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Abstract
Hypoxia-inducible factor (HIF) prolyl-hydroxylase inhibitors are currently used for the treatment of renal anemia. Since 
HIF affects immune cells, we evaluated the effect of such a drug, the roxadustat, on adaptive immunity. Cell proliferation 
was assessed in a two-way mixed lymphocyte reaction (MLR) with BrdU assay. In CD4+ T cells isolated from the two-way 
MLRs, western blotting was performed to detect the impact of roxadustat on HIF-1α and HIF-2α, the apoptotic marker 
cleaved caspase-3, and the master transcription factors of CD4+ T cells differentiation towards Th1, Th2, Th17, Treg and 
Tfh subsets. The signature cytokines of the above CD4+ T-cell subsets IFN-γ, IL-4, IL-17, IL-10, and IL-21 were measured 
in the supernatants. For assessing humoral immunity, we developed a suitable antibody-mediated complement-dependent 
cytotoxicity assay. Roxadustat stabilized HIF-1α and HIF-2α, suppressed cell proliferation, inhibited CD4+ T-cell differ-
entiation into Th1 and Th17 subsets, while it favored differentiation towards Th2, Treg and Tfh. Roxadustat suppressed 
humoral immunity too. These immunosuppressive properties of roxadustat indicate that the recently introduced HIF prolyl-
hydroxylase inhibitors in medical therapeutics may render the patients vulnerable to infections. This possibility should be 
further evaluated in clinical trials.
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Introduction

Hypoxia-inducible factor (HIF) prolyl-hydroxylases (PH) 
inhibitors are a new class of drugs currently tested for the 
treatment of anemia in patients with chronic kidney disease 
(Gupta and Wish 2017). Roxadustat is a HIF-PH inhibitor, 
which has already completed the related phase III clinical 
trials and been approved for clinical use in China and Japan 
(Akizawa et al. 2020; Chen et al. 2019). By inhibiting PH, 
this class of drugs prevents HIF-2α hydroxylation and its 
subsequent E3 ubiquitin ligase Von Hippel–Lindau (VHL)-
mediated ubiquitination and proteasomal degradation. The 
accumulated ΗIF-2α increases erythropoietin production 
(Gupta and Wish 2017). Also, HIF-PH inhibitors enhance 

HIF-1α level altering the expression of specific iron han-
dling proteins, improving iron metabolism, and eventually, 
favoring erythropoiesis (Eleftheriadis et al. 2016a; Gupta 
and Wish 2017).

Besides genes implicated in erythropoiesis, HIF-1α 
and HIF-2α directly or indirectly affect the expression of 
many other genes involved, among others, in angiogenesis, 
cell metabolism, vasodilation, oxygen sensing, acid–base 
homeostasis and autophagy (Brahimi-Horn and Pouyssegur 
2009; Choudhry and Harris 2018). Thus, the administra-
tion of PH inhibitors for the treatment of renal anemia may 
also alter the expression of other irrelevant to erythropoiesis 
genes raising concerns about possible side-effects. The pos-
sible overexpression of vascular endothelial growth factor 
A (VEGF-A), which is shown to enhance tumorigenesis or 
metastasis, is such a concern, and the performed clinical 
studies were too short term to exclude this possibility. How-
ever, PH inhibitors have not been found to increase circulat-
ing VEGF-A level in clinical studies (Brigandi et al. 2016; 
Holdstock et al. 2016), and animal studies support the safety 
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of PH inhibitors as regards to oncogenesis and metastasis 
(Beck et al. 2017; Seeley et al. 2017).

Another aspect that has not been adequately studied is the 
effect of PH inhibitors on the adaptive immune response. 
Upon T-cell activation, the mammalian target of rapamy-
cin complex 1 (mTORC1) increases HIF-1α level, even in 
the absence of hypoxia. HIF-1α alters T-cell function by 
affecting metabolism, proliferation, apoptosis, and differen-
tiation towards various subtypes (Tao et al. 2015). Addition-
ally, HIF-1α affects B-cell function directly and indirectly 
through its effect on helper T (Th) cells (Burrows and Max-
well 2017).

