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Summary

In order to reset the immune system to baseline function, autologous 
hematopoietic stem cell transplantation (HSCT) has been performed in 
patients with multiple sclerosis (MS). After June 2015, 617 new consecu-
tive patients with MS were autografted in our center with non-frozen 
peripheral blood stem cells. The autografts were performed on an out-
patient basis, after conditioning with cyclophosphamide and rituximab. 
The aim of the study was the assessment of both safety and efficacy of 
the method. The study’s primary co-end-points were recovery of granu-
locyte and platelet counts and transplant-related mortality. Secondary end-
points were overall survival and clinical response (improvement or stabi-
lization of the self-reported expanded disability status scale score). The 
protocol was registered in ClinicalTrials.gov identifier NCT02674217.0. We 
included 401 females and 216 males, with a median age of 46 years. A 
total of 259 patients had relapsing–remitting MS (RRMS), 228 had sec-
ondary progressive (SPMS) and 130 had primary progressive (PPMS) 
multiple sclerosis. All procedures were initially performed on an out-patient 
basis and only 32 individuals (5%) required hospitalization. One to three 
aphereses (median 1) were required to harvest at least 1  ×  106/kg viable 
CD34+ cells. The total number of viable CD34+ infused cells ranged be-
tween 1 and 37·83  ×  106/kg (median 5·68). Patients recovered more than 
0·5  ×  109/l absolute granulocytes by day 8 (median, range  =  2–14), and 
platelet values were above 20  ×  109/l by day 4 (median, range  =  0–11). 
Eleven individuals required red blood cells and six needed platelet trans-
fusions. To date, there have been no deaths attributable to the transplant, 
yielding a 30-month overall survival of 100%. Patients have been followed 
for 3–42 months (median  =  12). The overall response rate (decrease or 
stabilization of the self-reported EDSS score) at 12  months was 78% for 
all patients (83% in RRMS, 78% in PPMS and 73% in SPMS), while the 
disability progression-free survival was 82% for all patients (86% in RRMS, 
78·5% in SPMS and 78% in SPMS). Changes in the self-reported EDSS 
score in parallel with neurological improvement were observed in people 
with all types of MS after HSCT, employing the ‘Mexican method’.
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Introduction
Multiple sclerosis (MS) is a chronic neurological inflam-
matory disease resulting from the immune-mediated injury 
and destruction of central nervous system myelin, and 
concomitant variable axonal injury [1]. In the 1990s, 

various studies in animal models suggested that hemat-
opoietic stem cell transplantation (HSCT) could be a viable 
option in the management of autoimmune diseases; further, 
some patients responded clinically, which led to the theory 
that high-dose chemotherapy followed by HSCT rescue 
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could ‘reset’ the immune system by controlling or deplet-
ing autoreactive clones, and conditioning immunological 
tolerance after immune reconstitution [2]; this led to the 
conclusion that HSCT could be a feasible therapeutic 
recourse in the management of MS [2–7].

Autologous HSCTs have been administered to patients 
with MS for more than 20 years; worldwide, more than 
2000 HSCTs have been performed [2–8], with considerably 
more promising neurological outcomes in patients with 
relapsing–remitting MS (RRMS) and/or in those with an 
inflammatory pattern by magnetic resonance imaging (MRI) 
during pretransplant screening. Transplant-related mortality 
(TRM) in MS managed with HSCT was formerly considered 
a limiting factor, but has decreased to less than 2% [2–8], 
probably as a result of the less toxic conditioning regimens 
currently administered. Recent data obtained from over 1000 
autologous transplants performed worldwide to manage MS 
have yielded an overall survival greater than 90% at 5 years 
post-transplant and a progression-free survival of approxi-
mately 50%; the most frequent cause of morbidity and 
mortality has been autoimmune disease recurrence [2–8].

Since 1993 we have managed patients with HSCTs using 
novel methods to decrease the procedure’s toxicity and the 
patients’ expenses [9–19]; to date, more than 1000 HSCTs 
have been performed at our center for the management of 
various diseases, including acute leukemia, chronic leukemia, 
aplastic anemia, myeloma, lymphoma, myelodysplasia and 
autoimmune diseases, including MS [19]. The previously 
reported characteristics of our HSCT method include the 
administration of cells on an out-patient basis, the collection 
of stem cells from peripheral blood and the avoidance of 
cellular freezing and thawing, to both increase the viability 
of hematopoietic cells in the graft and decrease costs [9–19]. 
These modifications to traditional stem cell transplantation 
methods have made the procedure affordable to patients in 
socio-economically impoverished conditions, a characteristic 
of the population in developing countries [19]. Our previous 
experience autografting hematological malignancies [9–20] led 
us to develop a unique program, grafting non-cryopreserved 
autologous hematopoietic stem cells in patients with MS, using 
a modified autografting conditioning regimen. We report herein 
the results of engrafting, toxicity and neurological course in 
a group of 617 patients with MS who were autografted fol-
lowing the ‘Mexican method’ of conditioning, based on cyclo-
phosphamide (Cy) and rituximab [7,8]; the aim of the study 
is the assessment of both the safety and efficacy of the method.

