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Abstract

Warm autoimmune hemolytic anemia (wAIHA) is a rare acquired autoimmune disease mediated by antibodies targeting 
red blood cells. The involvement of CD4 T-helper cells has been scarcely explored, with most findings extrapolated from 
animal models. Here, we performed quantification of both effector T lymphocytes (Teff) and regulatory T cells (Treg), 
associated with functional and transcriptomic analyses of Treg in human wAIHA. We observed a shift of Teff toward a Th17 
polarization concordant with an increase in serum interleukin-17 concentration that correlates with red blood cell de-
struction parameters, namely lactate dehydrogenase and bilirubin levels. A decrease in circulating Treg, notably effector 
Treg, associated with a functional deficiency, as represented by their decrease capability to inhibit Teff proliferation, were 
also observed. Treg deficiency was associated with a reduced expression of Foxp3, the master transcription factor known 
to maintain the Treg phenotype stability and suppressive functions. Transcriptomic profiling of Treg revealed activation 
of the tumor necrosis facto (TNF)-α pathway, which was linked to increased serum TNF-α concentrations that were twice 
as high as in controls. Treg transcriptomic profiling also suggested that post-translational mechanisms possibly account-
ed for Foxp3 downregulation and Treg dysfunctions. Since TNF-α participates in the rupture of immune tolerance during 
wAIHA, its inhibition could be of interest. To this end, the effects of fostamatinib, a SYK inhibitor, were investigated in 
vitro, and we showed that besides the inhibition of erythrocyte phagocytosis by monocytes, fostamatinib is also able to 
dampen TNF-α production, thus appearing as a promising multitargeting therapy in wAIHA (clinicaltrials gov. Identifier: 
NCT02158195).

Introduction

Warm autoimmune hemolytic anemia (wAIHA) is a rare 
acquired autoimmune disease due to antibodies targeting 
red blood cell (RBC) antigens.1-3 Anti-RBC antibodies are 
mostly immunoglobulin (Ig)G, underlying a class-switch 
recombination, a mechanism involving cooperation be-
tween B and T cells. Until now, the involvement of help-
er CD4 T cells (Th) has been scarcely studied in human 
wAIHA, and most of the conclusions have been derived 

from animal models. In mice, a Th1 polarization has been 
first observed,4 with an improvement of the disease by 
Th2 cytokines such as interleukin (IL)-4.5 On the opposite, 
human wAIHA was first thought to be associated with a 
Th2 skewing as suggested by an increased production of 
IL-4 while interferon (IFN)-γ was reduced.6 However, when 
CD4 T cells from patients were stimulated with specific 
RBC antigens, IFN-γ secretion was enhanced whereas IL-4 
was not detected, arguing for a Th1 polarization.7 This was 
secondly amended by the fact that IL-17 and Th17 were 
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increased and associated with wAIHA severity.8,9

A defect in regulatory T cells (Treg), together with a pro-in-
flammatory T-cell response, are commonly observed in 
autoimmune diseases.10 During immune thrombocytopenia 
(ITP), the most prevalent autoimmune cytopenia, such 
abnormalities have been observed,11-13 with a negative cor-
relation between Th17 and Treg frequencies.13 To date, the 
results remain controversial in wAIHA. In animals, whereas 
the role of Treg has been shown in a xenogeneic model in 
which Treg depletion enhanced the occurrence of wAIHA 
while their adoptive transfer prevented its establishment,14 
it was not confirmed in a non-xenogeneic model.15 In hu-
mans, only one study reported on a decrease in circulating 
Treg, but without assessing their function.16 
With the aim to better understand the pathophysiology of 
human wAIHA, and thus opening the way to new therapies, 
a better comprehensive appraisal of its global T-cell immune 
response is required. Here we provide the first concurrent 
evaluation of circulating effector T lymphocytes (Teff) and 
Treg, associated with Treg function and transcriptomic 
analyses.

Methods

Patients
Healthy controls (HC) and patients with newly diagnosed 
wAIHA were proposed to participate. The diagnosis of wAIHA 
was defined as hemoglobin <11 g/dL, with a low haptoglobin 
level and a positive direct antiglobulin test (DAT) for IgG 
+/- complement (C3d). The diagnosis of primary wAIHA 
was retained after exclusion of lymphoproliferative ma-
lignancies, other autoimmune diseases, primary immuno-
deficiency and infections, as recommended.17,18 All patients 
were included before receiving immunomodulating drugs, 
especially steroids. 