This study aimed to evaluate the effect of the PH inhibi-
tor roxadustat on human adaptive immunity. Lymphocyte 
proliferation and differentiation of CD4+ T cells into vari-
ous subsets were assessed in the well-established model of 
two-way mixed lymphocyte reaction (MLR) (Lindemann 
2014; Sato et al. 1999). For evaluating humoral immunity, 
we developed a suitable antibody-mediated complement-
dependent cytotoxicity (CDC) assay-based protocol (Pissas 
and Eleftheriadis 2019).

Materials and Methods

Subjects

Ten healthy volunteers (33.6 ± 5.3 years old) enrolled in the 
study. Every volunteer had a free medical history, without 
any symptom, and physical examination and routine labo-
ratory tests were normal. To exclude any pre-sensitization 
event, all subjects were males and without a history of blood 
transfusion, considering that pregnancy, blood transfusion, 
or previous transplantation may induce allo-sensitization 
(Hricik 2015). A written informed consent was obtained 
from each enrolled individual enrolled, and an official 
approval was received from the Ethics Committee of the 
Faculty of Medicine, University of Thessaly, Larissa, Greece 
(58/10–2-2017).

PBMCs Isolation and Culture

Blood was obtained via venipuncture, and peripheral 
blood mononuclear cells (PBMCs) were isolated by Ficoll-
Hypaque density gradient centrifugation (Histopaque-1077; 
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). 
Isolated PBMCs were counted on a Neubauer chamber by 
inverse optical microscopy, and cell viability was assessed 
by trypan blue exclusion assay (Sigma-Aldrich; Merck 
Millipore). RPMI-1640 medium, with l-glutamine, and 
10 mM HEPES (Sigma-Aldrich; Merck Millipore), and 
supplemented with 10% fetal bovine serum (Sigma-Aldrich; 
Merck Millipore) and antibiotic–antimycotic solution 

(Sigma-Aldrich; Merck Millipore) was used as culture 
medium. Cell cultures were performed at 37 °C in a humidi-
fied atmosphere (95%) and 5% CO2.

Cytotoxicity Assay

For assessing the cytotoxicity of roxadustat, 1 × 105 resting 
PBMCs were cultured in 96-well plates for 7 days in the 
presence or not of roxadustat (Selleck Chemicals, Munich, 
Germany) at a concentration of 1, 5, 10 or 15 μg/mL. Roxa-
dustat was dissolved in dimethyl sulfoxide (DMSO). An 
equal volume of DMSO was added in each well. Cytotoxic-
ity was assessed by lactate dehydrogenase (LDH) release 
assay using the Cytotox Non-Radioactive Cytotoxic Assay 
kit (Promega Corporation, Madison, WI) according to the 
manufacturer’s protocol and calculated by the equation Cyto-
toxicity (%) = (LDH in the supernatant: Total LDH) × 100. 
Ten independent experiments were performed, each one 
in triplicates. For the rest experiments of the study, the 
non-toxic roxadustat concentration of 5 μg/mL was used. 
Although this concentration corresponds to half of the serum 
Cmax achieved after a single oral dose of 100 mg roxadus-
tat (Groenendaal-van de Meent et al. 2016; Shibata et al. 
2018), the unbound fraction of the drug used in the experi-
ments was considerably higher than the respective fraction 
in the serum since the albumin concentration in the culture 
medium was significantly lower than in the serum.

