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Abstract
Purpose of Review Evidence for hematopoietic stem cell transplantation (HCT) in autoimmune disease has been building since
the 1990s; however, many clinicians may not yet be aware of its applications to autoimmune disease. We review the basic tenets
of HCT and evidence for autologous HCT in multiple sclerosis (MS), systemic sclerosis (SSc), and lupus with an emphasis on
recent advanced phase trials.
Recent Findings InMS, the phase 3 randomizedMIST trial and the phase 2 randomized ASTIMS trial demonstrated the efficacy
of autologous HCT in refractory MS over disease-modifying therapies and mitoxantrone, respectively. In SSc, the phase 3
randomized ASTIS trial and the phase 2 randomized SCOT trial demonstrated the efficacy of autologous HCT in advanced
SSc compared to cyclophosphamide.
Summary The evidence for HCT in autoimmune diseases continues to grow, particularly in MS and SSc. In lupus, large,
comparative trials are still needed. Across autoimmune diseases, questions that still remain to be answered include optimizing
patient selection to limit TRM, the appropriate use of MAC, and the necessity for graft manipulation. Furthermore, collaboration
between disease-specific and transplant physicians is imperative to expand the appropriate use of HCT in routine clinical practice.
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Introduction

A long-term disease-free state is often unachievable in auto-
immune disease [1]. While disease-modifying therapies
(DMT) are available for certain conditions like rheumatoid
arthritis (RA) [2], multiple sclerosis (MS) [3], and inflamma-
tory bowel disease (IBD) [4], responses are not necessarily
durable [1]; furthermore, the management for others like sys-
temic lupus erythematosus (SLE) and systemic sclerosis (SSc)
continues to be largely supportive rather than targeting the
underlying cause. The use of hematopoietic stem cell trans-
plant (HCT) in autoimmune disease was first described in
patients with autoimmune conditions who received allogeneic

HCT from matched donors for hematologic malignancies in
which long-term follow-up suggested a clinically disease-free
state for both the malignant and autoimmune conditions [5].
Since initial consensus recommendations for use of stem cell
transplant in autoimmune disease were published in 1997 [6],
HCT has been used to treat a range of autoimmune conditions
including MS, SSc, RA, SLE, juvenile inflammatory arthritis
(JIA), autoimmune cytopenias, and IBD [7]. Over this time
period while the use of HCT has grown, particularly in MS
and SS [8•], many treating physiciansmay not be familiar with
the evidence for HCT in autoimmune disease [9]. Here we
review the principles of HCT for autoimmune diseases and
describe the evolution of evidence for its use, with a focus on
MS, SSc, and lupus.

Principles of Stem Cell Transplantation

Overview of HCT

Hematopoietic stem cell transplantation refers to the replace-
ment of a patient’s hematopoietic system with a graft that
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comes either from the patient him/herself (autologous HCT, or
colloquially “auto-transplant”) or from a donor (allogeneic
HCT, or “allo-transplant”). In this procedure, patients receive
a conditioning regimen incorporating chemotherapy and/or
total body irradiation (TBI) to prepare for the transplant,
followed by infusion of the graft. The extent to which the
conditioning regimen treats underlying disease, induces bone
marrow aplasia, and suppresses the immune system varies by
the regimen used (see below). The bone marrow is then res-
cued with the transplant, either using a patient’s own cells
(autologous HCT) or a donor’s cells (allogeneic HCT).

While allogeneic HCT has the benefit of a new hematopoi-
etic system without the patient’s impairment (including hema-
tologic malignancy, hemoglobinopathy, immunodeficiency,
and autoimmunity), it comes with an increased risk of infec-
tion as well as graft-vs-host disease (GVHD) in which the
donor’s immune system recognizes the patient’s body as for-
eign [10]. GVHD is often manageable, but it can also lead to
debilitating acute and chronic toxicities. It is a main contribu-
tor to transplantation-related mortality (TRM) [11] which may
be around 20% in allogeneic HCT for autoimmune disease
[12]. In allogeneic HCT, neutrophil recovery varies and can
occur as early as within 2 weeks. However, it may also take
several weeks longer depending on several factors including
the type of graft, HLA mismatch, and viral infection. Patients
are usually admitted or living close to the transplant center for
around 3 months for daily evaluation and management of
complications. Patients undergoing allogeneic HCT are usu-
ally on immunosuppressive medications to prevent GVHD
and their post-transplant care is more complicated.