Study approval
All patients gave a written informed consent in accordance 
with the Declaration of Helsinki before participating to this 
prospective study (clinicaltrials gov. Identifier: NCT02158195). 
The research was approved by the Institutional Review 
Board and the Independent Ethics Committee (Comité de 
Protection des Personnes, CPP Est 1).

Cell isolation, culture and storage
A more detailed methods is provided in the Online Supple-
mentary Appendix. Whole blood from patients or HC was 
collected for peripheral blood mononuclear cells (PBMC) 
isolation to perform immunophenotyping, cell culture and 
storage. 

T-cell proliferation suppression assay 
Teff (CD4+CD25-) and Treg (CD4+CD25hi) were purified by 
magnetic cell isolation. Labeled Teff were activated with 

anti-CD2/CD3/CD28 microbeads and cultured for 4 days 
with or without Treg (Teff/Treg ratio=2/1). Proliferation was 
measured by flow cytometry based on CellTrace dilution.

Assessment of monocyte function during hemolysis
Monocytes were isolated based on CD14 expression and 
cultured for 24 hours either alone or stimulated with heme 
or RBC coated with either anti-glycophorin A or in the pres-
ence of isotype control. RBC collected from one patient 
with relapsing wAIHA were also used. The effect of R406, 
the active metabolite of fostamatinib was also investigated. 
Flow cytometry was used to quantify TNF-α production 
and RBC phagocytosis.

RNA sequencing, gene ontology terms, Treg signature 
and index computations
Fluorescent-activated cell sorting (FACS) of Treg 
(FVS780-CD3+CD4+CD25hiCD127-) from four primary wAIHA 
and four sex- and age-matched HC were used for RNA se-
quencing (RNAseq). RNAseq was processed in one batch. 
Only protein-coding transcripts and genes were included in 
the downstream analysis. Genes with a P value below 0.05 
and normalized read count greater than 25 were consid-
ered as significantly differentially expressed. RNAseq data 
are available in the Gene Expression Omnibus database 
(accession number: GSE195791).
Treg transcriptomic identity was assessed by referring to 
the Treg signature genes.19 Tumor necrosis factor (TNF) 
index was calculated for each subject by averaging the 
normalized expression of all genes belonging to TNF path-
way (normalized expression vs. mean expression of all HC) 
similarly to published data on Treg signature.19,20

Cytokine assays
IFN-γ, IL-4, IL-17 and TNF-α were quantified in culture su-
pernatants using multiplex immunoassay. High sensitivity 
enzyme-linked immunosorbant assay was performed for 
serum IL-17A.

Statistics
Statistical analyses and graphs were performed with Prism 
v9.3.0 (GraphPad Software), R Studio (1.4.1717) and Heat-
maper. Data are reported as the median with interquartile 
range (IQR) and were compared using Mann-Whitney test 
for independent data, Wilcoxon signed-rank test for paired 
conditions, and Spearman’s rank correlation test for corre-
lation analyses, unless otherwise specified. P value <0.05 
was considered significant.

Results

Patients
Twenty-two patients with wAIHA were enrolled at diag-
nosis, before initiation of any immunomodulatory drugs 
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(Table 1). Their median age was 65 (IQR, 53-76) years with a 
female/male ratio of 2.1. Secondary wAIHA was diagnosed in 
five patients (22,7%), associated with lupus (n=1), ITP (n=1) 
or B-cell lymphoproliferation (B-cell monoclonal lympho-
cytosis, n=2; indolent marginal zone B cell, n=1). As none of 
the measured parameters were different between primary 
and secondary AIHA, the data set was kept as a single group 
(Online Supplementary Table S3). Patients were compared 
to 30 HC, with a median age of 67 years (IQR, 58-77) (P=0.9) 
and a female/male ratio of 1.5 (P=0.6). Hemoglobin was 
lower in wAIHA patients (7.4 vs. 14.2 g/dL; P<0.0001) while 
total leukocyte and lymphocyte counts were similar. The 
flowchart of the study is depicted in Figure 1A.

Quantitative and functional alterations of circulating 
Treg in warm autoimmune hemolytic anemia
The frequency of circulating Treg (CD3+CD4+CD25hiFoxp3+) 
was lower in wAIHA (3.2% vs. 4.5% of CD4 T cells; P=0.01; 
Figure 1B). Moreover, the quantification of Treg subtypes21 
showed that CD4+CD45RA-Foxp3hi effector Treg (Fr.II/eTreg), 
known to have the strongest suppressive capabilities, were 
twice less frequent in wAIHA (1.1% vs. 2.1%; P=0.0008; Figure 
1C), while the proportions of naive Treg (CD45RA+Foxp3lo, 
Fr.I/nTreg) were similar. The frequency of CD25hiFoxp3+Heli-
os+ cells among total CD4 T cells was also lower in wAIHA 
patients (2.4 vs. 3.1%; P=0.007; Figure 1D). As lymphocyte 
count and CD4 T-cell proportions were similar between 
patients and controls, the decrease in Treg subsets was 
also observed when considering cell absolute numbers 
(Online Supplementary Table S4).
Associated with this quantitative reduction, the suppressive 
function of Treg was also altered in wAIHA, as shown by a 
decreased ability to inhibit Teff proliferation (51% vs. 73%; 
P=0.003; Figure 1E).

