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Abstract
Background: Regulatory T cells (Tregs) inhibit the activation of cluster of differentia-
tion (CD) 4+, CD8+T cells and the antigen-presenting process of antigen-presenting 
cells, and may play an important role in acquired severe aplastic anemia (SAA).
Methods: Flow cytometry was used to measure CD4+CD25+CD127dim Tregs, cyto-
toxic T lymphocyte antigen 4 (CTLA-4) expression on Tregs, and human leukocyte 
antigen (HLA)-DQ expression on myeloid dendritic cells (mDCs). The correlations of 
CTLA-4 and HLA-DQ with immune status and clinical indicators and the changes in 
these indicators after immunosuppressive therapy (IST) were analyzed.
Results: In SAA patients, the number of Tregs and their CTLA-4 expression were low 
but recovered after IST; the HLA-DQ expression on mDCs was high but decreased 
after IST. The CTLA-4 expression on Tregs and the HLA-DQ expression on mDCs 
showed a negative correlation. The CTLA-4 on Tregs was positively but HLA-DQ on 
mDCs negatively correlated with the number of Tregs, natural killer (NK) cell num-
ber, and CD4+T/CD8+T ratio. CTLA-4 was positively but HLA-DQ negatively cor-
related with the percentage of granulocytoid and erythroid cells in bone marrow, 
white blood cell count in PB, absolute neutrophil count in PB, and the percentage of 
reticulocytes in PB.
Conclusions: CTLA-4/HLA-DQ may be key in the regulation of Tregs on mDCs in SAA 
patients. Our findings should be helpful for further investigation of the mechanism of 
immune pathogenesis in SAA patients. Studies on the regulators of Treg and CTLA-4 
activity will be valuable for SAA therapeutic target research and disease monitoring.
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1  | INTRODUC TION

Acquired severe aplastic anemia (SAA) is a bone marrow failure 
disease caused by abnormal cellular immunity. Its immune patho-
genesis is that under the stimulation of unknown antigens, my-
eloid dendritic cells (mDCs) become hyperfunctional, the ratio 
of T-helper 1 (Th1) and Th2 cells is out of balance, and the ab-
normally activated cluster of differentiation (CD)8+ T cells be-
come hyperfunctional, attacking the bone marrow hematopoietic 
cells, which causes severe pancytopenia. Disorders of autoim-
mune tolerance also play an important role in the pathogenesis 
of SAA.1,2

Regulatory T cells (Tregs) were first proposed to exist by 
Sakaguchi in 1995. Tregs inhibit the activation of CD4+ and CD8+ 
T cells, inhibit the antigen-presenting process of antigen-pre-
senting cells (APCs), are a kind of T-cell subset with immuno-
modulatory function, and play an important role in maintaining 
autoimmune tolerance. Tregs express many functional molecules, 
such as CD25 (interleukin [IL]-2Ra chain), forkhead box pro-
tein 3 (FoxP3), and cytotoxic T lymphocyte antigen (CTLA-4, 
CD152). FoxP3 is an important protein necessary for Tregs to 
exert their inhibitory function.3 CD4+ T cells expressing FoxP3+ 
with a high level of CD25 and low level of CD127 are referred 
to as having the phenotype FoxP3+CD25highCD127lowCD4+.4 The 
CD127 expression is closely related to the regulatory function 
of Tregs and is negatively correlated with the FoxP3 expression 

and the inhibitory activity of Tregs.5 As our understanding of 
Tregs has grown, an increasing number of researchers have used 
CD4+CD25+CD127dim as the molecular marker of Tregs. Treg 
dysfunction is associated with several common autoimmune dis-
eases, including SAA.6,7 In this study, we performed correlation 
analysis on the expression levels of CTLA-4 and human leukocyte 
antigen (HLA)-DQ on the surfaces of Tregs and mDCs, respec-
tively, in the peripheral blood (PB) of SAA patients and explored 
the possible mechanism by which Tregs regulate mDCs in the 
SAA immune pathogenesis.

2  | OBJEC TS AND METHODS

2.1 | Study subjects

Twenty-one SAA patients admitted to the Tianjin Medical 
University General Hospital between January 2018 and December 
2019 were enrolled (SAA group), including 13 males and 8 females, 
with a median age of 38 (9-77) years. Twenty-four recovering SAA 
patients were enrolled (RSAA group), including 11 males and 12 fe-
males, with a median age of 34 (12-73) years. Twenty-four healthy 
controls (HC group) were also enrolled, including 12 males and 12 
females, with a median age of 33 (18-66) years. The diagnosis of 
SAA was based on the standards of the International AA Working 
Group,8 and patients with paroxysmal nocturnal hemoglobinuria, 

TA B L E  1  Clinical characteristics of SAA patients and HCs

SAA (n = 21) RSAA (n = 23) HC (n = 24)

Male/female 13/8 11/12 12/12

Age (y) 38 (9-77) 34 (12-73) 33 (18-66)

Bone marrow karyotype Male 46,XY [20], 
female 46,XX [20]

Male 46,XY [20], 
female 46,XX [20]

Male 46,XY [20], 
female 46,XX [20]

