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Abstract

We recently reported that transplantation of autologous bone marrow mononuclear cells (BM-MNCs) may be an effective
and promising therapy to treat refractory diabetic sensorimotor polyneuropathy (DSPN) in patients with type 2 diabetes
mellitus (T2DM). This study was designed to investigate the potential mechanisms of BM-MNCs therapy, which recruited
60 patients with DSPN, 30 T2DM patients without complications, and 30 healthy control participants. All clinical parameters,
the levels of inflammatory markers, and growth factors in the three groups were compared. Patients in DSPN group had
higher level of tumor necrosis factor-o. (TNF-a) (DSPN vs control, 412.90 + 64.58 vs 374.81 + 63.18 pg/mL, P <0.01) and
lower level of vascular endothelial growth factor (VEGF) (DSPN vs control, 140.93 + 24.78 vs 157.39 + 25.11 pg/mL,
P < 0.01) than those in control group. DSPN group had the highest level of soluble intercellular adhesion molecule-|
(sICAM-1) among three groups (DSPN and DM vs control, 1477.56 + 228.00 and 1342.17 + 237.54 vs 1308.00
+ 200.94 ng/mL, P < 0.05). The level of nerve growth factor in the DSPN group was slightly lower than that in the DM group
(DSPN vs DM, 3509.11 + 438.39 vs 3734.87 + 647.50 pg/mL, P < 0.05). All patients with DSPN received one intramuscular
injection of BM-MNC:s and clinical follow-ups after the therapy for 2 days, |, 4, 12, 24, and 48 weeks. Neuropathic symptoms
of foot pain, numbness, and weakness were significantly improved within 4 weeks after BM-MNCs injection. Patients with
DSPN were divided into the responder (n = 35) and nonresponder groups (n = 19) based on the improvement of nerve
conduction velocity at |2 weeks post-transplantation. Compared with nonresponders, responders were younger (57.3 + 5.2
vs 62.0 + 4.8, P <0.01), had a shorter history of diabetes (7.1 + 2.7 vs [ 1.2 + 5.4 years, P <0.01), and had higher numbers of
mobilized CD34 " cells (17.61 + 2.64vs 14.79 + 1.62 x 10°/L, P<0.01) and BM-MNCs (12.05 + 2.16 vs 9.84 + 1.53 x 10%/L,
P < 0.01). The levels of TNF-o. and sSICAM-1| decreased just after BM-MNC:s injection in both groups and slowly reverted to
baseline levels. The duration of the downtrend of TNF-o and sSICAM-1 in the responder group lasted longer than that in the
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nonresponder group. Serum level of VEGF in the responder group increased immediately after BM-MNC therapy and reached
the highest point after the injection for 12 weeks. On the other hand, VEGF levels in the nonresponder group only increased
slightly. Binary logistic regression was performed to evaluate the corresponding prognostic factors for BM-MNCs treatment.
The number of applied CD34 " cells and the duration of diabetes were the independent predictors of responding to BM-MNCs
therapy. No adverse event associated with the treatment was observed during follow-up observations. These results indicated
that BM-MNCs transplantation is an effective and promising therapeutic strategy to treat refractory DSPN. The immune
regulation and paracrine function of BM-MNCs may contribute to the improvement of DSPN. Trial registration: Chinese

Clinical Trial Registry, ChiCTR-TRC-12002570.
URL: http://www.chictr.org.cn/showproj.aspx?proj=698|
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Introduction

Diabetic peripheral neuropathy (DPN) is the most common
complication of Type 2 Diabetes Mellitus (T2DM), affecting
approximately half of the long-standing T2DM patients'.
Several different patterns of neuropathy can present in indi-
viduals with diabetes. Of these, the most common is diabetic
sensorimotor polyneuropathy (DSPN), which is character-
ized by the symmetrical loss of sensation in the lower limbs,
resulting in increased risks of traumatic injuries or chronic
pain perceiving a significant reduction of quality of life and
high treatment costs’. However, novel strategies of treating
DPN are limited to intensive glucose control and pain
alleviating, which have a marginal therapeutic effect in
patients with the progressive stage’. With poor prognostic
outcomes and high mortality, “No-treatment-options”
patients are often suffered by recurrent or incurable foot
ulcerations and gangrenous infections, eventually leading
to limb amputation.