Warm autoimmune hemolytic anemia is associated with 
a Th17 polarization
Effector T-cell subpopulations were similar between HC 
and patients (Online Supplementary Figure S1; Online Sup-
plementary Table S4). We then focused on Teff polarization 
determined by their cytokine production. Measurement of 
cytokines in culture supernatants of Teff activated for 4 
days showed a higher production of IL-17 in wAIHA (25.5 
pg/mL vs. 7.5 pg/mL; P=0.02; Figure 2A), whereas IFN-γ 
concentration was similar and IL-4 was not detected. 
Supporting this Th17 polarization, we observed an increase 
in serum IL-17 concentrations (0.41 pg/mL vs. 0.68 pg/mL; 
P=0.02; Figure 2B) and an imbalance in the Th17/Treg ratio 
(0.22 vs. 0.11; P=0.02; Figure 2C). Interestingly, the serum 
concentration of IL-17 positively correlated with markers of 
RBC destruction, namely lactate dehydrogenase (LDH) and 
bilirubin (R=0.58, P=0.03 and R=0.68, P=0.02, respectively; 
Figure 2D), but not with reticulocyte count, a marker of 
RBC production, nor with hemoglobin level, resulting from 
the production and destruction RBC. 
Overall, these results reflected an imbalance between pro- 
and anti-inflammatory immune responses in wAIHA, with 
a quantitative and functional alteration of circulating Treg, 
associated with Th17 polarization, the latter being positively 
correlated with disease activity, notably markers of RBC 
destruction such as LDH and bilirubin.

Transcriptomic profiling showed Treg activation during 
warm autoimmune hemolytic anemia
In order to further characterize the mechanisms involved in 
Treg dysfunctions, a transcriptomic analysis was performed 
on sorted CD3+CD4+CD25hiCD127lo Treg obtained from four 
representative patients (Online Supplementary Table S2) 
and four HC. The isolated cells were first confirmed to be 

Table 1. Baseline characteristics of warm autoimmune hemolytic anemia patients and healthy controls.

Characteristics
HC 

N=30
wAIHA
N=22

P

Age in years, median (IQR) 67 (58-77) 65 (53-76) 0.95

Sex ratio, female/male 18/12 15/7 0.63

Primary AIHA, N (%) NA 17 (77) NA

Hemoglobin, g/dL, median (IQR) 14. (13.2- 15.2) 7.4 (6.4-9.5) <0.0001

Reticulocytes, x109/L, median (IQR) NA 189 (139-324) NA

Leukocytes, x109/L, median (IQR) 5.8 (4.9-7.0) 5.8 (4.6- 8.5) 0.97

Lymphocytes, x109/L, median (IQR) 1.6 (1.2-2.1) 1.3 (0.7-2.5) 0.31

Platelets, x109/L, median (IQR) 224 (204-296) 191 (162-314) 0.47

Haptoglobin, g/L, median (IQR) NA 0 (0.0-0.2) NA

Direct antiglobulin test, N (%)
IgG alone
IgG and C3d

NA
22 (100)
15 (68)
7 (32)