Material and methods

Patients

All consecutive patients with MS referred to our center for 
a HSCT between June 2015 and March 2019 were pro-
spectively included into the study. RRMS, secondary 

progressive (SPMS) and primary progressive (PPMS) cases 
of multiple sclerosis were considered suitable candidates if 
their Karnofsky performance status [21] was greater than 
70% and they had an expanded disability status scale (EDSS) 
score [1] of 8 or below, 2  weeks prior to transplantation. 
None of the patients had received myelotoxic agents prior 
to inclusion into the study and all had a normal complete 
blood cell count when cellular mobilization was begun. All 
patients underwent a washout period of at least 3  months 
of other immunosuppressive agents. The pretransplant EDSS 
score assessment was performed by the same neurologist.

Study aims

The study’s primary co-end-points were the recovery of 
granulocyte and platelet counts and TRM. Secondary end-
points were overall survival (OS) and clinical response 
(improvement or stabilization of the self-reported EDSS 
score). OS was defined as the time elapsed between the 
HSCT and death from any cause, registering all patients 
who were alive on their last follow-up date. All procedures 
in this study were conducted in accordance with the Ethics 
Committee of the Clínica Ruiz (Conbioetica 
21CEI00120130605, Registry no. 13 CEI 21 114 126). All 
patients signed a consent form after being fully informed 
on the procedure’s benefits and potential complications. 
Subjects were instructed to provide information on their 
neurological status and adverse events every 3  months 
post-transplant, in special forms [22] submitted by e-mail. 
Other variables, such as visual field defects or deep sensory 
examinations, were not used when assessing the response. 
Differences in the reported EDSS scores were analyzed 
with Fisher’s exact test (P  <  0·05). The protocol is regis-
tered in ClinicalTrials.gov, identifier NCT02674217.

Peripheral blood stem cell (PBSC) mobilization and 
apheresis

PBSC were mobilized with cyclophosphamide (Cy) and 
filgrastim [granulocyte colony-stimulating factor (G-CSF)]. 
Intravenous Cy (50 mg/kg) was administered over a 
120-min period on days –11 and –10. Subcutaneous G-CSF 
(10 μg/kg/bid) was applied on days –9 to –1. Using either 
a peripheral vein or a Mahurkar-type subclavian catheter, 
the apheresis procedure was performed on day –2, using 
an Amicus (Fresenius Kabi, Deerfield, IL, USA) or Spectra 
Optia machine (Terumo BCT, Lakewood, CO, USA), fol-
lowing the Spin-Nebraska protocol [23]. The aim of the 
apheresis was to obtain at least 1  ×  106 viable CD34+ 
cells/kg. CD34+ cells in peripheral blood were not meas-
ured prior to the apheresis procedures.

Conditioning and autografting

After collecting the required number of peripheral CD34+ 
blood cells, intravenous Cy (50  mg/kg) was administered 
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over a 120-min period on days –2 and –1, followed by 
2-mercaptoethane sulfonate Na (MESNA) (1000  mg/m2 
over a 180-min period), ondansetron 8 mg, dexamethasone 
4 mg and pantoprazole 40 mg, all on an out-patient basis. 
Figure 1 summarizes these data. After the intravenous Cy, 
ondansetron (4  mg every 12  h after chemotherapy), oral 
cotrimoxazole (800/160  mg every 24  h), oral fluconazole 
(200  mg) and oral acyclovir (400  mg every 12  h) were 
administered to all patients until granulocytes increased 
above 0·5  ×  109/l; throughout this period, a complete 
clinical examination and full laboratory work-up were 
performed in all patients every 48  h. After granulocyte 
recovery, rituximab was administered over a 3-h period. 
In an effort to prevent infections and MS relapses in the 
subsequent 6  months, we prescribed cotrimoxazole 
800/160  mg bid three times a week, acyclovir  800 mg 
daily and rituximab (100  mg) every 2  months over a 
12-month period. The cumulative dose of Cy was 200  mg/kg. 
The decision to receive rituximab therapy, despite known 
John Cunningham virus antigenemia, was made by each 
individual patient on the informed consent form. The first 
63 subjects prospectively accrued in the study, received a 
dose of rituximab (375  mg/m2 over a 3  h period) once 
the granulocyte count recovered, followed by rituximab, 
100  mg every 2  months for 1  year, while subsequent 
patients received a single high dose of rituximab (1000 mg, 
fixed dose) after granulocyte recovery.