The pathogenic mechanisms of DPN are multifactorial. It
is speculated that diabetic neuropathy is secondary to the
deficiency of local growth factors, causing a reduction of
vasa vasorum and neuronal damage in diabetic peripheral
nerves®. A number of inflammatory mediators are also
involved in the progression of DPN°. Stem cell-based thera-
pies aiming at enhancing neovascularization and ameliorat-
ing inflammatory cytokines are emerging as a novel
treatment strategy for patients with DSPN who are not eli-
gible for traditional drug therapy. Recently, bone
marrow-derived stem cell-based therapies have been applied
as a promising strategy for experimental diabetic neuropathy
in animal models because of their multipotency to inhibit
inflammation and promote angiogenesis and neurotrophy®’.

In our previous study, bone marrow-derived mononuclear
cells (BM-MNCs) have been applied in 168 patients with
refractory DSPN, demonstrating that BM-MNCs transplan-
tation is an effective and safe therapeutic strategy®. Through
regular follow-up and continuous monitoring of clinical indi-
cators, the present study aimed to evaluate the potential
mechanisms associated with the therapeutic benefits of
BM-MNC:s therapy in patients with DSPN.

Materials and Methods
Ethical Approval

This clinical study was undertaken at the Central Hospital of
Wuhan, Hubei Province, China. All participants were briefly
informed about this study. Informed consent was obtained
during the study enrollment. This study was approved by the
Ethics Committee of the Central Hospital of Wuhan, Wuhan,
China.

Study Design and Participants

In this single-center clinical study, we investigated the clin-
ical effect of BM-MNCs transplantation in 60 patients with
refractory DSPN recruited from March 2014 to December
2017. The detailed inclusion and exclusion criteria were
listed below. All enrolled patients received the autologous
BM-MNC:s therapy and followed-up after transplantation for
2 days, 1, 4, 12, 24, and 48 weeks.

This clinical study also included 30 healthy control indi-
viduals (control group) and 30 T2DM patients without com-
plications (DM group). Age, sex, and body mass index
(BMI) in all three groups were comparable (all P > 0.05).
The flow chart is shown in Fig. 1.

Inclusion Criteria of DSPN Group

1. Age at 40-70 years.

2. T2DM patients defined by the 2013 American Dia-
betes Association (ADA) standards’.

3. DSPN was defined as the presence of an abnormality
of nerve conduction and a symptom or a sign of distal
symmetric polyneuropathy'®.

4. Refractory DSPN, defined as no significant relief of
the neuropathic symptoms or signs when combining
conventional drug therapies for at least 1 year, which
include the antioxidant (a-lipoic acid), aldose reduc-
tase inhibitors, and transketolase activators (thia-
mines and allithiamines).
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Figure |. The flow chart of the study. A schematic overview illustrated participant enrolment in the cohort study. Briefly, a total of
60 patients with DSPN, 30 healthy control participants, and 30 T2DM patients without complications were included. All patients with DSPN
received the autologous BM-MNC:s therapy and followed-up after transplantation for 2 days, |, 4, 12, 24, and 48 weeks. During the follow-up
period, one patient died and five patients lost contact and did not show in the follow-ups due to various reasons. Then they were divided into
the responder (n = 35) and nonresponder groups (n = 19) based on the improvement of nerve conduction velocity (NCV) at 12 weeks

post-transplantation.

Exclusion Criteria of DSPN Group

1. Severe hepatic and renal dysfunctions.

2. Hypercoagulable states or with hematological
diseases.

Foot ulcers and limb deformity.

Pregnancy.

Evidence of malignancy during the last 5 years.
Life expectancy less than 6 months.

Preparation of BM-MNCs

The procedures used for the BM-MNCs treatment have been
described in detail previously®. Briefly, patients were sub-
cutaneously injected 5 ug/kg/day recombinant human gran-
ulocyte colony-stimulating factor (G-CSF; Qilu
Pharmaceutical, China) for three consecutive days to mobi-
lize the stem cells in the bone marrow. After G-CSF

A

mobilization, approximately 200—300 ml bone marrow was
harvested from the posterior superior iliac crest under anes-
thetic conditions in a sterile surgical environment.