Treatment Untreated IST (ATG + CsA) No

WBC (×109/L) 2.25 ± 0.93 6.96 ± 3.55 7.50 ± 1.93

ANC (×109/L) 0.52 ± 0.45 2.25 ± 0.93 4.67 ± 1.14

ALC (×109/L) 1.42 ± 0.56 3.14 ± 2.07 3.90 ± 1.86

HGB (×109/L) 84.39 ± 43.34 95.29 ± 43.71 136.84 ± 17.49

PLT (×109/L) 21.41 ± 12.79 71.57 ± 55.18 209.52 ± 42.55

Ret (ⅹ109/L) 22.56 ± 19.63 85.73 ± 46.28 68.13 ± 61.08

Ret (%) 1.03 ± 0.82 2.42 ± 1.29 1.79 ± 2.44

CD4+T/CD8+T 0.55 ± 0.22 1.01 ± 0.38 1.62 ± 0.39

CD8+T/PBL (%) 52.70 ± 18.15 33.60 ± 10.86 23.59 ± 6.96

NK/PBL (%) 10.45 ± 4.87 14.75 ± 5.83 19.79 ± 4.93

Percentage of granulocytoid and erythroid cells in bone marrow (%) 16.95 ± 13.29 71.50 ± 17.57 84.00 ± 12.05

Percentage of lymphoid cells in bone marrow (%) 83.05 ± 13.29 27.50 ± 17.43 14.00 ± 11.86

Megakaryocyte number in bone marrow 1.29 ± 2.87 3.04 ± 5.05 19.21 ± 42.54

Note: Values are expressed as mean ± SD. Age values are expressed as median (min-max).
Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; HC, healthy control; HGB, hemoglobin; NK, natural killer cells; PBL, 
peripheral blood lymphocyte; PLT, platelet count; Ret, reticulocyte; RSAA, recovering SAA; SAA, severe aplastic anemia; WBC, white blood cells.
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myelodysplastic syndrome, cancer, infection, or congenital dis-
eases were excluded. The patients in the RSAA group were all 
diagnosed and treated in our hospital. After effective enhanced im-
munosuppressive therapy (IST) with rabbit anti-human thymocyte 
immunoglobulin (rATG) and cyclosporine (CsA), patients all had im-
proved hematopoietic parameters, no dependence on transfusion 
of blood components, and reduced CsA usage.9 A total of 10 SAA 
patients diagnosed in our hospital, whose enhanced IST with rATG 
and CsA was effective, were selected to study the changes in im-
mune status and clinical indicators before and after IST. The HC 
group included healthy volunteers. The clinical characteristics of 
the study subjects are shown in Table 1. This study was approved 
by the hospital ethics committee, and all study subjects signed in-
formed consent forms.

2.2 | Main reagents and instruments

Mouse anti-human monoclonal antibodies against CD4-PerCP, 
CD25-FITC, CD127-APC, CTLA-4-PE, CD11c-PerCP Cy5.5, CD123-
APC 750, Lin-APC, HLA-DR-FITC, and HLA-DQ-PE and mouse 
IgG1-PE were purchased from BD Pharmingen and BECKMAN 
COULTER Inc. Red blood cell lysis buffer was purchased from BD 
Biosciences. The flow cytometer models were FACS-Calibur (BD 
Biosciences) and CytoFLEX (BECKMAN COULTER). Analysis soft-
ware FlowJo 7.6.1 (TreeStar) and CytExpert (BECKMAN COULTER) 
were used.

2.3 | Experimental methods

Flow cytometry was used to detect the HLA-DQ expression on 
Tregs and CTLA-4 expression on mDCs in PB. Fresh blood samples 
collected in the morning were put in ethylenediaminetetraacetic acid 
(EDTA) for anticoagulation. After anticoagulation, the blood samples 
(100  μL/tube) were thoroughly mixed with specific fluorescently 
labeled monoclonal antibodies (mAbs) and stained for 45 minutes. 
Then, 2 mL of red blood cell lysis buffer was added, and the tube 
was incubated for 10 minutes in the dark to remove red blood cells. 
After centrifugation at 1300 rpm for 5 minutes, the supernatant was 
discarded. After washing with phosphate-buffered saline, the cells 
were resuspended in 300 μL for detection, and at least 50 000 cells/
tube were recorded. In this study, CD4+CD125+CD127dim defined 
Tregs, HLA-DR+CD11c+Lin-CD123- defined mDCs, and the mouse 
IgG1 was used as the isotype control to analyze the expression levels 
of CTLA-4 and HLA-DQ.

2.4 | Statistical analysis

SPSS 19.0 software (IBM) was used for statistical analysis. The 
Kolmogorov-Smirnov test was used to determine whether the 

data were normally distributed. When the data were normally 
distributed, the independent-sample t test was used to compare 
values between groups. When data were not normally distributed, 
Kruskal-Wallis one-way analysis of variance (ANOVA) was used 
to compare values between groups. Correlation analysis between 
variables was performed using the Spearman rank correlation 
test. When a significant result was found, the correlation coef-
ficient (r) is reported. A paired-sample t test was used to analyze 
the changes from before to after the IST. Quantitative data are 
expressed as the mean ± SD, and P < .05 was considered statisti-
cally significant.