Apheresis product preservation, studies and infusion

The products of apheresis were stored in 1-ml aliquots 
with ACD-A (Baxter Healthcare, Deerfield IL, USA) at 
4°C, in 1000-ml transfer packs made of impermeable gas 
and polyvinyl chloride plastic film, for up to 96  h. Total 
white mononuclear cells (MNC) and CD34-positive cell 
counts were obtained by flow cytometry [24] in an EPICS 
Gallios system (Coulter Electronics, Hialeah, FL, USA), 
with a phycoerythrin-labeled anti-CD34 HPCA-2 mono-
clonal antibody (Becton Dickinson, San José, CA, USA) 
and a fluorescein isothiocyanate-tagged anti-CD45 mono-
clonal antibody (Beckman Coulter, Hialeah, FL, USA), 
gating in 7¢-amino-actinomycin-D-excluding cells. Stored 

MNC viability studies were conducted by propidium iodide 
exclusion in the flow cytometer. The apheresis products 
obtained on days –2 and –1 were reinfused into the 
patients on days 0 and +1 respectively, after storage in a 
conventional blood bank refrigerator (Thermoforma, 
Marietta OH, USA).

Results

Patients

Six hundred and seventeen subjects were enrolled into 
the study after June 2015. Two hundred and sixteen were 
male (35%), 401 were female (65%) and their median age 
was 46 years (range  =  18–73). One hundred and thirty 
(130) subjects (21%) had PPMS, 259 (42%) had RRMS 
and 228 (37%) had SPMS. Their median EDSS score was 
5·5 (range  =  0–8) with an interquartile range (IQR) of 
4–6·5. All the autografts were performed on an out-patient 
basis and only 32 individuals required hospitalization dur-
ing the procedure: 15 as a result of neutropenic fever, six 
due to a MS flare, four required placement of a chest 
tube to resolve a pneumothorax, three had persistent nausea 
and/or vomiting and one each developed a cardiac arrhyth-
mia, rectal bleeding, urinary tract infection and a minimal 
pleural effusion. All hospitalizations lasted a maximum of 
48  h.

In order to obtain a minimum of 1×  106 viable CD34+ 
cells/kg, one to three aphereses were required (median 1). 
The total number of infused viable CD34+ cells ranged 
between 1 and 37·83  ×  106/kg (median 5·68  ×  106/kg). A 
single apheresis was sufficient to collect at least 1  ×  106/kg 
CD34+ cells in 94% of individuals. Patients recovered more 
than 0·5  ×  109/l absolute granulocytes by day 8 (median, 
range  =  2–14) and platelet values were above 20  ×  109/l 
by day 4 (median, range = 0–11). Eleven individuals required 
red blood cells and six needed platelet transfusions. To 
date, there have been no deaths attributable to the trans-
plant, and our 30-month overall patient survival is 100%. 
Patients have been followed for 3–42 months (median = 12). 
No opportunistic infections have been recorded. Low-dose, 

Fig. 1. Schema of the ‘Mexican method’ for autologous hematopoietic stem cell transplantation in multiple sclerosis. Cy = cyclophosphamide, 
50 mg/kg.
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prophylactic rituximab was administered to 63  (10.2%) of 
the 617 patients over a 1-year period.

Follow-up

Four hundred and forty-four of the 617 patients (72%) 
have been followed for 3 or more months (range  =  3–42), 

and have completed the electronically provided formats. Not 
all patients answered the format, so follow-up compliance 
was 71% after 3 or more months (240 patients at 1  year, 
136 at 2  years and 19 at 3  years). Of these, 113 (47%) 
reported improvement in the EDSS score and 75 (31%) 
reported stabilization; accordingly, the response rate 
(RR  =  improvement  +  stabilization) was 188/240  =  78%. 
The overall RR was 83% in RRMS, 78% in PPMS and 73% 
in SPMS patients. In the whole group, the EDSS was assessed 
3, 6, 9, 12 and 15  months after the graft, and decreased 
from an initial mean of 5·1 points to a mean of 4·5 points 
[P = 0·0002, 95% confidence interval (CI)]; see Fig. 2. Figures 
3, 4 and 5 are the waterfall plots of the EDSS score changes 
12  months post-transplant. The RR at 12  months was 17% 
in RRMS, 22% in PPMS and 27% in SPMS patients 
(Fig. 6). No magnetic resonance imaging studies were sys-
tematically obtained to assess patient response.