NA

wAIHA: warm autoimmune hemolytic anemia; HC: healthy controls; IQR: interquartile range; NA: not applicable.
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Treg as shown by the specific upregulation of 194 genes 
and downregulation of 192 genes (Figure 3A) consistent 
with Treg signature.19 The transcriptomic profile of Treg 
from patients was distinct from the one of HC, as revealed 
by the differential expression of 455 genes, some of which 
being implicated in transcription or translation processes 
or reflecting the activation of the T-cell receptor (TCR) and 
TNF pathways (Figure 3B). 
The activation of the transcription and translational pro-
cesses (Figure 3B) were revealed by increased transcription 
of RNA splicing proteins (DHX38, U2AF1, PNN), transcription 
elongation or termination factors (SUPT6H, XRN2), ribosomal 
proteins (RPL, RPS) and translation initiation factor (EIF3B). 
The engagement of the TCR pathway in wAIHA Treg (Figure 
3C) was supported by the overexpression of 16 genes such 
as CD247 (TCR ζ-chain), ZAP70 (ζ-chain associated protein 
70), CD4, and Janus kinase 3 (JAK3). 
Upon activation, multiple mechanisms are involved in the 
suppressive functions of Treg.22,23 Although our functional 
analysis showed an impairment of Treg function, a slight 
but significant increase in the transcripts of CTLA-4 (CT-
LA4), CD25 (IL2RA), TIGIT (TIGIT), and GARP (LRRC32), the 
protein binding latent TGF-β at cell surface, was observed, 
while others were expressed at similar rates. The expres-
sion of GPA33 a marker that allows the identification of 
a subset of naive Treg of thymic origin, expressing Foxp3 
and Helios, with immunosuppressive functions and not 
secreting pro-inflammatory cytokines such as IL-1724 was 
not different between patients and controls (Figure 3D).
The RORC (ROR-γt), CCR6 and IL17A transcripts were com-
pared between patients and controls and found similar 
(Figure 3E), arguing against the hypothesis of a loss of in-
hibitory functions of Treg due to their differentiation into 
IL-17 producing cells in a Th17 environment.23,25 

TNF-αα signaling pathway is engaged in Treg and is 
correlated with the decreased Foxp3 expression
Transcriptomic analyses of Treg showed a strong engage-
ment of TNF-α signaling pathway in wAIHA, as supported 
by the overexpression of ten genes such as MADD (MAP 
kinase-activating death domain), CASP8 (caspase 8), TAB2 
and TRAF1 (P<0.0001; Figure 4A). In order to better under-

stand these results, TNF-α was measured in sera and found 
to be almost twice as high in wAIHA patients (5.7 pg/mL 
vs. 3.0 pg/mL; P<0.0001; Figure 4B). 
The expression of the transcripts of the two TNF receptors 
were investigated in Treg. TNFR2 transcripts were more 
abundant than the ones of TNFR1, both in HC and patients 
(Table 2), and were higher in patients (average expression: 
138 vs. 103; P=0.02; Table 2). The activation of TNFR2 can 
promote the inhibitory functions of Treg through NF-κB 
pathway, with the transcription of NFLB2 and RELB.26 These 
transcripts were increased by 1.4-fold in wAIHA Treg (P=0.04 
and P=0.07, respectively; Table 2). However, repressive 
effects have also been reported after TNFR2 ligation,27 
involving the NF-κB28 pathway or molecules such as DBC1 
(deleted breast cancer 1)29 and PP1 (protein phosphatase 
1).30 Their transcripts were also increased in wAIHA patients 
(Table 2), thus arguing for an engagement of both activating 
and inhibiting pathways in Treg during wAIHA. In order to 
assess the effect of TNF-α stimulation on Treg, the level 
of TNF engagement was quantified using a TNF index, as 
previously described for Treg signature.19,20 This TNF index 
inversely correlated with the frequency of circulating Treg 
(R=-0.89; P=0.01; Figure 4C), notably with the one of eTreg 
(R=-0.79; P=0.05; Figure 4C), thus supporting an inhibitory 
effect of TNF-α on Treg. Considering the major role of Foxp3 
in the maintenance of Treg phenotype and functions31 and 
that TNF-α could participate to its downregulation,32 the 
expression of Foxp3 protein was measured and found to be 
lower in wAIHA patient Treg (mean fluorescence intensity 
[MFI]: 662 vs. 1,149; P=0.012; Figure 4D). Consistently, the 
TNF index inversely correlated with Foxp3 protein level (R=-
0.89; P=0.01; Figure 4E), although FOXP3 transcripts were 
increased (Figure 4F). Of note, neither Treg frequencies 
nor TNF-α concentrations correlated with disease activi-
ty markers such as hemoglobin level, reticulocyte count, 
bilirubin and LDH concentrations (Online Supplementary 
Figure S2). As Treg functions are strengthened by the in-
teraction of Foxp3 with Helios,33,34 its expression was also 
determined and found to be decreased in wAIHA (MFI: 291 
vs. 1,346; P=0.002). In contrast to Foxp3, the reduction of 
Helios protein expression was not correlated with the TNF 
index (Online Supplementary Figure S3).