3  | RESULTS

3.1 | The number of Tregs and CTLA-4 expression in 
SAA patients and HCs

The ratio of CD4+ T cells among the PBLs (CD4+T/PBL) in the SAA, 
RSAA, and HC groups was 27.28 ± 11.43%, 30.57 ± 17.12%, and 
36.47 ± 7.13%, respectively (Figure 1A,B). The CD4+T/PBL in SAA 
group was significantly lower than in the HC group (P <  .01), and 
there was no significant difference between the RSAA and HC 
groups (Figure 1C). In the SAA group, the percentage of Tregs in 
CD4+ T cells (Treg/CD4+T) was 3.01  ±  0.73%, which was signifi-
cantly lower than that (3.97 ± 1.38%) in the RSAA group (P < .01) 
and that (5.39 ± 1.18%) in HC group (P < .001) (Figure 1A,B,D), and 
the Treg/CD4+T ratio in the RSAA group was significantly lower 
than that in the HC group (P  <  .001, Figure  1D). The product of 
Treg/CD4+T and CD4+T/PBL equals the ratio of Tregs among PBLs 
(Treg/PBL). The Treg/PBL ratio in the SAA group was 0.83 ± 0.43%, 
significantly lower than that (1.19  ±  0.71%) in the RSAA group 
(P <  .05) and that (1.94 ± 0.43%) in HC group (P <  .001), and the 
Treg/PBL ratio in the RSAA group was significantly lower than that 
in the HC group (P < .001, Figure 1E). The expression percentage 
of CTLA-4 on Tregs in the PB in the SAA group (CTLA-4+Treg/
Treg) was 9.55  ±  2.28%, which was significantly lower than that 
(11.88 ± 3.96%) in the RSAA group (P < .05) and that (13.71 ± 4.48%) 
in the HC group (P < .05). There was no statistically significant dif-
ference in CTLA-4+Treg/Treg between the SAA and HC groups 
(P < .001) (Figure 2A-C).

3.2 | HLA-DQ expression on mDCs in SAA 
patients and HCs

The expression percentage of HLA-DQ on mDCs (HLA-DQ+mDC/
mDC) from PB in the SAA and RSAA groups were 18.44 ± 8.53% 
and 14.88  ±  13.33%, respectively, significantly higher than that 
(8.59 ± 6.14%) in the HC group (P < .001, P < .05). The HLA-DQ+mDC/
mDC in the SAA group was not significantly different from that in 
the RSAA group (Figure 3).
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3.3 | Correlation analysis of CTLA-4 expression 
on Tregs and HLA-DQ expression on mDCs in 
SAA patients

There was a negative correlation between CTLA-4 expression on 
Tregs and HLA-DQ expression on mDCs in SAA patients (r = −.500, 
P < .05, Figure 4).

3.4 | Correlations of the CTLA-4 expression on 
Tregs and the HLA-DQ expression on mDCs with the 
numbers of other immune cells in SAA patients

In the SAA patients, CTLA-4 expression on Tregs was positively 
correlated with Treg/PBL (r  =  .683, P  <  .01, Figure  5A), NK/PBL 
(r  =  .856, P  <  .001, Figure  5B), and the CD4+T/CD8+T ratio in PB 
(r = .700, P < .001, Figure 5D) but negatively correlated with CD8+T/
PBL (r = −.540, P < .05, Figure 5C).

In the SAA patients, HLA-DQ expression on mDCs was nega-
tively correlated with Treg/PBL (r = −.450, P < .05, Figure 6A), NK/
PBL (r = −.540, P < .05, Figure 6B), and the CD4+T/CD8+T ratio in PB 
(r = −.487, P < .05, Figure 6C) but was not correlated with CD8+T/PBL 
(r = .403, P = .070).

3.5 | Correlations of CTLA-4 expression on 
Tregs and HLA-DQ expression on mDCs with clinical 
disease states in SAA patients

In SAA patients, the CTLA-4 expression on Tregs was positively cor-
related with the percentage of granulocytoid and erythroid cells in 
bone marrow (r =  .752, P <  .001, Figure 7A), the WBC count in PB 
(r = .672, P < .01, Figure 7C), ANC in PB (r = .870, P < .001, Figure 7D), 
and the percentage of Rets in the PB (r = .687, P < .01, Figure 7E); 
was negatively correlated with the percentage of lymphoid cells in 
bone marrow (r = −.757, P < .001, Figure 7B); and was not statistically 

F I G U R E  1  The number of Tregs in PB of SAA patients and HCs. A, Flow cytometry analysis of CD4+CD125+CD127dim cells in PB of the 
SAA group. B, Flow cytometry analysis of CD4+CD125+CD127dim cells in PB of the HC group. C, CD4+T/PBL in the SAA, RSAA, and HC 
groups. D, CD4+CD125+CD127dim/CD4+T in the SAA, RSAA, and HC groups. E, CD4+CD125+CD127dim/PBL in the SAA, RSAA, and HC 
groups. ***P < .001, **P < .01, *P < .05. HC, healthy control (n = 24); RSAA, recovering severe aplastic anemia (n = 23); SAA, severe aplastic 
anemia (n = 21)

F I G U R E  2  CTLA-4 expression on 
Tregs in PB of SAA patients and HCs. 
A, Flow cytometry analysis of CTLA-4 
expression in CD4+CD125+CD127dim 
cells in PB in the SAA group. B, Flow 
cytometry analysis of CTLA-4 expression 
in CD4+CD125+CD127dim cells in PB in 
the HC group. C, CTLA-4+Treg/Treg in the 
SAA, RSAA, and HC groups. ***P < .001, 
*P < .05. HC, healthy control (n = 24); 
RSAA, recovering severe aplastic anemia 
(n = 23); SAA, severe aplastic anemia 
(n = 21)

(A)

(C)

(B)
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correlated with the megakaryocyte number in bone marrow, abso-
lute PBL count, HGB in PB, absolute Ret count in PB, or PLT count 
in PB.