The preparation of BM-MNCs was processed in the lami-
nar flow laboratory. Mononuclear stem cells were isolated
by Ficoll-Hypaque density-gradient centrifugation. Then,
the mononuclear cell layer was harvested and washed three
times with normal saline and resuspended in 50 ml normal
saline. The total concentration of CD34" cells in the cell
suspension comprising mononuclear cells was calculated
using flow cytometry.

Transplantation Procedures

The prepared BM-MNCs suspensions were injected intra-
muscularly to both thighs and legs of DSPN patients
(50 sites, 2 cm X 2 cm in intervals, 1-1.5 cm in depth,
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1 ml BM-MNCs per site) under continuous monitoring of
vital parameters in a sterile surgical environment. Patients
were followed-up for at least 24 h in the intensive care unit
after the injection.

Clinical Assessment Before and After Transplantation

The visit schedule for the DSPN group is shown in Supple-
mental Table 1. Clinical and laboratory data were collected
before BM-MNCs administration and at every follow-up
visit in the DSPN group. All patients received similar ordi-
nary treatment throughout the course of this clinical study,
including intensive control of blood glucose, blood pressure,
and blood lipids. Smoking cessation was encouraged during
the study. Attention was paid during the follow-up visits
specifically to any potential adverse effects due to the
transplantation.

Measurement of nerve conduction studies (NCS; Viking
Quest, Nicolet Biomedical Inc, WI, USA) was performed by
the same experienced technician who was blinded to the
patients’ clinical information according to validated stan-
dards. Routine NCS measurements were performed pretrans-
plantation and at 12 and 48 weeks post-transplantation. The
observation items of NCS included sensory NCV (sNCV),
sensory nerve action potential in superficial peroneal and
sural nerves, motor NCV (mNCV), and compound muscle
action potential in peroneal and posterior tibial nerves.

Neurological evaluations were performed with Toronto
Clinical Scoring System (TCSS) before the therapy and at
4, 12, 24, and 48 weeks post-transplantation, including neu-
ropathic symptom (foot pain, numbness, tingling, weakness,
ataxia, and upper limb symptoms), lower limb reflex, and
sensory tests (pinprick, temperature, light touch, vibration,
and position sensation). The maximum TCSS score is 19.

Blood samples of all the subjects in the study were col-
lected to test the levels of inflammatory markers and growth
factors at baseline and at each post-transplantation follow-up
visit in the DSPN group. Venous blood samples were col-
lected from the subjects after a 12-h overnight fast. The
serum was separated and stored at —70 °C. Commercially
available enzyme immunoassay (enzyme-linked immuno-
sorbent assay) kits were used to measure the inflammatory
cytokines (interleukin [IL]-6, tumor necrosis factor-alpha
[TNF-a], IL-10, soluble intercellular adhesion molecule-1
[SICAM-1]) and growth factors (vascular endothelial growth
factor [VEGF] and nerve growth factor [NGF]) according to
the manufacturer’s instruction. All kits were provided by
Quantikine, R&D Systems.

Outcome Assessment of BM-MNCs Transplantation

The primary endpoint of the study was the improvement of
NCV. Responder to BM-MNCs therapy was defined as the
sensory or motor NCV increased at least by 10% at 12 weeks
post-transplantation. Patients without an obvious change of
NCV were considered nonresponders.

Statistical Analysis

Measurement data were expressed as mean + standard
deviation (SD) for continuous variables, interquartile ranges
for non-normal data, and in percentages for discrete vari-
ables. Group differences for a continuous variable were
tested by independent #-test or the Mann—Whitney U test.
Dichotomous variables were analyzed with Fisher’s exact
test. Multiple group comparisons were performed by analy-
sis of variance. The comparison between baseline and each
follow-up visit measurements was performed by employing
the paired z-test. Subsequently, multiple binary logistic
regression analysis was used to study predictors of clinical
benefit after BM-MNCs transplantation. Statistical analyses
were performed using SPSS 21.0 software (SPSS Inc., Chi-
cago, IL, USA). P < 0.05 was considered statistically
significant.