Figure 1. Quantitative and functional alterations of circulating Treg in warm autoimmune hemolytic anemia. (A) Flowchart of the 
overall experimental approach. (B) Dot plot showing the gating strategy for the quantification of regulatory T cells (Treg), defined 
as CD4+CD25hiFoxp3+ lymphocytes, by flow cytometry (left panel). Scatter dot plot (right panel) showing Treg frequencies among 
circulating CD4 T cells in healthy controls (HC) (N=24) and warm autoimmune hemolytic anemia (wAIHA) patients (N=20). (C) Dot 
plot (left panel) showing the gating strategy for the determination of naive Treg (CD45RA+Foxp3low: Fr. I/nTreg) and effector Treg 
(CD45RA-Foxp3hi: Fr. II/eTreg) by fluorescense-activated cell sorting (FACS) (HC N=20; wAIHA N=19). Scatter dot plots (right panel) 
showing the frequency of Treg subsets among circulating CD4 T cells. (D) Scatter dot plot showing the frequency of Treg express-
ing Helios among circulating CD4 T cells. (E) Effector T-cell proliferation assay. Representative dot plots (left panel) showing the 
proliferation of effector T cells (Teff) stimulated or not with anti-CD2/CD3/CD28 microbeads, in presence or not of Treg (Teff/Treg 
ratio: 2/1), assessed by CellTrace dilution by flow cytometry after 4 days of culture, for one representative HC and one represent-
ative wAIHA patient. Proliferation index (PI) is mentioned. Histogram with scatter dot plot (right panel) showing Treg function as 
determined by the inhibition of Teff proliferation for 9 HC and 9 wAIHA patients. The PI of stimulated Teff alone is used as refer-
ence. P values derived from Mann-Whitney test. Median with 1st and 3rd quartiles are depicted on graphs. PBMC: peripheral blood 
mononucelar cells; FACS: fluorescence-activated cell sorting; RNAseq: RNA sequencing; NS: not significant.
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Figure 2. Warm autoimmune hemolytic anemia is associated with a Th17 polarization. (A) Scatter dot plots of interferon (IFN)-γ, 
interleukin (IL)-4 and IL-17 concentrations measured in supernatants of 4-day culture of CD4 T cells stimulated by anti-CD2/CD3/
CD28 microbeads (healthy controls [HC] N=9; warm autoimmune hemolytic anemia [wAIHA] N=9; upper panel). Line plots with 
histograms showing the concentration of IL-17 measured in culture supernatants of effector T cells (Teff) activated or not with 
microbeads, with or without regulatory T cells (Treg) (Teff/Treg ratio:2/1; lower panel). (B) Scatter dot plots of serum IL-17A con-
centrations measured in 20 wAIHA patients and 26 HC. (C) Scatter dot plots showing the balance between pro- and anti-inflam-
matory immune responses as represented by Th1/Treg, Th2/Treg and Th17/Treg ratios (HC N=23; wAIHA N=20). P values derived 
from Mann-Whitney test, Wilcoxon signed-rank as appropriate. (D) Correlation between serum IL-17 concentration and red blood 
cell (RBC) destruction markers (lactate dehydrogenase [LDH] and bilirubin), hemoglobin and reticulocyte count. Spearman’s rank 
correlation coefficient (R) and P value are depicted. Line represents linear regression. ND: not detected; NS: not significant.

A

B C

D



Haematologica | 109 February 2024

450

ARTICLE - T-cell dysregulation in warm AIHA  M. Ciudad et al.

Post-translational mechanisms may downregulate 
Foxp3 expression in Treg
The maintenance of Foxp3 protein expression is crucial to 
ensure a stable pool of functional Treg and depends on 
multiple mechanisms such as transcriptional, translational 
and post-translational regulation.35 The fact that FOXP3 
transcripts were increased during wAIHA while Foxp3 pro-
tein was diminished suggested translational or post-trans-
lational regulatory dysfunctions rather than transcrip-
tional alterations. We thus investigated post-translational 
mechanisms known to regulate Foxp3 protein expression 
or function. We observed a higher transcription of genes 
coding for Pim-2, a protein involved in Foxp3 phospho-
rylation, for HDAC7, responsible for Foxp3 deacetylation, 
but also an increase in DBC1 and caspase 8, previously 
reported to degrade Foxp3 in an inflammatory environment 
(Online Supplementary Table S5).35 Suggesting a role for 
TNF-α in these post-translational regulatory mechanisms 
of Foxp3, TNF index positively correlated with these dif-
ferent transcripts, while negatively associated with Foxp3 
protein expression and circulating Treg frequency (Online 
Supplementary Figure S4).