In SAA patients, the HLA-DQ expression on mDCs was nega-
tively correlated with the percentage of granulocytoid and eryth-
roid cells in bone marrow (r = −.449, P < .05, Figure 8A), WBC count 
in PB (r = −.555, P < .01, Figure 8C), ANC in PB (r = −.491, P < .05, 

Figure 8D), and the percentage of Rets in PB (r = −.441, P <  .05, 
Figure 8E); was positively correlated with the percentage of lym-
phoid cells in bone marrow (r = .449, P < .05, Figure 8B); and was 
not statistically correlated with the megakaryocyte number in 
bone marrow, absolute PBL count, HGB in PB, absolute Ret count 
in PB, or PLT count in PB.

3.6 | Changes in the number of Tregs, CTLA-4 
expression on Tregs, HLA-DQ expression on mDCs, 
NK cell number, CD8+ T-cell number, and CD4+T/
CD8+T ratio in SAA patients after IST

To study the changes in the number of Tregs, CTLA-4 expression on 
Tregs, HLA-DQ expression on mDCs, NK cell number, CD8+ T-cell 
number, and CD4+T/CD8+T ratio in SAA patients from before to 
after enhanced IST, 10 patients in the SAA group, whose IST with 
rATG and CsA was effective, were observed before and at 3 and 
6 months after IST.

In these SAA patients, Treg/CD4+T in the PB was 3.24 ± 0.96%, 
4.25  ±  1.42%, and 6.02  ±  1.51% before and at 3 and 6 months 
after IST, respectively. The Treg/CD4+T at 6  months after IST 
was significantly greater than before treatment (P  <  .01). There 
was no significant difference between Treg/CD4+T at 3  months 
after IST and that before IST (Figure 9). Treg/PBL in the PB was 

F I G U R E  3  The expression levels of 
HLA-DQ on mDCs and CD40 in PB in 
SAA patients and HCs. A, Flow cytometry 
analysis of HLA-DQ expression on mDCs 
in PB in the HC group. B, Flow cytometry 
analysis of HLA-DQ expression on mDCs 
in PB in the HC group. C, HLA-DQ+mDC/
mDC in the SAA, RSAA, and HC groups. 
***P < .001, *P < .05. HC, healthy control 
(n = 24); RSAA, recovering severe aplastic 
anemia (n = 23); SAA, severe aplastic 
anemia (n = 21)

(A)

(C)

(B)

F I G U R E  4  Negative correlation between the CTLA-4 
expression on Tregs and the HLA-DQ expression on mDCs in SAA 
patients
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0.91 ± 0.42%, 1.29 ± 0.70%, and 2.12 ± 0.38% before and 3 and 
6 months after IST, respectively. Treg/PBL at 6 months after IST 
was significantly greater than before IST (P < .001), though there 
was no significant difference between Treg/PBL at 3  months 
after IST and that before IST (Figure  9). CTLA-4+Treg/Treg was 
10.08  ±  2.78%, 14.32  ±  4.15%, and 14.34  ±  4.33% before and 
3 and 6  months after IST, respectively. CTLA-4+Treg/Treg at 3 
and 6 months after IST was significantly higher than before IST 
(P < .05, P < .05), and the difference between 3 and 6 months after 
IST was not statistically significant (Figure  9). HLA-DQ+mDC/
mDC was 18.77  ±  9.94%, 13.75  ±  8.25%, and 6.12  ±  3.40% be-
fore and 3 and 6 months after IST, respectively. HLA-DQ+mDC/
mDC at 6 months after IST was significantly lower than before and 
3 months after IST (P < .01, P < .05), and there was no significant 
difference in HLA-DQ+mDC/mDC between 3  months after IST 
and before IST (Figure 9). NK/PBL in the PB was 10.50 ± 5.98%, 
14.69 ± 5.41%, and 20.41 ± 5.08% before and 3 and 6 months after 
IST, respectively. NK/PBL at 6 months after IST was significantly 
higher than before IST (P < .01), though no statistically significant 
difference was found in NK/PBL between 3 months after IST and 
before IST (Figure 9). CD8+T/PBL in the PB was 51.06 ± 17.12%, 
23.25 ± 7.52%, and 20.48 ± 5.58% before and 3 and 6 months after 
IST, respectively. CD8+T/PBL at 3 and 6 months after IST was sig-
nificantly lower than before IST (P  <  .01, P  <  .001), and the dif-
ference between 3 and 6 months after IST was not statistically 
significant (Figure 9). The CD4+T/CD8+T ratio was 0.52 ± 0.24%, 
1.09 ± 0.36%, and 1.76 ± 0.50% before and 3 and 6 months after 
IST, respectively. The CD4+T/CD8+T ratio at 3 and 6 months after 
IST was significantly lower than before IST (P < .01, P < .001), and 
the CD4+T/CD8+T ratio at 6 months was also significantly higher 
than that at 3 months (P < .01, Figure 9).