Results
Baseline Characteristics of the Entire Study Cohort

The baseline characteristics of the entire study cohort are
shown in Table 1. All groups were matched for age, gender,
and BMI. The history of smoking and alcohol consumption
was similar among the three groups. Compared with those
without diabetic complications, patients with diabetic neuro-
pathy had a significantly longer duration of diabetes and
significantly higher levels of fasting plasma glucose and
glycated hemoglobin (P < 0.001). Systolic and diastolic
blood pressure values were lower in the control group but
similar in the two diabetic groups (P < 0.05). In the aspect of
lipid metabolism, the level of triglyceride was lower in the
control group compared with the other two diabetic groups,
and the level of high-density lipoprotein was higher in the
control group than DSPN group (P < 0.05). Compared with
the control group, a higher proportion of patients in the DM
group and DSPN group had coronary heart disease and expe-
rienced stroke (P < 0.05). As expected, the treatments with
medications of antihypertension, lipid-lowering, and
antiplatelet were more common in two diabetic groups.
Regarding the hypoglycemic therapies used in the two dia-
betic groups, the use of insulin was marginally higher in the
DSPN group compared with the DM group. No difference in
the remaining diabetic medications was observed.

The measurements of growth factors and inflammatory
markers are shown in Table 1. The levels of TNF-a and
VEGEF in the DSPN group were respectively higher and
lower than that in the control group (P < 0.05). DSPN group
had a higher level of SICAM-1 than the other two groups
(P < 0.05) and a lower level of NGF than the DM group
(P <0.05).

Clinical Efficacy of Transplantation

During the follow-up period, one patient died (36 weeks
after BM-MNCs transplantation) because of myocardial
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Table 1. Clinical Characteristics of Studied Subjects.

Study groups DM Control DSPN Responders Nonresponders
N 30 30 60 35 19
Gender (F/M) 16/14 I15/15 29/31 16/19 12/7
Age(years)® 576 + 4.8 582 + 4.6 59.3 + 5.6 573 + 52 62.0 + 438
Diabetic duration (years)® 1.7 + 1.6 / 98 + 5.1 7.1 + 27 112 + 54
Smoking (%) 15 (50.0%) 13 (43.3%) 30 (50.0%) 17 (48.6%) 8 (42.1%)
Alcohol consumption (%) 7 (23.3%) 7 (23.3%) 16 (26.7%) 12 (34.3%) 2 (10.5%)
BMI (kg/m?) 23.74 + 2.8l 2343 + 231 2320 + 245 22.75 + 232 233 + 2.09
SBP (mmHg)° 1282 + 15.9 115.0 + 14.6 1305 + 13.0 130.8 + 13.8 130.8 + 12.6
DBP (mmHg)® 759 + 10.6 71.7 + 104 770 + 103 78.1 + 111 753 + 93
FPG (mmol/L)* 778 + 243 4.66 + 0.42 10.54 + 3.41 10.50 + 3.06 1047 + 4.31
HbAlc (%) 7.55 + 1.76 501 + 028 9.98 + 2.52 9.61 + 2.53 10.54 + 2.74
TG (mmol/L)® 1.78 + .15 1.26 + 0.70 1.73 + 0.80 1.78 + 0.88 1.67 + 0.75
TC (mmol/L) 4.38 + 0.99 461 + 0.76 459 + 1.31 450 + 1.38 472 + 1.35
HDL (mmol/L)’ I.16 + 0.39 1.28 + 0.30 1.09 + 0.25 .12 + 0.22 1.08 + 0.33
LDL (mmol/L) 249 + 0.78 257 + 0.57 279 + 1.02 293 + L1 246 + 091
Scr (umol/L) 64.24 + 12.92 66.68 + 16.79 71.89 + 19.96 68.95 + 20.6l 77.10 + 20.34
Albnmin (g/L) 41.99 + 2.82 4242 + 1.58 41.21 £+ 3.13 40.97 + 3.00 4155 + 3.72
History of stroke (%) 5 (16.7%) 0 (0.0%) 14 (23.3%) 7 (20.0%) 7 (36.8%)
History of CAD (%)% 5 (16.7%) 0 (0.0%) 26 (43.3%) 12 (34.3%) 11 (57.9%)
Hypertension medication (%)" 7 (23.3%) 0 (0.0%) 29 (48.3%) 19 (54.3%) 7 (36.8%)
Lipid-lowering medication (%)" 8 (26.7%) 0 (0.0%) 33 (55.0%) 19 (54.3%) 11 (57.9%)
Antiplatelet agents (%) 5 (16.7%) 0 (0.0%) 14 (23.3%) 7 (20.0%) 6 (31.6%)
Diabetic medications (%)
Insulin (%) 14 (46.7%) - 41 (68.3%) 22 (62.9%) 15 (78.9%)
Sulfonylureas (%) 2 (6.7%) - 12 (20.0%) 8 (22.9%) 3 (15.8%)
Metformin (%) 22 (73.3%) - 39 (65.0%) 23 (65.7%) 12 (63.2%)
Alpha-glucosidase inhibitors (%) 15 (50.0%) - 36 (60.0%) 20 (57.1%) Il (57.9%)
Pioglitazone (%) 5 (16.7%) - 13 (21.7%) 6 (17.1%) 5 (26.3%)
Glinides (%) I (3.3%) - 3 (5.0%) 2 (5.7%) I (5.3%)
DPP-4 inhibitors (%) 9 (30.0%) - 19 (31.7%) 13 (37.1%) 5 (26.3%)
Biomarkers of cytokines
IL-6 (pg/mL) 71.26 + 1221 70.13 £+ 11.17 7461 + 10.28 75.30 + 10.54 73.66 + 11.26
IL-10 (pg/mL) 653.83 + 9299  645.02 + 7941 630.81 + 110.89 637.26 + 106.05 590.90 + 106.89
TNF-o (pg/mL)’ 40231 + 5547 37481 + 63.18 41290 + 6458 41634 + 57.89  401.99 + 74.34
sCIAM-I (ng/mL)® 1342.17 + 237.54 1308.00 + 200.94 1477.56 + 228.00 1501.21 + 249.15 1439.96 + 188.28
NGF (pg/mL)’ 3734.87 + 647.50 3771.08 + 655.86 3509.11 + 438.39 3578.58 + 499.20 3435.49 + 345.35
VEGF (pg/mL)f 149.62 + 26.30 157.39 + 25.11 140.93 + 24.78 143.21 + 25.39 134.83 + 21.65
CD34" cells x 10°/L* / / 1633 + 2.71 17.61 + 2.64 1479 + 1.62
Mononuclear cells x 108/L* / / 10.99 + 2.27 12.05 + 2.16 9.84 + 1.53