Two‑Way MLRs and Cell Proliferation

Adaptive immunity was evaluated by assessing cell pro-
liferation in the well-established model of two-way MLR 
(Lindemann 2014; Sato et al. 1999). Two-way MLRs were 
performed in 96-well plates for 7 days in the presence or not 
of 5 μg/mL roxadustat. Roxadustat was dissolved in DMSO. 
An equal volume of DMSO was added as a vesicle control, 
whenever roxadustat was absent. The number of PBMCs 
from each member of the MLR couple was 5 × 104, summing 
up to a total of 1 × 105 PBMCs per well. Resting PBMCs 
cultured at a number of 1 × 105 per well were used as con-
trols. At the end of the 7-day period, cell proliferation was 
assessed by Cell Proliferation ELISA (Roche Diagnostics, 
Indianapolis, IN, USA) using bromodeoxyuridine (BrdU) 
labeling and immunoenzymatic detection according to the 
protocol provided by the manufacturer. In this assay, BrdU 
is incorporated in the replicated DNA of proliferating cells, 
and the amount of the incorporated BrdU assessed immu-
noenzymatically using anti-BrdU antibodies corresponds to 
the degree of proliferation (Huong et al. 1991; Muul et al. 
2011). The proliferation index was calculated according to 
the equation Proliferation index = optical density derived 
from each MLR: the optical density of the control. Accord-
ing to the BrdU assay protocol provided by the manufacturer, 
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the control in a two-way MLR corresponds to the mean of 
the optical densities derived from the resting PBMCs cul-
tures of the two subjects that constituted the specific MLR 
(Muul et al. 2011). Ten independent MLRs were performed, 
each one in triplicates.

Isolation of CD4+ T Cells from Two‑Way MLRs 
and Assessment of the Proteins of Interest

The impact of roxadustat on CD4+ T-cell apoptosis, as well 
as on CD4+ T-cell differentiation towards various effec-
tor subtypes or regulatory T cells (Tregs) was evaluated in 
CD4+ T-cell isolated from two-way MLRs.

Two-way MLRs were performed in 24-well plates for 
7 days in the presence or not of 5 μg/mL roxadustat. Roxa-
dustat was dissolved in DMSO. An equal volume of DMSO 
was added as a vesicle control, whenever roxadustat was 
absent. The number of PBMCs from each member of the 
MLR couple was 5 × 105, summing up to a total of 1 × 106 
PBMCs per well. At the end of the 7-day period, CD4+ T 
cells were isolated from the two-way MLRs by negative 
selection using the CD4+ T-Cell Isolation Kit, Human 
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). 
Flow cytometry revealed that the mean purity of isolated 
CD4+ T cells was equal to 97%. Isolated CD4+ T cells were 
counted on a Neubauer chamber by inverse optical micros-
copy, and cell viability was determined by trypan blue exclu-
sion assay.

Equal numbers of CD4+ T cells were lysed using the 
T-PER tissue protein extraction reagent (Thermo Fisher 
Scientific Inc., Rockford, IL, USA) supplemented with pro-
tease and phosphatase inhibitors (Sigma-Aldrich; Merck 
Millipore and Roche Diagnostics, respectively). Bradford 
assay (Sigma-Aldrich; Merck Millipore) was used for pro-
tein quantification, and 10 μg from each sample were loaded 
for western blotting. Blots were incubated with the primary 
antibody for 16 h, and then for 30 min with the secondary 
antibody. In the case of reprobing polyvinylidene fluoride 
blots, the Restore Western Blot Stripping Buffer (Thermo 
Fisher Scientific Inc.) was applied. The Image J software 
(National Institute of Health, Bethesda, MD, USA) was used 
for analyzing the western blots.

The primary antibodies used in western blotting were 
specific against HIF-1α (dilution 1:500, cat. no. 3716; 
Cell Signaling Technology, Danvers, MA, USA), HIF-2α 
(dilution 1:500, cat. no. 7096; Cell Signaling Technol-
ogy), cleaved caspase-3 (dilution 1:1000, cat. no. 9664; 
Cell Signaling Technology), T-box transcription factor 
TBX21 (T-bet; dilution 1:500, cat. no. 13232; Cell Signal-
ing Technology), trans-acting T-cell-specific transcription 
factor GATA-3 (GATA-3; dilution 1:500, cat. no. 5852; 
Cell Signaling Technology), retinoic acid receptor-related 
orphan receptor-γt (RORγt; dilution 1:500, cat. no. orb6888; 

Biorbyt, Cambridge, UK), Forkhead box P3 (FoxP3; dilu-
tion 1:500, cat. no. 5298; Cell Signaling Technology), 
B-cell lymphoma 6 protein (Bcl-6; dilution 1:500, cat. no. 
E-AB-15965; Elabscience, Houston, TX), and β-actin (dilu-
tion 1:5000, cat. no. 4967; Cell Signaling Technology). An 
anti-rabbit IgG, HRP-linked antibody (cat. no. 7074; Cell 
Signaling Technology) was used as the secondary antibody.