In vitro, the Syk inhibitor fostamatinib decreased both 
the phagocytosis of red blood cells and the production 
of TNF-αα by monocytes
TNF-α has been targeted in clinical practice for years, no-
tably in rheumatoid arthritis, in which anti-TNF monoclonal 
antibodies were shown to restore Treg functions.36 Con-
sidering that during wAIHA monocytes and macrophages 
that are activated after phagocytosis of RBC represent an 
important source of TNF-α,37,38 what we confirmed in vitro 
(Online Supplementary Figure S5), and that the spleen ty-
rosine kinase SYK participates to the downstream signaling 
of the Fc portion of immunoglobulin G receptor (FcγR), we 
investigated the effects of fostamatinib, on monocyte func-
tions in vitro, as it showed promising results in wAIHA.39 As 
SYK also participates to the production of TNF-α by mono-
cytes,40,41 its inhibition could have a dual interest in wAIHA. 
As expected, R406, the active metabolite of fostamatinib, 
dramatically decreased phagocytosis of RBC coated with 
anti-GPA antibody (mean of 58.8% vs. 5.6% of monocytes; 
P=0.03; Figure 5A). Interestingly, the production of TNF-α 
induced by heme and either by anti-GPA-coated RBC or RBC 
obtained from a patient with active wAIHA were profoundly 
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Continued on following page.
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Figure 3. Transcriptomic profiling of Treg showing T-cell receptor activation and the engagement of transcriptional and trans-
lational processes. (A) Volcano plot (fold change vs. P value) displaying the transcriptomes of regulatory T cells (Treg) from patients 
with warm autoimmune hemolytic anemia (wAIHA) compared to healthy controls (HC). Genes that are part of the Treg signature 
are highlighted in red and blue when their expression is increased or decreased in wAIHA, respectively. P values derived from X2 
test. (B) Heat map showing Treg genes that are differentially expressed between HC (N=4) and wAIHA patients (N=4). The relative 
gene expression (ζ-score) is represented by color gradient (decreased expression in blue and increased in red). Four of the key 
terms predicted by gene ontology analysis are annotated along with the main genes implicated. (C) T-cell receptor (TCR) signal-
ing pathway evaluated by gene ontology analysis. P value is shown (upper panel) with the heat map of differentially expressed 
genes (lower panel). (D) Radar chart showing the average expression of transcripts of Treg effector molecules (HC N=4; wAIHA 
N=4). (E) Heat map showing the relative expression of transcripts used for the identification of ROR-γ+ Treg between HC (N=4) 
and wAIHA patients (N=4). The relative gene expression (ζ-score) is depicted by color gradient of blue (downregulated) and red 
(upregulated). *P<0.05.

C D

E

Table 2. Expression of genes coding for TNFR pathway effectors involved in Treg function.

Effectors Genes
Average expression

HC wAIHA Fold change P

TNFR1 TNFRSF1A 49 37 0.78 0.117

TNFR2 TNFRSF1B 103 138 1.34 0.023

NF-kB NFKB2 66 97 1.34 0.041

RelB RELB 26 50 1.47 0.074

DBC1 CCAR2 61 81 1.33 0.030

PP1 PPP1CA 24 40 1.44 0.032

TNFR: tumor necrosis factor receptor; Treg: regulatory T cell; wAIHA: warm autoimmune hemolytic anemia; HC: healthy controls.
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Figure 4. TNF-αα signaling engagement correlates with Treg dysfunctions. (A) Tumor necrosis factor (TNF)-mediated signaling 
pathway was evaluated by gene ontology analysis. P value is shown (upper panel) with heat map (lower panel) showing the rela-
tive expression of genes (ζ-score) between healthy controls (HC) (N=4) and warm autoimmune hemolytic anemia (wAIHA) patients 
(N=4), depicted by color gradient of blue (downregulated) and red (upregulated). (B) Scatter dot plots of TNF-α concentration 
measured in sera from HC (N=26) and wAIHA patients (N=20). P values derived from Mann-Whitney test. (C) The activation of the 
TNF pathway is represented as TNF index, calculated by averaging the normalized expression of TNF-associated genes differen-
tially expressed in regulatory T cells (Treg). Correlation of the TNF index with Treg frequency (upper panel) and Fr.II/effector Treg 
(eTreg) frequency (lower panel) among circulating CD4 T cells from HC (grey diamonds, N=3) and wAIHA patients (red triangles, 
N=4). P and R values derived from Spearman correlation analysis. (D) Nuclear Foxp3 protein expression assessed by the mean 
fluorescence intensity (MFI) measured by flow cytometry in circulating Treg from HC (N=24) and wAIHA patients (N=15). Repre-
sentative histogram of nuclear expression (left panel). Scatter dot plots of Foxp3 MFI among circulating Treg (right panel). (E) 
Correlation between TNF index and Foxp3 MFI in circulating Treg (HC N=3; wAIHA N=4). P and R values derived from Spearman 
correlation analysis. (F) Box-and-whiskers plots of normalized expression of FOXP3 transcripts in Treg (HC N=4; wAIHA N=4). P 
values derived from Mann-Whitney test. NS: not significant.
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inhibited (mean of 60.3 vs. 3.1-fold change compared to 
unstimulated monocytes; P=0.03; 90 vs. 19.7-fold change; 
P=0.005; and 35.6 vs. 3.3-fold changes; P=0.01 respectively; 
Figure 5B).