Data are expressed as mean + SD or number (percentage).

BMI, body mass index; CAD, cardiovascular disease; DBP, diastolic blood pressure; DM, diabetes mellitus; DPP-4: dipeptidylpeptidse 4; DSPN, diabetic
sensorimotor polyneuropathy; FPG, fasting plasma glucose; HDL, high density lipoprotein; HbAc, glycosylated hemoglobin; ICAM, intercellular adhesion
molecule; IL, interleukin; LDL, low density lipoprotein; NGF, nerve growth factor; SBP, systolic blood pressure; Scr, serum creatinine; TC, total cholesterol;
TG, triglyceride; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

*Responder versus nonresponder, P < 0.01.
PDSPN versus control, P < 0.0001; DM versus control, P < 0.001.
°DSPN versus control, P < 0.05.

9DSPN versus control, P < 0.0001; DM versus control, P < 0.0001; DSPN versus DM, P < 0.0001.

¢*DSPN versus control, P < 0.01; DM versus control, P < 0.05.
fDSPN versus control, P < 0.01.
8DSPN versus control, P < 0.001; DSPN versus DM, P < 0.05.

"DSPN versus control, P < 0.0001; DM versus control, P < 0.05; DSPN versus DM, P < 0.05.

'DSPN versus DM, P < 0.05.

infarction, and five patients lost contact and did not show in
the follow-ups due to various reasons. These patients were
excluded from further data analysis.

The primary endpoint of the study was reached in 35
of 54 patients with DSPN (64.8%). NCS revealed that

both sNCV and mNCV notably improved at 12 weeks
after transplantation (Fig. 2A, Supplemental Table 2).
sNCV in responder and nonresponder groups increased
by 12% and 1.5%, respectively, whereas the increased
levels of mNCV in the two groups were 6.6% and
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Figure 2. Neurological examinations before and after BM-MNCs therapy. (A) Both sensory and motor never conduction velocity notably
improved at |12 weeks after transplantation. (B) The TCSS score decreased after BM-MNCs therapy and remained this downtrend to
48 weeks. (C) The change of neuropathic symptoms before and after BM-MNCs therapy. sNCV, sensory nerve conductive velocity; mNCV,
motor nerve conductive velocity; TCSS, Toronto Clinical Scoring System.