Cytokines in the Supernatants of Two‑Way MLRs

Two-way MLRs were performed in 24-well plates for 7 days 
in the presence or not of 5 μg/mL roxadustat. Roxadustat was 
dissolved in DMSO. An equal volume of DMSO was added 
as a vesicle control, whenever roxadustat was absent. The 
number of PBMCs from each member of the MLR couple 
was 5 × 105, summing up to a total of 1 × 106 PBMCs per 
well. At the end of the 7-day period, supernatants were col-
lected and stored at − 80 °C. Ten independent MLRs were 
performed. The signature cytokines of the Th1, Th2, Th17 
cells, Treg, and follicular helper T (Tfh) cells were measured 
in the supernatants with ELISA.

For this purpose, the Human IFN-γ Quantikine ELISA 
Kit (sensitivity less than 8 pg/mL, R&D Systems, Minne-
apolis, MN, USA), the Human IL-4 Quantikine ELISA Kit 
(sensitivity less than 10 pg/mL, R&D Systems), the Human 
IL-17 Quantikine ELISA Kit (sensitivity less than 15 pg/
mL, R&D Systems), the Human IL-10 Quantikine ELISA 
Kit (sensitivity less than 3.9 pg/mL, R&D Systems), and the 
Human IL-21 ELISA kit (sensitivity 0.78 pg/mL, Biorbyt, 
Cambridge, UK) were used.

One‑Way MLRs and Assessment of Humoral 
Immunity

We developed a protocol for assessing the effect of roxa-
dustat on humoral immunity. The time span of 1 week that 
an MLR lasts is proven sufficient for antibody production 
(Rumke et al. 1982). Supernatants from one-way MLRs con-
tain antibodies produced by the responder PBMCs against 
the stimulator PBMCs. These supernatants were used in 
antibody-mediated CDC assay against resting target PBMCs 
of the same origin as those used as stimulator cells in the 
respective one-way MLRs. We validated this protocol in pre-
vious studies (Eleftheriadis et al. 2017a, b, c).

In one-way MLRs, mitomycin C-treated PBMCs (Sigma 
Aldrich; Merck Millipore) were used as stimulator cells. 
For the mitomycin C treatment, PBMCs were incubated 
with 50 μg/mL mitomycin C for 30 min at 37 °C and then 
washed three times with complete RPMI-1640. One-way 
MLRs were performed in 24-well plates. To the 5 × 105 
stimulator cells, 5 × 105 PBMCs from another individual 
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were added as responder cells. One-way MLRs lasted 
for 7 days in the presence or not of 5 μg/mL roxadustat. 
Roxadustat was dissolved in DMSO. An equal volume of 
DMSO was added as a vesicle control, whenever roxadus-
tat was absent. At the end of the 7-day period, superna-
tants containing the antibodies produced by the responder 
PMBCs against the stimulator mitomycin C-treated 
PBMCs were collected. Ten independent one-way MLRs 
were performed.

In parallel with the one-way MLRs, resting untreated 
PBMCs were cultured in six-well plates. Once the one-way 
MLRs were over, the resting PBMCs of the same origin 
as those used as stimulator cells in one-way MLRs were 
counted and plated in 96-well plates at a number of 5 × 104 
and in a volume of 50 μL to serve as target cells in an 
antibody-mediated CDC assay. A volume of 50 μL from 
each supernatant per respective one-way MLR was added 
into the 96-well plates already seeded with the resting 
target PBMCs. The plates were incubated for 30 min on 
ice. Then, 11 μL of rabbit complement (Low-Tox-H rabbit 
complement, Cedarlane Corporation, Burlington, Ontario, 
Canada) were added to each well, and the 96-well plates 
were incubated for another 2 h at 37 °C. As a control, 50 
μL of complete RPMI-1640 instead of the one-way MLR 
supernatant were added to resting target PBMCs, and after 
incubation for 30 min on ice, 11 μL of rabbit complement 
was added for another 2 h incubation at 37 °C.