On the other hand, autologous HCT allows for administra-
tion of significant immunosuppression (through the condition-
ing regimen) with earlier count recovery and without the risk
of GVHD or the need for prolonged immunosuppression. The
risk of mortality from autologous HCT for autoimmune dis-
ease is reported to be under 10% [13]. One concern with
autologous HCT is related to repopulation after transplant
with the patient’s own hematopoietic progenitors which pre-
viously developed the autoimmune phenotype. However, it is
important to note that while genetic factors including alleles in
the major histocompatibility complex [14] are linked to auto-
immune disease, only a small percentage of the genetics of
autoimmunity can currently be explained [15], and it is not
known to what degree genetic alterations as opposed to envi-
ronmental factors are responsible for inciting autoimmunity
[14]. Furthermore, while controversial [16•], the practice of
CD34 selection (in which more primitive cells are retained
and more differentiated immune cells are removed) prior to
transplantation may help address this concern.

In both types of HCT, patients are treated with a condition-
ing regimen for the purpose of allowing acceptance of the
transplanted hematopoietic cells and to varying degrees,
treating the underlying disease [17]. Regimens include

myeloablative conditioning (MAC), so termed because with-
out rescue from the transplant the hematopoietic systemwould
not be expected to recover, or non-myeloablative (NMA) con-
ditioning, so termed because the hematopoietic system would
be expected to recover over varying periods of time.
Furthermore, NMA regimens can be of varying strength, with
stronger regimens termed “reduced intensity conditioning”
(RIC) [17].

Steps in HCT

Upon being referred for HCT, the patient is evaluated by a
transplant provider who reviews the risks and benefits of HCT
with the patient and family. If the decision is made to move
forward with HCT, the next step is to determine the graft that
will be used and who it will come from.

Grafts, which are basically a collection of cells enriched for
hematopoietic stem cells but also contain varying degrees of
differentiated cells, can be harvested from the bone marrow or
peripheral blood. When a bone marrow graft is chosen, the
harvest is done under general anesthesia with multiple (be-
tween 70 and 100 or more) bone marrow aspirates from the
posterior (or less commonly, anterior) iliac crest to collect a
sufficient number of primitive hematopoietic stem cells. In the
last 30 years, due to the discovery that primitive stem cells can
be mobilized into the peripheral blood, peripheral blood pro-
genitor cell (PBPC) grafts have become more common [18].
To collect PBPC grafts, a Hickman (tunneled central venous)
catheter is placed and patients then receive one or a combina-
tion of granulocyte colony–stimulating factor (GCSF), cyclo-
phosphamide, or plerixafor (a CXCR4 antagonist), to help
mobilize primitive hematopoietic cells from the bone marrow
into the peripheral blood [19]. White blood cells are collected
by centrifugation through apheresis and cryopreserved until
use. Given the peripheral blood source, PBPC grafts do con-
tain a greater number of mature lymphocytes [19] that theo-
retically could transfer autoimmunity; for this reason, some
studies have employed ex vivo graft manipulation using se-
lection for primitive, CD34+ cells to decrease risk of transfer-
ring autoimmune T cells [20, 21••]; however, no comparative
studies have proven the efficacy of this technique. Once the
graft is collected (or simultaneously in allogeneic HCT), the
conditioning regimen is administered over several days and
then the transplant is done through simple transfusion of the
graft through the Hickman catheter. The stem cells in the graft
migrate to the bone marrow and begin to form the cellular
components of blood. In autologous HCT, neutrophil recov-
ery usually occurs around 10–14 days, with the myelotoxicity
(MAC vs NMA) of the conditioning regimen and the source
of the graft (peripheral blood vs bone marrow) being some of
the determinants. During this vulnerable period, patients usu-
ally receive a combination of antibacterial and antifungal pro-
phylaxis per institutional standards. Full immune recovery can
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take months longer [22] and patients are recommended to
receive anti-viral prophylaxis (with acyclovir or similar agent)
against herpes zoster for 1 year after autologous HCT [23].
Similarly, patients require re-vaccination, with consensus rec-
ommendations available on necessary vaccinations and appro-
priate schedule [23].

