparison

between pre- and post-AHSCT timepoints within respon-

der or non-responder cohort.

Figure S5. Comparison of immune subset frequencies

between responder and non-responder MS patients at

pre-AHSCT. (A) Th17, (B) CNS-homing T-conv, (C)

PD1+ cTfh and (D) CD39+ Tregs. Statistical analysis

between responders (M) (n = 15) and non-responders

(▽) (n = 5) at pre-AHSCT were performed using inde-

pendent two-sample t-tests (p < 0.05).
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