The TACS XTT assay kit (Trevigen, Gaithersburg, MD, 
USA) was used for assessing the survival of the target 
PBMCs according to the manufacturer’s protocol. Target 
cells were incubated with the XTT reagent for 1 h, and 
cell survival was calculated by the equation Cell survival 
(%) = (XTT assay OD of the control / XTT assay OD of 
the evaluated condition) × 100. Since ten independent one-
way MLRs were performed, ten antibody-mediated CDC 
experiments were performed as well, each one of the latter 
in triplicates.

Statistical Analysis

Statistical analysis was performed with the IBM SPSS Sta-
tistics for Windows, version 20 (IBM Corp., Armonk, NY, 
USA). One sample Kolmogorov–Smirnov test confirmed 
the normality of the evaluated variables. For comparison 
of means, paired t test was used. Whenever more than two 
groups were compared, the repeated-measures ANOVA 
followed by Bonferroni’s correction test was used. Results 
were expressed and depicted as mean ± standard error of 
mean (SEM), and p < 0.05 was considered as statistically 
significant. For the reader’s convenience, most of the 
results were presented after normalization of means for 
the control group of untreated cells.

Results

Cytotoxicity of Roxadustat in Resting PBMCs

Cytotoxicity of roxadustat on resting PMBCs was tested 
first. LDH-release assay revealed that treatment of resting 
PBMCs for 1 week with roxadustat at concentrations of 1, 
5 or 10 μg/mL was not toxic. However, at the concentration 
of 15 μg/mL, roxadustat was toxic (Fig. 1). We selected the 
non-toxic concentration of 5 μg/mL roxadustat for the rest 
experiments. This concentration corresponds to approxi-
mately half of the Cmax observed after the administration 
of a single 100 mg oral dose of roxadustat (Groenendaal-
van de Meent et al. 2016; Shibata et al. 2018). However, 
because cell culture medium albumin is lower than in the 
serum, the used unbound fraction of roxadustat was con-
siderably higher than that observed in pharmacokinetic 
studies.

The Effect of Roxadustat on the Level of HIF‑1α 
and HIF‑2α in CD4+ T Cells Isolated from Two‑Way 
MLRs

To verify the expected pharmacodynamic effect of roxadus-
tat, CD4+ T-cell were isolated from two-way MLRs. Indeed, 
western blotting confirmed that roxadustat increases the lev-
els of HIF-1α and HIF-2α in CD4+ T cells significantly, by 
a factor of 2.5 and 1.8, respectively (Fig. 2).

Fig. 1   Cytotoxicity of roxadustat in resting PBMCs. LDH release 
assay showed that roxadustat at concentrations of 1, 5, or 10 μg/mL 
is not cytotoxic for resting PBMCs. On the contrary, 15 μg/mL roxa-
dustat proved to be cytotoxic. Ten independent experiments were 
performed, each one in triplicates. Error bars correspond to the SEM, 
and asterisk to a p < 0.001 compared to all the other conditions
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The Effect of Roxadustat on Cell Proliferation 
in Two‑Way MLRs, and Apoptosis in CD4+ T Cells 
Isolated from the Two‑Way MLRs

Experiments in two-way MLRs showed that roxadustat sig-
nificantly suppresses cell proliferation. Since clonal expan-
sion follows antigen-specific lymphocyte stimulation (Abbas 
and Janeway 2000), this result indicates that roxadustat 
downregulates adaptive immunity. Compared to the control 
resting PBMCs, in MLRs, the proliferation index was about 
two times (2.04) higher. In contrast, the proliferation index 
in the roxadustat-treated MLRs was almost the same (1.03) 
as in control (Fig. 3a).