Stem Cell Transplantation in Autoimmune Disease

Pre-clinical models suggest that autoimmunity may reflect
changes very early in lymphocyte differentiation [24–27]).
However, autologous HCT has been associated with signifi-
cant remissions and even cure for autoimmune diseases [28].
The first case report of autologous HCT for systemic sclerosis
was published 24 years ago [29]; since then, autologous HCT
for autoimmune disease has been associated with much lower
rate of TRM [30, 31] than allogeneic HCT. Furthermore, long-
term responses are possible: A review of 900 patients with
auto-HCT for autoimmune diseases including MS, SSc,
SLE, RA, as well as others, over 12 years found a 5-year
overall survival and progression-free survival rate of 85 and
43%, respectively, with TRM of 5% ([7]).

The benefit of autologous HCT seems to come partly from
the conditioning regimen, which has an immunosuppressive
effect and may help to restore balance to the immune system.
The significance of the conditioning regimen is evidenced by
the utility of the common conditioning backbone cyclophos-
phamide in autoimmune disease outside of transplant in lower
dose intravenous pulses [32, 33] and daily oral [34] forms, and
in higher doses equivalent to those used in stem cell transplan-
tation [35], where delayed hematopoietic recovery increases
the risk of infection.

The mechanism by which conditioning regimens contrib-
ute to treatment is not clear. It may be the case that the repop-
ulation of a more “naïve” immune system once committed,
differentiated lymphocytes are eliminated by the conditioning
regimen, promotes a less auto-reactive state: this is illustrated
by a post-transplant increase in CD4+ T cell receptor diversity
associated with a renewal in thymic function, a potential ex-
pansion of regulatory T cells (though this may not be a con-
sistent effect), and lysis/apoptosis of autoimmune plasma cells
[36, 37, 38•]. As shown in Tables 1, 2, and 3, a variety of
conditioning regimens have been used in HCT for autoim-
mune diseases without head-to-head comparisons on
disease-specific efficacy. However, comparisons between
pre- and post-transplant immune reconstitution suggest differ-
ential effects of total body irradiation (TBI) [36] and anti-
thymocyte globulin (ATG) [39] on post-transplant normaliza-
tion of the CD4/CD8 ratio and timing of naïve CD4+ T cell
reconstitution [38•], suggesting the specific conditioning reg-
imen used does matter. Further subtleties to conditioning reg-
imens may include patient-specific dosing of widely used ad-
juncts like ATG where benefit may be related to dosing by

lymphocyte count [40••], a modification that has not yet been
done in large-scale trials in autoimmune disease [38•].

Whether the stem cell graft plays a role in the clinical ben-
efit of autologous HCT is less clear: For instance, ex vivo graft
manipulation with CD34 graft selection may be a source of
benefit but this is controversial. In ex vivo CD34 selection,
primitive CD34+ cells are selected for transplantation [41]
with the aim of removing differentiated, self-reactive lympho-
cytes. While there are no prospective direct comparisons be-
tween unmanipulated autologous HCT with CD34-selected
autologous HCT, CD34 selection was used in multiple pro-
spective randomized studies showing benefit for autologous
HCT [21••, 42] including in the Autologous Stem cell
Transplantation International Scleroderma (ASTIS) [20] and
Scleroderma: Cyclophosphamide or Transplantation (SCOT)
[21••] trials in which HCT was compared to cyclophospha-
mide. However, a retrospective analysis using the European
Bone Marrow Transplant (EBMT) database suggested CD34
selection may not be associated with improved outcomes
[16•]) with disadvantages including cost and potential in-
creased infection risk. It may be that the benefit of graft ma-
nipulation is disease-specific, which will require prospective,
comparative studies.