1.2%, respectively. Both groups showed persistent
improvement in neuropathic symptoms and signs, which
can be reflected from the decline of TCSS (Fig. 2B, Sup-
plemental Table 3). Neuropathic symptoms of foot pain,
numbness, and weakness were significantly improved
within 4 weeks after BM-MNCs injection and remained
remission till 12 weeks. The symptom of weakness
improved the most significantly at 24 weeks post-
therapy (Fig. 2C, Supplemental Table 4).

The characteristics of responder and nonresponder groups
before BM-MNCs therapy were listed in Table 1. Compared
with that in the nonresponder group, patients in the respon-
der group were younger (P < 0.01) and with a longer dura-
tion of diabetes (P < 0.01). BM-MNCs products of the
responder group were characterized by a higher CD34"
hematopoietic progenitor cell count (P <0.001) and a higher
number of total BM-MNCs (P < 0.001) than that of
non-responders.

As shown in Fig. 3, the levels of TNF-o and sSICAM-1
decreased just after BM-MNCs transplantation in all groups
and reverted to the baseline level at 12 weeks and 24 weeks,
respectively. This downtrend duration lasted longer in the
responder group than in the nonresponder group, suggesting
that the immune regulation function of BM-MNCs may play

a critical part in the treatment of DSPN. The serum level
of VEGF in the responder group was upregulated imme-
diately after BM-MNC therapy, reaching the highest level
at 12 weeks, whereas we only viewed a slight increase of
VEGF in the nonresponder group. The baseline levels of
other cytokines were similar to those after BM-MNCs
therapy.

Procedural Safety

No infection, bleeding, or other complications associated
with BM-MNCs transplantation were detected. Three
patients (5%) experienced short-term episodes of slight
pain at the injection sites 2 h after BM-MNCs transplan-
tation, which can be well tolerated with only mild
discomfort.

During follow-up, no effect on liver or kidney functions
was observed, and no case of rejection or malignancy was
detected in all participants.

Prognostic Factors for BM-MNCs Treatment

Prognostic factors are important when deciding on treatment
options. We evaluated the clinical outcomes and identified
the corresponding prognostic factors for BM-MNCs
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Figure 3. Growth factors and inflammatory cytokines before and after bone marrow mononuclear cell therapy.

treatment of patients with DSPN. Binary logistic regression
was performed to ascertain the effects of age, duration of
diabetes, the number of CD34™" cells, and BM-MNCs on the
likelihood of responding to the cell therapies. The binary
logistic regression model was statistically significant
(x2(4) = 4.596, P = 0.032). The model explained 46.6%
(Nagelkerke R?) of the variance in treatment outcome and

correctly classified 79.6% of cases. The number of applied
CD34" cells (P = 0.012, Exp(B) = 1.567, 95% confidence
interval (CI) 1.106-2.222) and duration of diabetes
(P =0.025, Exp(B) = 0.760, 95% CI 0.597-0.967) emerged
as independent predictors of responding to the cell therapy.

The number of total BM-MNC:s positively correlated with
an increase of VEGF after 4 weeks (P = 0.023, » = 0.292).
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Figure 4. The correlation between an increase of VEGF at 4 weeks
post-transplantation and the numbers of CD34™ cells and
BM-MNCs. BM-MNC, bone marrow mononuclear cell; VEGF,
vascular endothelial growth factor.

A similar but weaker correlation was observed between the
absolute number of CD34™" cells and the increase of VEGF
after 4 weeks (P = 0.041, » = 0.264) (Fig. 4).

Discussion

Almost 50% of long-standing T2DM patients are affected by
DPN''. and up to 20% will experience peripheral chronic
neuropathic pain'?, resulting in a dramatically decreased
quality of life. Currently, no curable therapy is available for
patients with the progressive stage of DPN. Intensive glu-
cose control is a recommended strategy in ADA guidelines,
which may prevent the progression of DPN. However, it
cannot cure already established nerve injuries. For patients
who experienced abnormal neuropathic symptoms took the
maximum dose of symptomatic treatment, the relief is usu-
ally incomplete. As a result, the management of effective
therapy for refractory DPN is urgently needed.

