Regulatory T cells in stroke paticnts

All statistical tests were two-tailed and reported at
P < 0.05. Bonferroni correction was applied to avoid
type | errors due to the multiplicity of statistical analy-

ses. Statistical analysis of the data was performed

using SPSS for Windows 19.0 (IBM Japan Inc., Tokyo,
Japan).

RESULTS

Demographic and clinical data

Table 1 summarizes the demographic and clinical
characteristics of the study subjects. Patients did not
differ significantly from healthy control subjects with
regard to age, sex, and MMSE scores. As to the
history of disease, the ratio of the history of
hyperlipidaemia and hypertension was significantly
higher in the patients than in the healthy controls.
MRS and NIHSS score, anticoagulant or anti-platelet
medication, and the location and volume of the
infarction among the patients are also shown in
Table 1. Patients showed some disability from the
stroke at the time of the examination. All of the
patients took anticoagulant and/or anti-platelet medi-
cine. Infarctions were located in the basal ganglia
(61.1%), subcortical white matter (33.3%), and thala-
mus (5.6%). There was no significant laterality of
hemisphere infarcts.

Comparisons of FA values between groups

In the voxel-based analysis of FA values, the patient
and healthy control groups differed in white matter
FA values in the left and right anterior limbs of the
internal capsule (left anterior limb of internal capsule:
(x, y, 2) = (-26, 12, 18), cluster voxel size = 831, T
value = 5.20; right anterior limb of internal capsule: (x,
¥, 2) = (26, 16, 4), cluster voxel size = 487, T value =
5.24) (Fig. 1a). Figure 1b shows the scatter diagrams
of the FA values of the anterior limb of the internal
capsule. Table 2 shows the quantification of the dif-
ferences in FA values and radial/axial diffusivity in
these affected regions. These regions revealed
decreased axial diffusivity but no change in radial
diffusivity.

No patients had lesions in the location of the ante-
rior limbs of the internal capsule. Using Pearson’s
correlation analysis, we found no significant relation-
ship (P > 0.05) between the FA value in the anterior
limb of the internal capsule and the volume of infarcts
or the severity of stroke shown with mRS and NIHSS
scores.
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Figure 1 (a) White matter fractional anisotropy (FA) differences in
voxel-based analysis comparisons between stroke patients (n = 18)
and control subjects (n = 22). Images are presented in radiological
orientation. Statistical parametric mapping projections were super-
imposed on a representative magnetic resonance image (x = -26, y
=12, z = 18). Patients showed reduced FA in the right and left
anterior limbs of the internal capsule. Statistical inferences were
made with a voxel-level statistical threshold (P < 0.001), uncor-
rected, with a minimum cluster size of 100 voxels. (b) Scatter plots
of FA values in the region of FA reduction of patients and control
subjects. Patients’ FA values were lower than those of healthy
subjects in the bilateral anterior limb of the internal capsule (P <
0.01).

Change in FA values of patients after 6 months
Patients showed significantly increased FA values in
the anterior limb of the internal capsule 6 months after
the infarction (Table 3, Fig. 2a).

There were no significant changes in MMSE and
HAM-D scores for either group 6 months after the
initial examination (Table 3). There was no significant
relationship between FA values and depressive symp-
toms at the first assessment and at the assessment
performed 6 months later. However, we found a sig-
nificant negative correlation between the increased
ratio of the FA values and the change in the scores of
depression scales of HAM-D at follow-up 6 months
later (r = -0.67, P = 0.02) (Fig. 2b).

When multiple regression analysis was used to
evaluate whether the increased ratio of FA values was
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Table 2 Differences in values of FA and axial/radial diffusivity in VOI between patients and healithy control subjects

ANCOVAT
FA and axial/radial diffusivity Stroke patients (n = 18) Healthy contral subjects (n = 22) Fias P-value
Left anterior limb of internal capsule
FA 0.41 £ 0.08 0.48 + 0.03 16.4 <0.001**
Axial diffusivity (x107%) 4.16 +0.32 4.37 +0.30 4.24 0.05*
Radial diffusivity (x107%) 3.96 + 0.30 4.04 +0.29 0.48 0.49
Right anterior limb of internal capsule
FA 0.43 £ 0.06 0.50 + 0.03 23 <0.001**
Axial diffusivity (x107%) 4.14 +0.33 4.35 + 0.30 4.03 0.05
Radial diffusivity (x107%) 3.93 = 0.31 4.01 £0.30 0.46 0.50
Bilateral anterior limb of internal capsule
FA 0.42 £0.07 0.49 + 0.03 206 <0.001**
Axial diffusivity (x107%) 4.15 +0.32 4.36 £ 0.30 4.15 0.05"
Radial diffusivity (x107%) 3.95 +£0.30 4.02 +0.29 0.47 0.50
TAge and gender are entered as covariates. Data are mean + SD. *P < 0,05, *P < 0.01.
FA, fractional anisotropy; VOI, volume of interest.
Table 3 Change in psychometry scores, FA values, and axial/radial diffusivity over 6 months in patients (n = 12)
10-28 days after stroke 6 months after first exam Paired t-test P-value
Patients
mRS score 1.9+05 1.6+0.5 t = 2.35 0.04*
NIHSS score 28+1.0 1.8+0.7 tiy = 4.00 0.002*
MMSE score 29.0+ 1.5 29.7 + 0.5 t1 = 1.54 0.15
HAM-D score 3.7+29 23+3.0 tyy =1.13 0.28
Anterior limb of internal capsule
FA 0.40 + 0.06 0.43 £ 0.06 t1 =2.26 0.04*
Axial diffusivity (x107%) 4.22 +£0.30 413+ 0.2 ty1 = 0.74 0.48
Radial diffusivity (x107%) 4.01 +0.26 3.87 £ 0.25 ty1 = 1.50 0.16