Autologous HCT for Multiple Sclerosis

Initial retrospective reviews and single-arm prospective trials
confirmed the utility of autologous HCT in MS, with
sustained improvement in both clinical outcomes [43,
44–46] and imaging evidence of disease stability after failing
multiple lines of therapy [45, 46] (Table 1). However, with the
growing number of DMTs in MS [47], these studies did not
clarify the comparative efficacy and appropriate clinical
timing of HCT. Recent studies have provided more clarity:
The rate of long-term disease control at 4 years with DMT
therapy only is about 18% [48•], and two recent randomized
trials helped to establish the validity and appropriate use of
auto-HCT in the current era [30, 49]:

In the phase 2 autologous hematopoietic stem cell trans-
plantation in multiple sclerosis (ASTIMS) trial [49], 21 pa-
tients with relapsed refractory MS (RRMS) or secondary pro-
gressive MS (SPMS) refractory to conventional therapy in the
last year with Expanded Disability Status Scale (EDSS) score
3.5 to 6.5 (0–10 scale of neurologic/functional impairment,
with 0 indicating normal function and 10 indicating death
related to MS) were randomized to (1) autologous HCT with
cyclophosphamide/granulocyte colony–stimulating factors
(GCSF) mobilization and myeloablative BEAM (carmustine,
etoposide, cytarabine, and melphalan) + rabbit ATG (rATG)
conditioning (n = 9) or (2) monthly mitoxantrone (MTX; n =
11) for 6 months. The study was initially planned as a phase 3
trial with the primary endpoint of EDSS improvement;
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however, low accrual resulted in revision of the primary end-
point to the cumulative number of new central nervous system
(CNS) lesions on T2-weighted imaging at 4 years. In this
study, autologous HCT was associated with a 79% improve-
ment in the primary endpoint (median 8 new lesions with
mitoxantrone vs 2.5 with auto-HCT) and transplant itself
was well tolerated with no TRM. Secondary outcomes includ-
ed annual relapse rate (0.6 for MTX vs 0.19 for auto-HCT,
p = 0.026) and progression at the end of follow-up (48%MTX
vs 57% auto-HCT, p > 0.50). While there were no differences
in EDSS between the two groups, the enrolled sample only
allowed for 26% power to detect a significant difference at the
expected level.

In the phase 3 multiple sclerosis international stem cell
transplant (MIST) trial, 110 patients with refractory RRMS
and EDSS score of 2–6 were randomized to (1) autologous
HCT with cyclophosphamide/GCSF mobilization and non-
myeloablative cyclophosphamide (200mg/kg) + rATG condi-
tioning (n = 55) or (2) further alternative DMT (n = 55).
Notably patients with SPMS and primary progressive MS
(PPMS) were excluded. Patients in the DMT group could
cross over after 1 year of progression. The primary endpoint
was time to progression (defined as EDSS score increase of 1).
After a median follow-up of 2 years, mean time to progression
was 24 months with DMT and not reached with autologous
HCT. Notably within the first year, 69% of patients in the
DMT group relapsed vs 2% in the auto-HCT group with HR
for time to first relapse 0.097. Disease progression at 5 years
occurred in 75% of patients in the DMT group and only 9.7%
in the autologous HCT group. Differences in EDSS were seen
as early as the first year, with improved EDSS in the first year
with autologous HCT (− 1.02) and worsened with DMT (+
0.67). Transplant resulted in comparative improvement over
DMT in newMRI lesions, quality of life, and 25-ft walk time.
TRM was 0 and there were no non-hematologic grade 4
toxicities.