4  | DISCUSSION

Severe aplastic anemia is a severe hematologic disease characterized 
by a severe reduction in whole blood cells and bone marrow failure. 
Its pathogenesis is directly related to the damage done to autologous 
bone marrow hematopoietic cells by T-cell immune dysfunction. In 
clinical practice, the well-known manifestations of SAA are that 
the number of CD8+ T cells increases and the CD4+T/CD8+T ratio 
is inverted and significantly reduced. According to previous studies, 
the immune pathogenesis of SAA is that the mDCs are activated by 
some unknown antigens, express major histocompatibility complex 
(MHC) class II molecules, present antigens to help T cells (Th), induce 
the differentiation of Th0 to Th1, cause a Th1/Th2 imbalance, pro-
duce many type I lymphokines, and activate the CD8+ T cells, thus 
resulting in bone marrow failure. In addition, the NK cell number de-
creases during the whole process of immune activation, and NK cells 
seem to have an immunoregulatory function to limit the maturation 
and excessive activation of DCs.10

Tregs are a T lymphocyte subset with immunoregulatory func-
tions. Tregs play an inhibitory role in the autoimmune response 
and have the function of maintaining immune tolerance status. The 
immunoregulation of Tregs mainly inhibits T-cell proliferation and 
the production of cytokines and autoantibodies and regulates the 
functions of DCs, mononuclear macrophages, and NK cells. Previous 
studies have suggested that the number of Treg cells decreases in 
SAA patients and gradually recovers after IST.11 Solomou et al12 stud-
ied the Tregs in SAA patients and showed that the expression levels 
of the FOXP3 gene and its encoded protein scurfin were decreased 
in CD4+CD25+ cells, and the activation of nuclear factor of activated 
T cells (NFAT) 1 was insufficient or even absent. Scurfin controls 
NFAT expression to induce the production and functioning of Tregs. 

F I G U R E  5   Correlations between 
CTLA-4 expression on Tregs and the 
numbers of other immune cells in SAA 
patients. A, CTLA-4+Treg/Treg% and 
Treg/PBL% were positively correlated. B, 
CTLA-4+Treg/Treg% and NK/PBL% were 
positively correlated. C, CTLA-4+Treg/
Treg% and CD8+T/PBL% were negatively 
correlated. D, CTLA-4+Treg/Treg% was 
positively correlated with the CD4+T/
CD8+T ratio

(A) (B)

(C) (D)
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FoxP3 gene mutations in human and mouse can cause severe auto-
immune diseases in multiple organs. In the CD4+CD25+FoxP3- cells 
of AA patients transfected with NFAT1, the expression of NFAT1 is 
increased, and the expression of FoxP3 is also increased. In contrast, 
when NFAT1 is knocked out from Tregs, Foxp3, and NFAT1 expres-
sion is decreased, suggesting that the cells that induce immune tol-
erance are seriously insufficient in SAA patients.

During the immune response, DCs recognize, take in, and pro-
cess antigens; synthesize MHC-antigen (peptide) complexes and co-
stimulatory molecules on the surface; and present antigens to naïve 
T cells. This process plays an important role in the immune response. 
Our previous results suggested that the number of mDCs in SAA 
was increased, the mDC/pDC ratio was increased, and the mDCs 
were hyperfunctional.13 The abnormal antigen-presenting process 
of mDCs is an important step in SAA immune activation, which may 
be the starting point of SAA immune cascade activation. In addi-
tion, MHC-II molecules mainly perform the function of presenting 
antigens to CD4+ T cells and are the most critical proteins in the an-
tigen-presenting process of mDCs.14 Tregs damage the DCs through 
perforin and granzymes15 and can synthesize the immunosuppres-
sive molecule adenosine, which binds to the adenosine receptor on 
the surface of DCs and inhibits the expression of intracellular inflam-
matory cytokines, thereby inhibiting the activation and proliferation 
of DCs.16 Tregs can also inhibit the functions of the above immune 
cells through direct contact.17 DCs are the main regulatory target of 
Tregs, and this regulatory process relies on antigenic stimulation.18

This study analyzed the regulatory mechanism of Tregs on mDCs. 
The experimental results suggested that the number of Tregs in the 
PB of SAA patients was decreased significantly and gradually recov-
ered after IST. CTLA-4 expression on Tregs was also significantly 
reduced and was restored after enhanced IST. CTLA-4 expression 
was positively correlated with the number of Tregs. These results 
suggest that the reduced number and decreased inhibitory effect of 
Tregs were the reasons for the disruption of the immune tolerance in 
SAA, and CTLA-4 was the key molecule in this process.