Data are mean £ sd. * P <0.05, * P <0.01.

FA, fractional anisotropy; HAM-D, Hamilton Rating Scale for Depression; MMSE, Mini-Mental State Examination; mRS, modified Rankin scale; NIHSS, National

Institutes of Health Stroke Scale.

related to the change in depression scale scores
(HAM-D) after 6 months, the ratio of FA values was
found to be negatively related to the change in the
HAM-D scores (3 = —0.46, P = 0.04).

Lymphocyte subsets and their relation to FA
values in patients
Patients showed significantly decreased numbers of
Teeq cOmpared with healthy controls (Table 4, Fig. 3a).
We also found a significant positive relationship
between the level of circulating T,y and the FA value in
the anterior limb of the internal capsule in the patients
(r = 0.50, P = 0.04) (Fig. 3b). There was no significant
relationship between the level of circulating T and
the HAM-D scores.

When multiple regression analysis was used to
evaluate whether the level of circulating Ty was
related to the FA value in the anterior limb of the
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Figure 2 (a) Scatter plots of fractional anisotropy (FA) values in the
region of FA reduction among stroke patients (n = 12) at 10-28 days
after the stroke and at the 6-month follow-up. A significant FA
increase was observed in the patients at the 6-month follow-up (P
< 0.05). (b) Scatter plots showing the relationship between the ratio
of the FA values of the second to the first examination and the
change in depression scale scores among patients (n = 12). Signifi-
cant correlations were observed between the ratio of the FA values
of the second to the first examination and the changes in depres-
sion scale scores (r = -0.67, P = 0.02). HAM-D, Hamilton Rating
Scale for Depression.
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Table 4 Differences in percentage of lymphocytes in the circulation between patients and healthy control subjects

ANGOVAT
Stroke patients (n = 18) Healthy control subjects (n = 22) Fi36 P-value
Helper T lymphocyte 67.2 +15.1 61.5+12.0 1.00 0.32
Cytotoxic T lymphocyte 279+ 135 33.2+10.6 0.92 0.35
B lymphocyte 17.7 £ 8.3 122+78 5.42 0.03
NK cell 216+ 11.3 27.5+10.4 1.78 0.19
Regulatory T lymphocyte 21+1.6 3.8+23 7.89 0.008*

fAge and sex are entered as covariates. Data are mean + SD. *Significant after correction for multiple statistical tests to avoid type | errors (P < 0.01 (0.05/5)).

NK, natural killer.
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Figure 3 (a) Scatter diagrams showing the differences in circulating
Twg between patients and controls. A significant difference in the
percentage of T,eg was observed between groups (Fiss = 7.89, P =
0.008). (b) The relationship between the percentage of circulating
Treg @nd FA values of the antetior limb of the internal capsule in
patients. A significant correlation was observed between the per-
centage of T.g and FA values (r = 0.50, P = 0.04). FA, fractional
anisotropy; Trg, regulatory T lymphocytes.

internal capsule, the T4 level was found to be posi-
tively related to the FA values (§ = 0.59, P = 0.02).

DISCUSSION
Our findings showed that stroke patients had lower FA
in the bilateral anterior limb of the internal capsule
relative to healthy control subjects. Six months after
initial assessment, a significant increase in FA was
noted, and it revealed an association with a reduction
in depression scale scores. Our findings are not the
result of direct neuronal damage caused by the infarc-
tion located on the internal capsule, as no patients
had a lesion in this location. Also, there was no direct
relationship between the FA value in this region and
the volume of infarcts or the severity of stroke.
Reduced FA level was associated with decreased
axial diffusivity. Axonal damage leads to a marked
decrease in axial diffusivity, while demyelination leads
to an increase in radial diffusivity."® Therefore, our
finding was not a result of demyelination but of gross
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reduction in axonal number and/or size, possibly
reflecting Wallerian degeneration secondary to
neuronal loss due to stroke. From an anatomical
perspective, the anterior limb of the internal capsule
represents the intercept point in the course of the
frontal-subcortical circuits,'® and it has extensive con-
nectivity with the cortical and subcortical areas. Its
reduced FA may reflect the conjunctive focus of
degeneration due fo stroke in the spatially different
sites of cortical and subcortical areas.