The ASTIMS and MIST trials confirm that auto-transplant
has a significant role to play in the era of DMT inMS, with no
TRM in either trial. Patient selection, however, appears to be a
key factor. One difference between these studies was im-
proved clinical/functional outcomes in MIST but not in
ASTIMS. Prior studies suggested that transplant early in the
disease course (EDSS 1.5–3) was associated with greater ben-
efit in PFS [50, 51]. It is also possible that transplantation
during RRMS may result in better outcomes than once the
disease has entered the progressive state [52, 53]. In
ASTIMS, 67% of patients had SPMS while these patients
were excluded from MIST [49]. Thus, RRMS may be a more
optimal disease state for HCT candidacy. Secondly, included
patients in these studies were otherwise relatively healthy—
while exclusion criteria for end organ function is not reported
for ASTIMS, patients with pulmonary, cardiac, renal, and
liver dysfunction, as well as patients with abnormal plateletT
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and white blood cell counts, were excluded from MIST. Age
may also be significant here: HCT at a younger age is associ-
ated with better outcomes [43], and median age in ASTIMS
was 35.5 years and in MIST 36 years. Whether HCT is a
viable option for older patients and those with mild end organ
dysfunction needs to be determined on a case-by-case basis
and with caution from the treating physician. Lastly, while
ASTIMS used MAC, MIST used NMA conditioning and nei-
ther employed ex vivo graft manipulation (i.e., CD34 selec-
tion). The positive results of MIST suggest that the low inten-
sity NMA regimen without expensive graft manipulation may
be sufficient in MS; however, further comparative studies are
needed to address this point.

Despite the long duration of response after autologous
HCT, relapses may still occur. It is possible however that the
process of transplant resets the propensity of the disease to
respond to conventional therapies: In one study, 5 of 21 pa-
tients with refractory disease prior to auto-HCT relapsed
(mean 11 months) and all achieved remission with first-line
therapy [52]. Furthermore, larger trials are needed, but if con-
firmed, this effect would suggest more reason to pursue autol-
ogous HCT.

Two trials of autologous HCT for MS are currently
recruiting in the USA: (1) NCT04047628, best available ther-
apy vs autologous hematopoietic stem cell transplant for mul-
tiple sclerosis (BEAT-MS), is a multicenter randomized trial
of 156 patients with treatment-resistant relapsing MS. This
study will assess the use of BEAM MAC and rATG in the
autologous HCT arm (as in ASTIMS) but address the unan-
swered question of efficacy compared to DMTs in the com-
parator arm (as in MIST). PPMS is excluded in this study. (2)
NCT00716066, autologous peripheral blood stem cell trans-
plant for neurologic autoimmune disease, is a phase 2 single-
arm study (40 patients) of BEAM MAC with ATG but ad-
dresses the appropriate use of autologous HCT in 13 other
neurologic autoimmune diseases as well as MS.

Autologous HCT for Systemic Sclerosis

Systemic sclerosis (SSc) is a progressive autoimmune disease
characterized by inflammation and fibrosis of skin and inter-
nal organs [54]. Current therapies used in routine care include
cyclophosphamide andmycophenolate mofetil [55], as well as
azathioprine and methotrexate [54]. However, the durability
of response and impact of these therapies on clinical progres-
sion of SSc is not understood [54]. Three randomized trials
(Table 2) have helped to establish autologous HCT as a toler-
able therapy with durable response, but as discussed below,
differences between the approaches in each of these trials raise
many questions, and patient selection/TRM remains serious
considerations [20, 21••, 56].T
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To inform inclusion criteria and gauge response, clinical
trials in SSc use several parameters to measure the burden of
disease; however, as discussed below, a key limitation of trials
of HCT in SSc is the lack of a comprehensive and organ-
specific tool that is used across all trials. The modified
Rodnan score (mRSS) is a standardized assessment of skin
thickening at 20 sites (10 on each side of the body) and com-
monly used to follow the course of disease in SSc. Its mea-
surements correlate with histologic changes in SSc and it is
shown to maintain inter-observer consistency [57]; high
mRSS scores are also associated with systemic complications,
particularly renal crisis [58]. Pulmonary disease is the leading
cause of mortality in SSc [59]: pulmonary function tests
(PFTs) to measure forced vital capacity (FVC) as well as
diffusion capacity for carbon monoxide (DLCO) and total
lung capacity (TLC) are frequently used to measure and fol-
low pulmonary involvement [59].