Cell apoptosis in CD4+ T cells isolated from two-way 
MLRs was evaluated by the level of activated cleaved cas-
pase-3 in which all the apoptotic pathways converge (Fadeel 
and Orrenius 2005). Roxadustat increased apoptosis in 
CD4+ T cells. Compared to the CD4+ T cells derived from 

untreated MLRs, the level of cleaved caspase-3 in CD4+ T 
cells isolated from roxadustat-treated MLRs was 1.6 times 
higher (Fig. 3b, c).

The Effect of Roxadustat on the Master Transcription 
Factors that Regulate CD4+ T‑Cell Differentiation 
towards Various Subsets

The effect of roxadustat on MLR-derived CD4+ T-cell dif-
ferentiation into various subsets was evaluated by the expres-
sion of the master transcription factors that control this pro-
cess (Fang and Zhu 2017; Saravia et al. 2019).

Compared to untreated cells, roxadustat decreased T-bet 
level, the master transcription factor of Th1, almost by half 
(0.47). On the contrary, CD4+ T cells isolated from roxa-
dustat-treated two-way MLRs exhibited an almost twofold 
(1.83) increase in GATA-3 expression, the master transcrip-
tion factor of Th2 (Fig. 4a, b).

Fig. 2   The effect of roxadus-
tat on the level of HIF1α and 
HIF2α in CD4+ T cells isolated 
from two-way MLRs. Ten 
independent two-way MLRs 
were performed in the presence 
or not of roxadustat (5 μg/
mL). After 1 week, CD4+ T 
cells were isolated, and western 
blotting was performed for 
assessing HIF-1α and HIF-2α 
levels. a Depicts the results 
from five out of the ten per-
formed experiments. As shown 
in (b), roxadustat increased both 
HIF-1α and HIF-2α. The error 
bars correspond to the SEM, 
and the asterisks to a p < 0.001 
compared to the untreated cells
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In CD4+ T cells derived from roxadustat-treated MLRs, 
the expression of RORγt, the master transcription factor of 
Th17, was reduced almost to the half (0.54) of the level 

detected in untreated cells. The effect of roxadustat on the 
expression of FoxP3, the master transcription factor of Treg 
was the opposite. Roxadustat nearly doubles (1.86) the 
FoxP3 levels (Fig. 4a, b).

Finally, the expression levels of the master regulator tran-
scription factor of Tfh, Bcl-6, were also examined. Indeed, in 
the context of CD4+ T cells derived from roxadustat-treated 
MLRs, the expression of the Bcl-6 transcription factor was 
more than twofold (2.27) higher than that detected in CD4+ 
T cells derived from untreated MLRs (Fig. 4a, b).

The Effect of Roxadustat on the Signature Cytokines 
of the CD4+ T‑Cell Subsets

In addition to the master transcription factors that regulate 
CD4+ T-cell differentiation into various subsets, the inter-
feron (IFN)-γ, interleukin (IL)-4, Il-17, IL-10, and IL-21, 
which are signature cytokines of the Th1, Th2, Th17, Treg, 
and Tfh subsets, respectively (Loo et al. 2018), were meas-
ured in the supernatants of the two-way MLRs.

Roxadustat reduced IFN-γ (58 ± 4.2  pg/mL vs. 
126.5 ± 5.7 pg/mL, p < 0.001) and IL-17 (114.3 ± 4.9 pg/
mL vs. 230.4 ± 9.8  pg/mL, p < 0.001) concentrations. 
On the contrary, roxadustat enhanced the level of IL-4 
(187.1 ± 4.1 pg/mL vs. 115.1 ± 7.3 pg/mL, p < 0.001) and 
IL-10 (133 ± 7.5 pg/mL vs. 63.8 ± 2 pg/mL, p < 0.001). The 
concentration of IL-21 remained unaffected by roxadustat 
treatment (99.6 ± 5.7 pg/mL vs. 93.3 ± 4.3 pg/mL, p not sig-
nificant) (Fig. 5).