Our previous clinical study showed that autologous trans-
plantation of BM-MNCs effectively improved neuropathic
symptoms and restored the peripheral nerve functions, which
demonstrated BM-MNCs transplantation was an effective
and safe treatment for refractory DSPN. In this follow-up
study, first, we compared the concentrations of inflammatory
cytokines and growth factors in healthy individuals, diabetes

mellitus patients without complications, and DSPN patients.
Our present study showed that patients with DSPN had
relatively higher levels of TNF-a, sSICAM-1, and lower lev-
els of VEGF and NGF when compared with healthy control
participates and diabetic patients without complications,
which indicate that the association between various levels
of inflammatory cytokines and growth factors may partici-
pate in the development and progression of DSPN.

Known pathologies reported in DSPN included axonal
atrophy, demyelination, nerve fiber loss, and blunted regen-
eration of nerves. In addition to these pathogeneses, several
studies have reported the link between subclinical inflamma-
tion and diabetic neuropathy'*'*. Diabetic TNF-o. '~ mice
show no evidence of abnormal nerve function. A single
injection of infliximab to suppress the level of TNF-o in
diabetic TNF-o.""" mice ameliorates the electrophysiologi-
cal and biochemical deficits'>. The involvement of TNF-o in
chronic inflammation regulation and immune response may
result in various nerve damages. As one of the cell adhesion
molecules, sSICAM-1 reflects a low-grade vascular inflam-
mation and may be associated with the development of a
diabetic complication'®. The level of SICAM-1 is higher in
patients with DSPN compared with those without complica-
tions'”. The levels of SICAM-1 are associated with NCV and
vibration perception thresholds, suggesting a vascular invol-
vement in the development of DSPN'®!°. VEGF induces
angiogenesis by stimulating the proliferation and migration
of endothelial cells in ischemic tissues, improving tissue
ischemia”®. Both VEGF and NGF promote neural regenera-
tion and survival of neurons®'. An increase in inflammatory
markers and a decrease in growth factors were in mutual
effect with each other and in synergistic effect with the
development and progression of DSPN.

These findings suggest that a therapeutic method target-
ing both inflammation regulation and improvement of
growth factors may be an effective treatment of DSPN.
Recently, the transplantation of BM-MNCs has attracted a
great deal of attention as a possible therapeutic approach for
various clinical targets, including ischemic heart disease®*>*
and peripheral arterial disease’*. Various animal studies
have shown the beneficial effects of using BM-MNCs in
treating the experimental DPN model’. Intramuscular injec-
tion of BM-MNCs preferentially targets to peripheral nerves,
especially around vasa nervorum, and increases expression
of angiogenic and neurotrophic factors. In Hasegawa’s
study, using a neutralizing antibody of VEGF suppresses the
therapeutic effect of BM-MNCs, which further confirms the
mechanism of BM-MNCs’ paracrine property’. The expres-
sion of angiogenic and neurotrophic factors results in the
improvement of vasa nervorum functions®. NGF releasing
from BM-MNCs improves regeneration of sciatic nerve in
adult rats and stimulates the proliferation of Schwann and
satellite cells?®. The immune-suppressive property of
BM-MNC:s to ameliorate inflammatory reaction in the per-
ipheral nerve has not been observed in DPN animal models.
But in a study including Segment Elevation Myocardial
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Infarction (STEMI) patients, BM-MNCs transplantation was
performed via an intracoronary route. Their results indicated
that BM-MNCs transplantation after STEMI affects the bal-
ance between proinflammatory and anti-inflammatory cyto-
kines®’. Additional studies are required to fully understand
the immunomodulation effects of BM-MNCs transplantation
in treating DPN.