The frontal-striatal-thalamic-cortical circuits, con-
nected by the anterior limb of the internal capsule,
play an important role in behavioural regulation,® and
based on MRI, microstructural change of the anterior
limb of the internal capsule is related to the severity of
depressive symptoms in adults with major depressive
disorder."”” Degeneration in this region may relate to a
loss of white matter integrity of these neural circuits,'®
and this abnormality might trigger the onset of nega-
tive mood change. Our findings on the association
between the change in FA values of the internal
capsule and depression scale scores might reflect an
association between axonal damage of the internal
capsule and depressive mood in stroke patients.

Our findings demonstrate that patients had
reduced amounts of circulating T.q, with the degree of
reduction being related to the decrease in FA value in
the internal capsule. This may indicate that a decrease
in Teg is related to the axonal damage of the internal
capsule in stroke patients. Our findings showed no
direct relationship between T4 level and depression
scale scores, but T,y may indirectly affect post-stroke
depressive symptoms via its effect on the cerebral
damage.

An ischemic stroke caused T lymphocytes to
become activated, infiltrate the brain, and then func-
tion as sources of pro-inflammatory cytokines and
cytotoxic substances.’®?' However, not all T-cell
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subtypes are detrimental to acute stroke outcome,
and recent evidence indicates a novel role of T cells in
promoting brain tissue repair and regeneration. Treg
cell is an important T-cell subtype, and it supports
brain tissue repair and regeneration.?? T, cells act to
limit the immune response by releasing transforming
growth factor-f and interleukin-10,2 and they have
also been reported to be required for neurogenesis.?!
Infarct volume and neuronal dysfunction were signifi-
cantly increased in mice treated with an anti-CD25
monoclonal antibody to neutralize Ty compared with
controls.® Furthermore, this protection was observed
only 7 days after a modest ischemic insult.? These
findings of the brain-protecting and outcome-
improving effects of Ty were also confirmed by Li
et al. using post-stroke T.q cell therapy.®

One possible explanation for our results of Tyq is
that people with lower circulated Twq are more likely
to develop stroke and tend to have severe axonal
damage after stroke. Another possibility is that the
reduction in circulated T,y after stroke might be
induced by the consumption of T,y to repair cerebral
neuronal injuries, including axonal damage. Our find-
ings of lower circulated T,y are based on cross-
sectional data, which provide limited ability to infer
which explanation is right. In any case, our results
are consistent with previous reports of the brain-
protecting and outcome-improving effects of Tie.
In principle, our findings showed the possibility
of improving stroke outcome by targeting the role
of Te in protecting brain tissue damage after
a stroke.

Ren et al. and Kleinschnitz et al. respectively dem-
onstrated no role or an opposite role for Trq in exac-
erbating brain injury early after transient ischemia.?®%
The animal model they used was different from that of
the Liesz study in several aspects, including the dura-
tion of ischemia and methods for Ty depletion. Fur-
thermore, the late stage effect of Ty depletion was
not addressed in their studies. In our study, stroke
patients were predominantly of modest ischemic
insult, and their circulating lymphocytes were studied
after 10-28 days. There is a possibility that the differ-
ences in the severity and stage of the ischemic insult
caused different results regarding the role of Teg in
their studies and ours.

Our study has some limitations. First, patients with
significant comprehension deficits were excluded
because clinical verbal interviews could not be con-
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ducted. Second, all of the patients took anticoagulant
or anti-platelet medicine. Specifically, 13 patients took
acetylsalicylic acid, which has an anti-inflammatory
effect, and this may have affected our results.
However, the extent to which our findings relate to
medication remain uncertain. Further analysis, inclu-
sive of considerations of these points, is needed to
confirm our present findings.

In conclusion, the present study suggests that FA
reduction in the bilateral anterior limb of the internal
capsule is evident in stroke patients. This regional
damage relates to abnormality of neuroanatomical
pathways in frontal-subcortical circuits and renders a
biological vulnerability, which then gives rise to the
onset of depressive symptoms. Our findings also
demonstrate that patients have reduced amounts of
circulating Teg, with the degree of reduction being
related to the decrease in FA value in the internal
capsule. T.q cells might have a role in improving post-
stroke white matter tissue damage by limiting the
immune response and promoting neurogenesis.
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We had demonstrated that intravenous administration of bone marrow derived mononuclear cells or

hematopoietic stem cells improves functional recovery through enhanced angiogenesis in experimental

stroke model. Based on these observations, we started phase 1/2a clinical trial of cell-based therapy for

patients with cardiogenic cerebral embolism (ClinicalTrials.gov ID: NCT01028794). The results of

clinical trial indicated that autologous bone marrow cell transplantation at day 7-10 after onset of stroke

is feasible and safe in patients with severe stroke, and patients with cell therapy had better neurological

outcomes, compared with historical control group. Our results encouraged us next randomized clinical

trials to confirm the effect of cell therapy for patients after stroke.

Key words: stroke, regenerative medicine, cell-based therapy, neurogenesis, angiogenesis
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