The autologous non-myeloablative hematopoietic stem cell
transplantation compared with pulse cyclophosphamide once
per month for systemic sclerosis (ASSIST) [56] and ASTIS
[20] trials used NMA conditioning. In the phase 2ASSIST trial,
19 patients with pulmonary and/or cardiac involvement with
time from diagnosis less than 4 years were randomized between
(1) autologous HCT (n = 10) with GCSF/cyclophosphamide
mobilization and cyclophosphamide/rATG conditioning or (2)
monthly cyclophosphamide for 6 months (n = 9). Patients with-
out pulmonary or renal involvement were included if they dem-
onstrated early, rapidly progressive skin disease. The primary
outcome was improvement in mRSS at 12 months or increased
FVC by more than 10%. At 1 year, no patient in the autologous
HCT arm had progression of disease vs 8 patients in the cyclo-
phosphamide arm. Quality of life, as measured by the SF-36
(36-item short form survey), improved at 1 year after autolo-
gous HCT but declined with monthly cyclophosphamide.
Furthermore, clinical benefits in mRSS and FVC persisted at
2 years, and 7 patients initially randomized to the non-
transplant arm experienced improvements in mRSS and lung
function after undergoing autologous HCT.

In the phase 3 ASTIS study, 156 patients were randomized
to either (1) autologous HCT (n = 79) with GCSF/
cyclophosphamide mobilization and cyclophosphamide con-
ditioning and CD34+ graft selection, or (2) monthly cyclo-
phosphamide pulses (n = 77). Patients had SSc for up to
4 years with involvement of the heart, lungs, or kidney.
Patients with significant cyclophosphamide exposure (5 g in-
travenously for more than 2 mg/kg body weight orally for
3 months), severe PAH, and serious comorbidities were ex-
cluded. The primary end point of the study was EFS, defined
as the time in days from randomization until the occurrence of
death, or the development of persistent major organ failure of
the heart, lung, or kidney. The results demonstrated a hazard
ratio (HR) for EFS of 0.35 at 2 years and 0.34 at 4 years
favoring HCT. Notably, while pulmonary disease and skin

manifestations improved with HCT, renal function declined.
Unfortunately, the first year mortality was 16.5% in the HCT
arm (including 8 treatment-related deaths, 7 of which occurred
in patient with current or prior tobacco exposure) and 10.4%
in the control arm (no treatment-related deaths); however, de-
spite the initial higher mortality, the HR for OS was 0.29 at 2
and 4 years, favoring HCT over time.

The SCOT trial [21••] took a different approach by using
MAC. In this phase 2 study, patients were randomized be-
tween (1) monthly cyclophosphamide (CYC) for 12 treat-
ments (n = 39) or (2) myeloablative autologous HCT (n =
36) with GCSF mobilization, TBI/CYC/rATG conditioning,
and CD34+ graft selection. Patients with SSc for less than
5 years who had pulmonary and renal involvement were in-
cluded; however, severe lung disease, pulmonary arterial hy-
pertension, cardiac EF < 50% (high-dose cyclophosphamide
is associated with cardiotoxicity), and significant prior cyclo-
phosphamide exposure were excluded. The primary outcome
was the global rank composite score (GRCS) assessed at
54 months, which was changed from the initial primary out-
come of EFS due to low accrual. The GRCS is a composite
score based on an ordered hierarchy of mortality and longitu-
dinal outcomes in the following order: death, failure of event-
free survival, FVC, the disability index of the health assess-
ment questionnaire (HAQ-DI), andmRSS. TheGRCS is com-
puted by comparing each subject in the study to each other
subject starting with the highest measure of the hierarchy and
if there is a tie at that level moving on to the next level. For
each subject, the pairwise comparison with each other subject
is thus assigned a score of 1 (better off), 0 (no different), and −
1 (worse off), and the GRCS is the sum across all such com-
parisons. At both 48 months and 54 months, transplantation
was associated with significant improvement in pairwise com-
parisons of GRCS (68% vs 32% of comparisons at 48months,
and 67% vs 33% at 54 months). The efficacy of HCTwas also
seen in terms of further therapy, with only 9% requiring initi-
ation of disease-modifying therapies in the HCT group vs
44% in the CYC group. Treatment-related mortality was
higher in the transplant group (6% vs 0% at 72 months); how-
ever, the rate of OSwas 86% at 72 months with HCT and only
51% with cyclophosphamide alone. Rates of infection were
similar between both groups but rates of zoster were higher in
the transplant group, occurring in 36% of those patients. One
patient in the transplant group died from acute myeloid leuke-
mia at 70 months; however, given the known risk of malig-
nancy in scleroderma, further follow-up will be needed to
determine if risk of malignancy truly deferred in the two arms.