The Effect of Roxadustat on the Humoral Immune 
Response

To assess humoral immunity, one-way MLR was set up. In 
one-way MLR, responder B cells, which is a fraction of the 
responder PBMCs, are differentiated into plasma cells and 
produce antibodies against the stimulator PBMCs (Rumke 
et al. 1982). Supernatants of these MLRs contained such 
antibodies and were used in an antibody-mediated CDC 
assay against resting target PMBCs of the same origin as 
the stimulator PBMCs of the respective MLRs.

In MLRs, the cellular immune response inevitably results 
in some degree of cell death (Sato et al. 1999), and con-
sequently, in the release of LDH. Since roxadustat alters 
the intensity of the MLRs and, therefore, the amount of 
the released LDH, we did not perform the cytotoxicity 
LDH release assay, but instead, we assessed cellular sur-
vival through the XTT assay. Supernatants from untreated 
MLRs decreased the survival of target PBMCs to 66% of the 
control (p < 0.001), whereas supernatants from roxadustat-
treated MLRs did not affect cell survival (113% of the con-
trol, p not significant) (Fig. 6). Thus, roxadustat inhibited 
antibody production.

Fig. 3   The effect of roxadustat on cell proliferation in two-way 
MLRs, and apoptosis in CD4+ T cells isolated from the two-way 
MLRs. Ten independent two-way MLRs were performed in 96-well 
plates in the presence or not of roxadustat (5  μg/mL), each one in 
triplicates. BrdU assay revealed that roxadustat decreased cell prolif-
eration significantly (a). Ten independent two-way MLRs were per-
formed in 24-well plates in the presence or not of roxadustat (5 μg/
mL). After 1 week, CD4+ T cells were isolated, and western blotting 
was performed for assessing the marker of cell apoptosis cleaved 
caspase-3. b Depicts the results from five out of the ten performed 
experiments. As shown in panel C, roxadustat increased the level of 
cleaved caspase-3. CC3 stands for cleaved caspase-3. The error bars 
correspond to the SEM, and the asterisk to a p < 0.001 compared to 
the untreated cells
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Discussion

Considering that HIF-1α affects lymphocyte metabolism, 
survival, proliferation, as well as CD4+ T-cell differentia-
tion towards different subsets (Burrows and Maxwell 2017; 
Tao et al. 2015), we evaluated the effect of roxadustat, a PH 
inhibitor currently used for the treatment of renal anemia 
(Akizawa et al. 2020; Chen et al. 2019), on the adaptive 
immunity.

Primary human PBMCs and roxadustat at the concen-
tration of 5 μg/mL were used. This concentration corre-
sponds to approximately half of the Cmax achieved after 
administration of a single oral dose of 100 mg roxadustat 
(Groenendaal-van de Meent et al. 2016; Shibata et al. 2018). 
However, as already noted, the unbound fraction of roxa-
dustat used in the experiments was significantly higher than 
the unbound fraction observed in pharmacokinetic studies. 
Notably, at the concentration of 5 μg/mL, roxadustat was 

Fig. 4   The effect of roxadustat 
on the master transcription fac-
tors that regulate CD4 + T-cell 
differentiation towards various 
subsets. Ten independent two-
way MLRs were performed in 
the presence or not of roxadus-
tat (5 μg/mL). After 1 week, 
CD4+ T cells were isolated and 
western blotting was performed 
for evaluating the expression of 
the master transcription factors 
T-bet, GATA-3, RORγt, FoxP3, 
and Bcl-6, that regulate CD4+ 
T-cell differentiation towards 
Th1, Th2, Th17, Treg, and Tfh 
subset, respectively. a Depicts 
the results from five out of the 
ten performed experiments. 
As shown in (b), roxadustat 
decreased the expression of 
T-bet and RORγt, whereas it 
increased the expression of 
GATA-3, FoxP3, and Bcl-6. 
The error bars correspond to 
the SEM, and the asterisks to 
a p < 0.001 compared to the 
untreated cells
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not toxic for resting PBMCs and increased both HIF-1α and 
HIF-2α levels in CD4+ T cells isolated from two-way MLRs.