Discussion

Conversely to ITP, the most frequent autoimmune cytopenia, 
in which a decrease in Treg has been clearly demonstrat-
ed,11,12 the literature is scarce in human wAIHA. We here 
confirmed that the frequency of circulating Treg in human 
wAIHA was reduced,16 and specified that eTreg, the subset 
with the most intense inhibitory activity,21 was mostly af-
fected as represented by its two-times lower frequency. We 
also provide the first functional evaluation of Treg in wAIHA 
and observed altered functions characterized by a reduced 
inhibition of Teff proliferation and by the promotion of IL-17 
secretion. A dysfunction of Treg has been implicated in the 
occurrence and the maintenance of multiple autoimmune 
diseases,10,13 although the underlying mechanisms are still 
puzzling. In wAIHA, we observed that Treg dysfunctions 
were associated with a decreased expression of the major 
transcription factor Foxp3, that is critical for Treg survival 
and the maintenance of their inhibitory functions,31,42 but 
also to prevent their conversion toward Teff.43 The lower 
level of the transcription factor Helios, which associates with 
Foxp3 and enhances Treg functions, might also participate 
in these Treg dysfunctions. In order to clarify the processes 
involved in the diminution of Foxp3 during wAIHA, we used 
transcriptomic analysis to assess the mechanisms that 
have been described so far as key regulators of Foxp3,35 
and observed higher transcription of genes involved in 
Foxp3 phosphorylation or deacetylation, such as Pim2 and 
HDAC7. The transcripts of DBC1 and caspase 8, previously 
reported to degrade Foxp3 in an inflammatory environment 
were also increased.29 In order to formally demonstrate 
their involvement in the downregulation of Foxp3 during 
wAIHA, a specific assessment of Foxp3 phosphorylation 
and acetylation would be of interest.
Until recently, TNF-α was not known to be increased in 
wAIHA and had even been found diminished.44 However, 
when measured in the active phase of the disease and prior 
to the initiation of any treatment, as done in our study and 
in a recent report,45 the concentration of TNF-α is twice 
as high than in controls. In vitro, we observed that in con-
ditions mimicking wAIHA, monocytes were the main cells 
producing TNF-α. As previous studies showed that TNF-α 
could alter Treg functions28,36,46,47 and downmodulate Foxp3 
expression,32 we investigated the potential link between 
TNF-α and Foxp3. Indeed, the more the TNF-α signaling 
pathway was engaged in Treg, the lower the number of cir-
culating Treg was and the more the level of Foxp3 protein 
expression was reduced, highly suggesting a pivotal role 
of TNF-α in Treg dysregulation in wAIHA. However, these 