Review of these trials suggests multiple cautionary lessons.
As in MS, patient selection appears to be very important.
While internal organ involvement was largely necessary for
inclusion, significant cardiac disease (EF < 50% in SCOT, EF
< 40% in ASSIST), significant pulmonary disease (DLC <
40% predicted and FVC < 45% predicted in SCOT; TLC <
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45% predicted in ASSIST), and PAH were excluded.
Furthermore, previous disease duration was limited to 5 years
in SCOT, 4 years in ASSIST, and initially 4 years in ASTIS
but later amended to 2 years. Patients who smoke may be at
risk for early TRM, and pre-existing renal disease may worsen
with auto-HCT. While these factors may limit the population
of patients considered for auto-HCT, for patients who meet
the common inclusion criteria of age under 60–65 (median
age across the 3 trials in the 40s), moderate pulmonary/renal
involvement, but without significant pulmonary/renal/cardiac
compromise, we now have 3 randomized trials proving that
autologous HCT for SSc is a valid, reasonable, and disease-
modifying treatment.

Many questions remain: how necessary is CD34 selection
[16•, 60], how best to avoid early mortality, and what is the
risk of secondary malignancies. We still do not know the risk/
benefit in patients that did not fit the inclusion criteria such as
those with mild cardiac disease, patients without pulmonary
involvement, or patients with a disease duration of greater
than 4–5 years. There are currently 2 trials of HCT for SSc
recruiting in the USA: (1) TBI using IMRT and cyclophos-
phamide prior to stem cell transplant for the treatment of se-
vere systemic sclerosis (NCT NCT04380831), which is a
single-arm study (15 patients) examining the use of
intensity-modulated radiation therapy (IMRT)-based condi-
tioning to prevent radiation exposure to sensitive organs. (2)
Autologous stem cell transplantation in patients with systemic
sclerosis (NCT NCT03630211), which is a single-arm study
(8 patients) MAC using TBI, thiotepa, cyclophosphamide,
and biologics (rituximab/alemtuzumab), along with CD34 se-
lection; importantly, this study uses a threshold EF of 40%
rather than 50% (as in SCOT) for inclusion. Both studies will
help determine if conditioning regimens can be better opti-
mized for efficacy and toxicity.

Autologous HCT for Lupus

Lupus is a multi-system autoimmune disease with variable
manifestations including mucocutaneous, cardiac, pulmonary,
renal, gastrointestinal, hematologic, dermatologic, and oph-
thalmologic involvement. Like other autoimmune diseases,
lupus is treated with immunosuppressants, ranging from cor-
ticosteroids to steroid-sparing agents like calcineurin inhibi-
tors, cyclosporine, and azathioprine. In 2011, the anti-BLyS
(B lymphocyte stimulator) monoclonal antibody belimumab
was approved for the treatment of lupus and was associated
with a response rate of about 51% [61]. However, the use of
biologics in lupus has been limited when compared to MS,
RA, or IBD: While belimumab has some clinical benefit over
placebo [62], meta-analysis [63] and randomized prospective
studies have found no benefit of rituximab over placebo in
lupus nephritis [64] and multi-system disease [65].

Like in SSc, the use of auto-transplantation in lupus may be
limited by baseline end organ dysfunction; however, the evi-
dence of autologous HCT in lupus is also more limited. While
some limited mostly retrospective studies have suggested
auto-HCT may be able to achieve disease control with long-
term PFS [66, 67•, 68], improved proteinuria [67•], improved
serologic markers of disease [66], and improved cardiac func-
tion [69], others have suggested TRM up to 12% [70] and
inferior outcomes compared to autologous HCT in other au-
toimmune conditions. A registry-based study of 85 patients
from the European group for Blood and Marrow
Transplantation (EBMT) found a 6-month remission rate of
66%, though many of these patients later relapsed [71].
Prospective studies in lupus have been limited: few studies
have been published of autologous HCT for lupus alone
(Table 3) and limited enrollment of 1–3 patients with lupus
has occurred in other prospective studies enrolling multiple
autoimmune diseases [72–74].