CTLA-4 is an important inhibitor of T-cell function. After immune 
activation, CTLA-4 is abundantly expressed on Tregs to transduce 
inhibitory signals and maintain immune response homeostasis.19 The 
deletion of the CTLA-4 haplotype can cause autoimmune diseases, 
multiorgan invasion by lymphocytes, and the peripheral B cells and 
immunoglobulin deficiency.20,21 After the CTLA-4 gene is knocked 
out or the protein is neutralized by antibodies, Tregs cannot normally 
perform their immunosuppressive functions, leading to abnormal 
immune regulation.19 Single-nucleotide polymorphisms in CTLA-4 
have been correlated with a variety of autoimmune diseases, such as 
rheumatoid arthritis, systemic lupus erythematosus, inflammatory 
bowel disease, type 2 diabetes, and rheumatoid arthritis.22-25 In the 
treatment of tumors using CTLA-4 monoclonal antibody (ipilimumab), 
the patients showed significant upregulation of the Th1 and Th17 
pathways and adverse reactions of inflammatory bowel disease.26,27 
We also examined the expression of MHC class II molecule HLA-DQ 

F I G U R E  6  Correlations between HLA-DQ expression on mDCs 
and the numbers of other immune cells in SAA patients. A, HLA-
DQ+mDC/mDC% and Treg/PBL% were negatively correlated. B, 
HLA-DQ+mDC/mDC% and NK/PBL% were negatively correlated. 
C, HLA-DQ+mDC/mDC% and the CD4+T/CD8+T ratio were 
negatively correlated

(A)
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on mDCs in SAA patients, which was significantly higher than that 
in HCs and was decreased after IST. Correlation analysis revealed 
a negative correlation between CTLA-4 expression on Tregs and 
HLA-DQ expression on mDCs. Next, the correlations of the CTLA-4 
expression on Tregs and HLA-DQ expression on mDCs with the 
numbers of other immune cells were analyzed. The results showed 
that in SAA patients, the CTLA-4 expression on Tregs was positively 
correlated with the NK cell number and CD4+T/CD8+T ratio in PB 
and was negatively correlated with the CD8+ T-cell number in PB; 
the HLA-DQ expression on mDCs was negatively correlated with 
the number of Tregs, NK cell number, and CD4+T/CD8+T ratio in PB. 
These results suggested that in SAA patients, the number of Tregs 
and the CTLA-4 expression were decreased, and abnormal activa-
tion of mDCs may have been caused by the insufficient regulation 
of the antigen-presenting process of mDC MHC class II molecules, 
initiating a series of immune cell activation processes. Moreover, the 
regulatory effect of Tregs on mDCs may also be jointly realized by 
two key molecules, CTLA-4 and HLA-DQ. A recent study on renal 

transplant rejection showed that binding of HLA-DQ antibodies to 
endothelial cells could selectively reduce T-cell proliferation and the 
differentiation of FoxP3high Tregs. After endothelial cells are stim-
ulated by HLA-DQ antibodies, a synergistic increase in pro-inflam-
matory cytokine secretion and reduction in Treg amplification was 
observed,28 suggesting that MHC class II molecules can also inhibit 
Tregs. Future studies on MHC class II molecules that impair immune 
tolerance may provide ideas for searching for antigenic substances 
that stimulate the pathogenesis of SAA.

The correlations of the CTLA-4 expression on Tregs and HLA-DQ 
expression on mDCs with the clinical hematopoietic parameters 
were analyzed. The results showed that in SAA patients, the CTLA-4 
expression on Tregs was positively correlated with the percentage 
of granulocytoid and erythroid cells in bone marrow, the WBC count 
in PB, ANC in PB, and the percentage of Rets in PB but was nega-
tively correlated with the percentage of lymphoid cells in bone mar-
row. The HLA-DQ expression on mDCs was negatively correlated 
with the percentage of granulocytoid and erythroid cells in bone 

F I G U R E  7   Correlations between 
CTLA-4 expression on Tregs and the 
relevant indicators of clinical disease 
status in SAA patients. A, CTLA-4+Treg/
Treg% was positively correlated with 
the percentage of granulocytoid and 
erythroid cells in bone marrow. B, CTLA-
4+Treg/Treg% was negatively correlated 
with the percentage of lymphoid cells in 
bone marrow. C, CTLA-4+Treg/Treg% was 
positively correlated with WBC count in 
PB. D, CTLA-4+Treg/Treg% was positively 
correlated with ANC in PB. E, CTLA-
4+Treg/Treg% was positively correlated 
with the percentage of Rets in PB

(A) (B)

(C)
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marrow, WBC count in PB, ANC in PB, and the percentage of Rets 
in PB but was positively correlated with the percentage of lymphoid 
cells in bone marrow. Analyses of the changes in expression levels 
of CTLA-4 on Tregs and HLA-DQ on mDCs and the numbers of var-
ious immune cells before and after IST showed that in SAA patients, 
the number of Tregs in PB, the HLA-DQ expression on mDCs, and 
the NK cell number at 3 months after IST were not different from 
those before IST, but they were significantly higher 6 months after 
IST than before IST; the CTLA-4 expression on Tregs and CD8+ T-cell 
number at 3 months after IST was significantly higher than before 
IST, and those at 3 months after IST were not significantly different 
from those at 6 months after IST; the CD4+T/CD8+T ratio was signifi-
cantly higher at 3 months after IST than before IST and continued to 
increase at 6 months after IST. In SAA patients, CTLA-4 expression 
on Tregs and HLA-DQ expression on mDCs was not statistically cor-
related with the megakaryocyte number in bone marrow, absolute 
PBL count, HGB in PB, absolute Ret count in PB, or PLT count in 
PB. The reasons were as follows: (1) The detected megakaryocyte 
number in bone marrow in the SAA patients was almost zero, so no 