Discussion

Although still not considered standard therapy in the 
management of some forms of MS, autologous HSCT has 
been attempted with promising results [1–8]. The mortality 
rate of autologous HSCT was a solid argument precluding 
it as a viable therapeutic option in various diseases, but 
as both morbidity and mortality rates have substantially 

Fig. 2. Changes in the expanded disability status scale (EDSS) score 
after hematopoietic stem cell transplantation (HSCT) in patients with 
secondary progressive (SPMS), primary progressive (PPMS) and 
relapsing–remitting multiple sclerosis (RRMS). The EDSS decrease is 
most marked in RRMS.

Fig. 3. Waterfall plot of the changes in the expanded disability status scale (EDSS) score 12 months after hematopoietic stem cell transplantation 
(HSCT) in patients with relapsing–remitting multiple sclerosis (RRMS), n = 103. The overall response rate was 83%.
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Fig. 4. Waterfall plot of the changes in the expanded disability status scale (EDSS) score 12 months after hematopoietic stem cell transplantation 
(HSCT) in patients with primary progressive multiple sclerosis (PPMS), n = 54. The overall response rate was 78%.

Fig. 5. Waterfall plot of the changes in the expanded disability status scale (EDSS) score 12 months after hematopoietic stem cell transplantation 
(HSCT) in patients with secondary progressive (SPMS), n = 83. The overall response rate was 73%.
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decreased in recent years as a result of modifications to 
the procedure, it appears to be gaining acceptance in the 
medical milieu. In hematological malignancies, we and 
others have shown that the mortality rate of the autografts 
can be substantially decreased to figures below 5% [2–20] 
if the transplant is performed with PBSC on an out-patient 
basis, and using non-frozen, non-thawed stem cells [9–20]. 
After 25  years of autografting more than 1000 patients 
with hematological malignancies [16,17,20,26], we have 
now grafted patients with MS [7,8] using a novel low-
intensity conditioning regimen, unlike that commonly 
recommended in other parts of the world. A key point 
in our protocol is the administration of cyclophosphamide 
for 2 days  –  7 days apart  –  instead of on 4  consecutive 
days. The rationale hinges on three points: [1,8]: to mobi-
lize cells with cyclophosphamide for the autograft [2,8] 
to allow the use of a refrigerated rather than a frozen 
autograft, and to decrease toxicity [8,26,27]. The rapid 
bone marrow recovery we have observed using refriger-
ated blood cell grafts is concordant with our experience 
in individuals with plasma cell myeloma and lymphomas 
who received high-dose therapy and an autotransplant 
[25]. In the literature, there are data on the use of unsplit 
cyclophosphamide 200  mg/kg without stem cell support 
[27]: 43% of patients treated at Johns Hopkins had neu-
tropenic fever, required a median of two platelet and two 
packed red cell transfusions, their neutrophil recovery was 
delayed (13  days) and 2% developed severe hemorrhagic 
cystitis; these complications have not been observed fol-
lowing our method.

The major drawback to our study is the lack of com-
plete follow-up of all the autografted patients’ neurological 
course; further, most EDSS scores were self-reported either 
by the patient or occasionally by their physician, leading 
to reference bias when assessing their responses. 

Interestingly, some studies have reported good consistency 
when correlating self-reported EDSS scores with physician-
assessed values [28,29]. Our finding of an overall RR 
(either stabilization or improvement in the neurological 
condition) of 78% in all forms of MS is interesting, and 
similar to what has been published in other centers 
[2,3,5,30–35]; as expected, the overall RR varies in accord-
ance with the type of MS: 83% in RRMS, 78% in PPMS 
and 73% in SPMS. These figures support our decision to 
graft individuals with all types of MS. Autografting yields 
favorable responses in 70–80% of patients in different 
parts of the world, while standard and novel drugs improve 
the patient’s clinical course and wellbeing in, at most, 
50% of cases [30–35]. The neurological response in MS 
can also be evaluated with the patient’s ‘disability progres-
sion’ which, in patients with an EDSS <  5·5, is defined 
as an increase of >  1·0, and in patients with an EDSS 
>  5·5 it reflects an increase >  0·5 [34]. With this tool, 
the disability progression-free survival in our group was 
82% in all patients (86% in RRMS, 78·5% in SPMS and 
78% in SPMS).

Additional studies are needed to both confirm the 
feasibility of the autografting method in patients with 
MS, as well as to assess the efficacy of the procedure 
and compare the results of auto-HSCT with those 
obtained with other forms of immunosuppression 
[23,29–33].
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