To investigate the mechanisms underlying the therapeutic
effect of BM-MNC in patients with DSPN, we examined the
changes of several growth factors and inflammation cyto-
kines after BM-MNCs transplantation. The serum levels of
TNF-o and sSICAM-1 decreased at 2 days after BM-MNCs
transplantation and this decrement persisted within the next
4 weeks. The level of VEGF moderately increased and
reached the maximum at 12 weeks after BM-MNCs trans-
plantation. We divided the DSPN patients into the responder
and nonresponder groups based on the improvement of
NCV. The degree and duration of trends of VEGF, TNF-a,
and sSICAM-1 variations are more pronounced in the respon-
der group than the nonresponder group. We are interested to
find that IL-10, an anti-inflammatory cytokine, were slightly
lower in the nonresponder group than the responder group.
Although the difference did not reach statistical significance,
it may suggest that [L-10 may be a protective factor for
DSPN. It was also reported that IL-10 inhibits apoptosis of
Schwann cells induced by advanced glycation end products
(AGEs) in vitro®®. Thus, through our study, we speculated
that both the paracrine effect of growth factors and immune
regulation of BM-MNC:s participated in treating DSPN. The
anti-inflammatory effect may take effect in the early stage of
the treatment, and the paracrine effect started later and lasted
for a relatively longer time. In our study, we observed sev-
eral neuropathic symptoms, such as foot pain, numbness, and
weakness, were improved the most significantly at 12 weeks
after BM-MNCs therapy. However, most of the neuropathic
symptoms reappeared at 48 weeks. The changes in neuro-
pathic symptoms were consistent with the changes in NCV
and might be due to the changes in inflammatory cytokines
and growth factors. Given that DSPN is a disease progres-
sing over a long time, a single injection of BM-MNCs may
not be enough to maintain the nerve function over a long
period of time. The administration route and frequency of
BM-MNCs need further investigation.

The present study investigated prognostic factors pre-
dictive of the therapeutic effect of BM-MNCs. Binary
logistic regression revealed that the number of applied
CD34" cells and the duration of diabetes are the
independent predictors of responding to BM-MNCs ther-
apy. The absolute number of applied BM-MNCs and
CD34" were positively correlated with the increase of
VEGF after 4 weeks of transplantation. It was postulated
that the amount of CD34™" cells had a crucial influence on
the outcome of BM-MNCs therapy. CD34%, which is
broadly accepted as a marker of hematopoietic progenitor
cells, also expressed on the surface of endothelial pro-
genitor cells. CD34" cells have the potential for

neovascularization in ischemic tissue to restore the
microcirculation and improve tissue perfusion®’. Patients
with T2DM showed impaired mobilization ability of
proangiogenic cells and CD34" cells after G-CSF stimu-
lation®®. In a meta-analysis of the trails using G-CSF to
stimulate bone marrow stem cells in treating patients with
cardiovascular disease, there is a strong negative correla-
tion between the prevalence of diabetes and the mobiliza-
tion of CD34" cells in response to G-CSF'. These
reports strongly imply that diabetes may adversely affect
the therapeutic potential of autologous BM-MNCs ther-
apy in patients with diabetic neuropathy. Patients with
longer diabetic duration may have a worse survival and
mobilization potential of bone marrow stem cells. Future
clinical studies should consider the timing of bone mar-
row stem cell therapy and how to improve the mobiliza-
tion of bone marrow stem cells in patients with diabetes.
Several small molecules or growth factors can be used to
improve the mobilization ability of stem cells**>*. More
efforts are needed to transform these experimental find-
ings into clinical applications in the future.

To our knowledge, this is the first clinical study to
explore the clinical efficacy, safety, and possible mechan-
isms of BM-MNCs therapy for patients with refractory
DSPN. Several limitations of our study must be men-
tioned. First of all, the low number of participates with
DSPN and short follow-up duration may decrease the sta-
tistical power of the study. The lack of a placebo-treated
group may lead to a biased effect. Second, we used the
improvement of NCV as the primary endpoint of our
study, instead of the invasive method of peripheral nerve
and cutaneous biopsies, which cannot prove the neovascu-
larization mechanisms of BM-MNCs directly. Thus, future
randomized double-blinded controlled trials with larger
sample sizes and longer-term follow-ups using biopsy of
histological evaluation as the primary endpoint are needed
to assess the therapeutic effect of BM-MNCs transplanta-
tion. Third, using unfractionated BM-MNCs in the present
study, we cannot find out which type of cells among the
overall BM-MNCs is the most responsible for the benefi-
cial effects to relieve the neurological symptoms.

In conclusion, BM-MNCs therapy may become a poten-
tial therapeutic option to treat diabetic neuropathy via the
mechanism of paracrine and immunoregulation effect.
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