correlation was found. (2) The acute SAA had a short disease course, 
and the neutrophils and reticulocytes decreased rapidly after many 
hematopoietic cells were killed, but the lifespan of mature red blood 
cells in PB is long, so some patients did not show significant declines. 
(3) Patients may receive frequent infusion of red blood cells, plate-
lets, and other blood components at the beginning of the disease, 
resulting in the inability to accurately determine the real levels at 
the onset. (4) The SAA patients had a severely low blood cell count, 
leading to the proportions of lymphocytes and reticulocytes out of 
nucleated cells but not the absolute values could accurately reflect 
the correlation. Changes in various immune indicators from before 
to after IST showed that the number of Tregs recovered at 6 months 
after IST, and CTLA-4 expression on Tregs started to recover at 
3 months after IST, suggesting that CTLA-4 expression on Tregs may 
be sensitive and active in the activation and recovery of SAA immu-
nity and may play an important role in the recovery of the number 
and function of Tregs and even the recovery of entire immune status.

CTLA-4 monoclonal antibody has achieved clear efficacy in the 
treatment of tumors, and it is used as a therapeutic target in research 

F I G U R E  9  Changes in the number of Tregs, the CTLA-4 expression on Tregs, the HLA-DQ expression on mDCs, the NK cell number, the 
CD8+ T-cell number, and the CD4+T/CD8+T ratio in SAA patients from before to after IST; ***P < .001, **P < .01, *P < .05

F I G U R E  8   Correlations between 
HLA-DQ expression on mDCs and the 
relevant indicators of clinical disease 
status in SAA patients. A, HLA-DQ+mDC/
mDC% was negatively correlated with the 
percentage of granulocytoid and erythroid 
cells in bone marrow. B, HLA-DQ+mDC/
mDC% was positively correlated with 
the percentage of lymphoid cells in bone 
marrow. C, HLA-DQ+mDC/mDC% was 
negatively correlated with WBC count 
in PB. D, HLA-DQ+mDC/mDC% was 
negatively correlated with the ANC in PB. 
E, HLA-DQ+mDC/mDC% was negatively 
correlated with the percentage of Rets 
in PB
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on SAA and other autoimmune diseases.29 The CD8+ T-cell number 
and CD4+T/CD8+T ratio were significantly corrected at 3 months after 
IST and continued to recover over time. The NK cell number started 
to recover at 6 months after IST, which was similar to the recovery of 
the number of Tregs, suggesting that the inhibitory factors in the SAA 
immunization cascade recover less readily. MHC class II HLA-DQ on 
mDCs also showed this pattern after IST, which suggested that it may 
be a target in Tregs regulating mDCs, providing an idea for research on 
the poor efficacy of IST and on the recurrence monitoring of diseases.

In summary, the number of Tregs and their functional molecule 
CTLA-4 were significantly downregulated in SAA, and the expression 
of the MHC class II molecule HLA-DQ on mDCs was significantly up-
regulated. These changes might be key to the loss of regulation by Tregs 
of mDCs in SAA patients. These findings are conducive to further ex-
ploring the mechanism of SAA immune pathogenesis. Research on the 
key regulatory mechanisms of Tregs and CTLA-4 has great potential to 
help find therapeutic targets of SAA and to monitor this disease.

ACKNOWLEDG MENTS
This work was supported by the National Natural Science 
Foundation of China (81770110, 81970115, 81800120, 81870101, 
81800119, 81700118, 81700117, 81900125, 81970116, 81770118) 
and Natural Science Foundation of Tianjin City (16JCZDJC35300, 
17JCQNJC11500, 18JCYBJC91700, 18ZXDBSY00140).

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

ORCID
Bingnan Liu   https://orcid.org/0000-0002-1938-4679 
Alexey Churov   https://orcid.org/0000-0002-3920-7581 

R E FE R E N C E S
	 1.	 Young NS. Current concepts in the pathophysiology and treatment 

of aplastic anemia. Hematology. 2013;2013:76-81.
	 2.	 Young NS. Aplastic anemia. N Engl J Med. 2018;379(17):1643-1656.
	 3.	 Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the de-

velopment and function of CD4+CD25+ regulatory T cells. Nat 
Immunol. 2003;4(4):330-336.

	 4.	 Hartigan-O'Connor DJ, Poon C, Sinclair E, McCune JM. Human 
CD4+ regulatory T cells express lower levels of the IL-7 receptor 
alpha chain (CD127), allowing consistent identification and sorting 
of live cells. J Immunol Methods. 2007;319(1-2):41-52.

	 5.	 Liu W, Putnam AL, Xu-yu Z, et al. Bluestone, CD127 expression in-
versely correlates with FoxP3 and suppressive function of human 
CD4+ T reg cells. J Exp Med. 2006;203(7):1701-1711.

	 6.	 Golding A, Hasni S, Illei G, Shevach EM. The percentage of FoxP3+Helios+ 
Treg cells correlates positively with disease activity in systemic lupus 
erythematosus. Arthritis Rheum. 2013;65(11):2898-2906.

	 7.	 Kordasti S, Marsh J, Al-Khan S, et al. Functional characterization of 
CD4+ T cells in aplastic anemia. Blood. 2012;119(9):2033-2043.