results appeared controversial, as it is increasingly recog-
nized that TNF-α, by its binding to TNFR2, has a positive 
effect on Treg, as represented by the increased expression 
of CD25 and Foxp3, their expansion and the fostering of 
their inhibitory properties.27,48 However, all these conclusions 
were drawn from studies using Treg from healthy subjects. 
Moreover, the presence of other cytokines such as IL-2 were 
required to allow TFN-α to increase Foxp3 expression, the 
generation of Treg and to foster their inhibiting functions.48 
Conversely, a study performed on Treg obtained under in-
flammatory conditions from synovial fluid during juvenile 
arthritis showed an increase in TNFR2 expression and a 
decrease in Treg immunosuppressive functions, similarly21 
to our results. In the same way, in the presence of TNF-α, 
a reduction of suppressive functions from Treg obtained 
from rheumatoid arthritis patients was also observed.46 On 
the other hand, TNF blockade restores Treg suppressive 
functions28 in rheumatoid arthritis36,46 and enables the ex-
pansion of Treg in ITP.47 In wAIHA, although we observed an 
overexpression of TNFRII transcripts and an activation of the 
NF-κB pathway, as reflected by the increase in RELB and 
NFKB2 transcripts, in accordance with previous reports,26,28 
our functional assay clearly demonstrated a Treg dysfunc-
tion. Thus, while TNF-α promotes the functions of Treg from 
healthy donors in vitro,48 during wAIHA, there is both a func-
tional and quantitative deficit of Treg. Moreover, this deficit 
is associated with a decrease in Foxp3 expression which 
could result from post-translational regulation mechanisms 
that correlate with TNF-α pathway engagement. Notably, 
our results are supported by a previous study showing that 
the regulation by DBC1, a protein binding Foxp3 and leading 
to its degradation in a caspase 8-dependent mechanism 
can be initiated in an inflammatory environment, i.e., in the 
presence of IL-6 or TNF-α.29 
In a mouse model of AIHA, Treg deficiency was not suffi-
cient for disease initiation.15 In humans, it is impossible to 
determine whether Treg dysfunction precedes the onset of 
the disease and promotes it, or whether this deficit merely 
sustains the disease. However, our data suggest that during 
wAIHA, the Treg deficit at least perpetuates the autoim-
mune response, as suggested by the trend to an increased 
production of IL-17 when Teff are cocultured with Treg. 
Moreover, hemolysis by itself could indirectly maintain Treg 
deficiency, as supported by the negative correlation between 
Foxp3 expression or Treg frequency and TNF-index, while 
the production of TNF-α by monocytes is increased in vitro 
in the presence of either IgG-opsonized RBC or heme. As 
the release of heme from RBC can activate Toll-like recep-
tor (TLR)-4 and induces TNF-α secretion by macrophages 
through a mechanism involving the adaptor protein SYK,40,41 
we investigated the effect of the SYK inhibitor fostamatinib, 
on monocytes in conditions mimicking wAIHA. The primary 
mechanism of action of fostamatinib is the inhibition of 
FcγR signaling pathway and thus phagocytosis of autoan-
tibody-recognized RBC,39 what we confirmed in vitro. We 
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also observed a profound diminution of TNF-α production 
by monocytes in the presence of fostamatinib. Whether 
neutrophils, that are stimulated by TNF-α and are involved 
in RBC phagocytosis during wAIHA,38 also participate in 
the increase in TNF-α remains to be determined. Howev-
er, previous publications have reported that neutrophils 
produce only little amount of TNF-α in humans.49,50 Finally, 
fostamatinib, with a response rate observed in nearly half 
of wAIHA patients in a phase I/II clinical trial, may play a 
broader action than previously thought, by acting on multiple 
pathways of wAIHA pathogenesis. These multiple effects 
could confer to fostamatinib both a short-term effect by 
reducing RBC phagocytosis and possibly the production 
of anti-RBC antibodies,39,51 but also a long-term effect, by 
restoring the immune tolerance mediated by Treg, which 
could allow its discontinuation overtime.
The interest of our study also relies on the concomitant 
evaluation of the anti-inflammatory and the pro-inflamma-
tory responses, as an imbalance is frequent in autoimmune 
diseases. T-cell polarization in wAIHA was not formally es-
tablished in humans and was successively related to Th2 
polarization,6 then Th17 and finally Th17.8,9 Our results firmly 
support the latter as evidenced by the increase in IL-17 
concentration in serum and the imbalance of the Th17/Treg 
ratio, while Th1/Treg and Th2/Treg ratios were unaffected. 
However, although blood samples were taken before any 
treatment was started, serum IL-17 concentrations or its 
production by Teff was highly variable from one patient to 
another, resulting in overlapping results with controls. Thus, 
the involvement of pathophysiological mechanisms differing 
from one patient to another, as is the case in ITP notably,52 
cannot be ruled out. However, the positive correlation be-
tween IL-17 concentration and hemolysis parameters such 
as LDH and bilirubin strongly supports a link between RBC 
destruction and Th17 polarization. There was also a trend 
to an increase in IL-17 secretion in co-culture of Teff and 
Treg from wAIHA conversely to healthy donors, suggesting 
that in addition to the loss of their inhibitory functions, 
Treg could promote Th17 polarization. 
Taken altogether, our results show that in wAIHA, Treg 
harbor both quantitative and functional dysfunctions that 
cannot counteract the pro-inflammatory Th17 polariza-
tion of Teff, with a production of IL-17 that correlates with 
the intensity of RBC destruction. These Treg defects are 
associated with a downmodulation of Foxp3 expression 

that could be driven by post-translational mechanisms 
such as deacetylation and phosphorylation of Foxp3, and 
also involved DBC1 and caspase 8. The activation of these 
mechanisms positively correlates with the engagement of 
the TNF-α pathway in Treg, whose serum concentration 
is increased. Targeting TNF-α could be a novel approach 
complementary to current treatments to restore immune 
tolerance in wAIHA. Along this line, fostamatinib could be 
a promising treatment as it reduces both the production 
of TNF-α and the phagocytosis of RBC by monocytes.
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