However, the largest prospective trial of autologous HCT
in lupus did find significant benefit: In 2006, Burt et al. pub-
lished results of a single-arm study of autologous HCT in
refractory lupus [31]. Fifty patients with refractory disease
(including 20 mg or more of prednisone daily despite use of
cyclophosphamide) were included in the study. Patients had
significant disease, with inclusion criteria including WHO
class III or IV glomerulonephritis, lung involvement, CNS
involvement, vasculitis, myositis, transfusion-dependent auto-
immune cytopenias, severe serositis, and refractory
antiphospholipid syndrome; furthermore, out of those en-
rolled, cerebritis/myelitis and nephritis made up a significant
number (18 and 10, respectively) of the transplant indications.
The treatment consisted of GCSF/cyclophosphamide mobili-
zation, conditioning with 200 mg/kg cyclophosphamide/rab-
bit ATG, and CD34 graft selection. HCT was found to be
effective: transplant was associated with disease control and
improved serologic markers of disease, and the primary out-
comes, disease-free survival and overall survival at 5 years,
were 50% and 84%, respectively. Toxicities included 2%
TRM, 2 patients requiring intubation, and infectious compli-
cations including bacteremia/endocarditis, fungemia, peritoni-
tis, zoster, and PCP pneumonia. Importantly, autologous HCT
in this study permitted higher dose of cyclophosphamide
(about 250 mg/m2 in total including mobilization) and grafts
underwent CD34 selection, offering two potential variations
over a previous negative study of high-dose cyclophospha-
mide only in lupus [75].While recognizing that measurements
of autoantibodies are an imperfect biomarker, titers of both
antinuclear antibodies (ANA) and anti-double-stranded
DNA antibodies decreased after transplant.

In sum, studies of autologous HCT in lupus have had var-
iable results ranging from very promising to prohibitively tox-
ic. This may be related to variations in patient selection, con-
ditioning regimen, graft manipulation (i.e., CD34+ selection),
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and supportive treatments. As illustrated by Burt et al., poten-
tial benefits of autologous HCT over traditional high-dose
cyclophosphamide without stem cell rescue include the use
of very high doses of cyclophosphamide (250 mg/kg includ-
ing mobilization dosing) and removal of differentiated allo-
reactive T cells with CD34+ selection; however, to better un-
derstand how and when auto-HCT should be applied in lupus,
larger, comparative studies are needed to clarify patient selec-
tion, the optimal conditioning regimen including dose of cy-
clophosphamide, infectious risks (which have included CMV
reactivation [66], and bacterial/fungal infections [31]), and
necessity for CD34+ selection. Currently, there are no actively
recruiting trials of stem cell transplantation for lupus listed on
clinicaltrials.gov.

Next Directions

Across MS, SSc, and lupus, prospective and even randomized
studies have demonstrated benefit. However, as we look to
employ auto-HCT into clinical care and to minimize TRM,
further studies are needed. Areas of particular interest include
patient selection as it pertains to end organ function, condi-
tioning regimen intensity, graft manipulation, disease-specific
activity measurements for tracking the effects of therapy, and
biomarkers for disease activity and relapse risk. This work
wil l require collaborat ion between neurologists /
rheumatologists and transplant physicians. Lastly, as we em-
ploy HCT for these autoimmune diseases, to truly expand
availability to patients, we need greater awareness of its effi-
cacy in the broader medical community as well as among
payers.

Conclusion

Randomized studies in MS and SSc have found significant
benefit to autologous HCT in the appropriate clinical situa-
tion. These patients tend to have refractory disease including
moderate end organ involvement, but largely preserved end
organ function. Further studies are needed to better define this
population. In lupus, autologous HCT may be limited by
greater toxicity and should be reserved for refractory disease
though with preserved cardiac function.
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