	 8.	 Killick SB, Bown N, Cavenagh J, et al. Guidelines for the diagno-
sis and management of adult aplastic anaemia. Br J Haematol. 
2016;172(2):187-207.

	 9.	 Bertrand A, Philippe M, Bertrand Y, Plantaz D, Bleyzac N. Salvage 
therapy of refractory severe aplastic anemia by decreasing cyclo-
sporine dose regimen. Eur J Haematol. 2014;92(2):172-176.

	10.	 Lee SC, Srivastava RM, López-Albaitero A, Ferrone S, Ferris RL. 
Natural killer (NK): dendritic cell (DC) cross talk induced by ther-
apeutic monoclonal antibody triggers tumor antigen-specific T cell 
immunity. Immunol Res. 2011;50(2-3):248-254.

	11.	 Yan L, Fu R, Liu H, et al. Abnormal quantity and function of regu-
latory T cells in peripheral blood of patients with severe aplastic 
anemia. Cell Immunol. 2015;296(2):95-105.

	12.	 Solomou EE, Rezvani K, Mielke S, et al. Deficient CD4+ CD25+ 
FOXP3+ T regulatory cells in acquired aplastic anemia. Blood. 
2007;110(5):1603-1606.

	13.	 Zonghong S, Meifeng T, Huaquan W, et al. Circulating myeloid den-
dritic cells are increased in individuals with severe aplastic anemia. 
Int J Hematol. 2011;93(2):156-162.

	14.	 Xiao Y, Zhao S, Li B. Aplastic anemia is related to alterations in T cell 
receptor signaling. Stem Cell Invest. 2017;4:85.

	15.	 Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and 
immune tolerance. Cell. 2008;133(5):775-787.

	16.	 Rothstein DM, Camirand G. New insights into the mechanisms of 
Treg function. Curr Opin Organ Transpl. 2015;20(4):376-384.

	17.	 Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ reg-
ulatory T cells in the human immune system. Nat Rev Immunol. 
2010;10(7):490-500.

	18.	 Ovcinnikovs V, Ross EM, Petersone L, et al. CTLA-4-mediated tran-
sendocytosis of costimulatory molecules primarily targets migra-
tory dendritic cells. Sci Immunol. 2019;4(35):eaaw0902.

	19.	 Lo B, Abdel-Motal UM. Lessons from CTLA-4 deficiency and check-
point inhibition. Curr Opin Immunol. 2017;49:14-19.

	20.	 Walker LS. Treg and CTLA-4: two intertwining pathways to immune 
tolerance. J Autoimmun. 2013;45(100):49-57.

	21.	 Chikuma S. CTLA-4, an essential immune-checkpoint for T-cell acti-
vation. Curr Top Microbiol Immunol. 2017;410:99-126.

	22.	 Zhai JX, Zou LW, Zhang ZX, et al. CTLA-4 polymorphisms and sys-
temic lupus erythematosus (SLE): a meta-analysis. Mol Biol Rep. 
2013;40(9):5213-5223.

	23.	 Bamias G, Delladetsima I, Perdiki M, et al. Immunological charac-
teristics of colitis associated with anti-CTLA-4 antibody therapy. 
Cancer Invest. 2017;35(7):443-455.

	24.	 Gupta A, De Felice KM, Loftus EV Jr, Khanna S. Systematic review: 
colitis associated with anti-CTLA-4 therapy. Aliment Pharmacol 
Ther. 2015;42(4):406-417.

	25.	 Fedele AL, Alivernini S, Gremese E, Ferraccioli G. CTLA-4 Ig as an ef-
fective treatment in a patient with type I diabetes mellitus and sero-
positive rheumatoid arthritis. Clin Exp Rheumatol. 2016;34(2):315-317.

	26.	 Adams AB, Ford ML, Larsen CP. Costimulation blockade in au-
toimmunity and transplantation: the CD28 pathway. J Immunol. 
2016;197(6):2045-2050.

	27.	 Laitinen A, Oja S, Kilpinen L, et al. A robust and reproducible animal 
serum-free culture method for clinical-grade bone marrow-derived 
mesenchymal stromal cells. Cytotechnology. 2016;68(4):891-906.

	28.	 Chand Dakal T, Dhabhai B, Agarwal D, et al. Mechanistic basis 
of co-stimulatory CD40-CD40L ligation mediated regulation 
of immune responses in cancer and autoimmune disorders. 
Immunobiology. 2020;225(2):151899.

	29.	 Rowshanravan B, Halliday N, Sansom DM. CTLA-4: a moving target 
in immunotherapy. Blood. 2018;131(1):58-67.

How to cite this article: Liu B, Shao Y, Liang X, et al. CTLA-4 
and HLA-DQ are key molecules in the regulation of mDC-
mediated cellular immunity by Tregs in severe aplastic anemia. 
J Clin Lab Anal. 2020;34:e23443. https://doi.org/10.1002/
jcla.23443

https://orcid.org/0000-0002-1938-4679
https://orcid.org/0000-0002-1938-4679
https://orcid.org/0000-0002-3920-7581
https://orcid.org/0000-0002-3920-7581
https://doi.org/10.1002/jcla.23443
https://doi.org/10.1002/jcla.23443