In two-way MLRs, roxadustat decreased cell prolifera-
tion. Since clonal expansion follows antigen-specific lym-
phocyte stimulation (Abbas and Janeway 2000), this result 
indicates that roxadustat downregulates adaptive immunity. 
The observed increased CD4+ T-cell apoptosis may contrib-
ute to the above effect. It is known that HIF-1α can induce 
cell-death through various molecular pathways (Harris 
2002). Another possible explanation could be the differen-
tiation of CD4+ T cells into Treg since, in our study, HIF-1α 
stabilization increased the expression of FoxP3, the master 
transcription factor of Treg. Treg inhibit antigen-induced 
effector T-cell proliferation (Fang and Zhu 2017; Saravia 
et al. 2019). Finally, the effect of HIF-1α stabilization on 
cell metabolism cannot be ignored. HIF shifts cell metabo-
lism towards glycolysis instead of Krebs cycle and oxidative 
phosphorylation. Although the role of aerobic glycolysis in 
the proliferation of activated CD4+ T cells is emphasized 
by many investigators, oxidative phosphorylation is also 
necessary (Caro-Maldonado et al. 2012; Chang et al. 2013; 
Eleftheriadis et al. 2018; Roos and Loos 1973; Sena et al. 
2013; Wang and Green 2012; Yin et al. 2016). Interestingly, 
in two-way MLRs with human PBMCs, the aerobic glyco-
lysis inhibitor dichloroacetate does not affect cell prolifera-
tion, whereas the Krebs cycle inhibitor LW6 inhibits cell 
proliferation (Eleftheriadis et al. 2017b).

Regarding CD4+ T-cell differentiation towards various 
subsets, roxadustat had a profound effect, as it altered the 
expression of all the evaluated master transcription factors 
that determine the CD4+ T-cell subsets. The first discovered 
CD4+ T cells subsets were the Th1 and Th2 (Saravia et al. 
2019). Th1 by activating macrophages are responsible for 
the elimination of intracellular pathogens, whereas Th2 by 
activating eosinophils and mast cells and by inducing anti-
body class switching to IgE are responsible for immunity 
against extracellular parasites (Fang and Zhu 2017; Sara-
via et al. 2019). According to the initial Th1/Th2 paradigm 
(Romagnani 1997), CD4+ T-cell differentiation into Th1 
inhibits differentiation into Th2 and vice versa (Fang and 
Zhu 2017; Romagnani 1997; Saravia et al. 2019). In our 
model, roxadustat decreased T-bet, the master transcription 
factor of Th1 (Fang and Zhu 2017; Saravia et al. 2019), and 
in parallel, it increased GATA-3, the master transcription 
factor of Th2 (Fang and Zhu 2017; Saravia et al. 2019). In 
addition, roxadustat reduced IFN-γ but enhanced IL-4 level 
in the MLR supernatants, also supporting that roxadustat 
inhibits CD4+ T-cell differentiation into Th1 cells but pro-
motes differentiation into Th2 cells (Loo et al. 2018). Our 
results agree with studies showing that hypoxia and HIF 
stabilization in CD4+ T cells enhances Th2 and reduces Th1 
(Saini et al. 2010; Westendorf et al. 2017). Another possible 
explanation, not evaluated in the present study, may rely on 

Fig. 5   The effect of roxadustat on the signature cytokines of the 
CD4+ T-cell subsets. Ten independent two-way MLRs were per-
formed in the presence or not of roxadustat (5  μg/mL). After 1 
week, supernatants were collected, and the concentration signature 
cytokines for Th1, Th2, Th17, Treg, and Tfh, which are IFN-γ, IL4, 
IL-17, IL-10, and IL-21 respectively were measured with ELISA. 
Roxadustat decreased IFN-γ and IL-17 concentration, increased the 
level of IL-4 and IL-10, but left IL-21 unaffected. The error bars cor-
respond to the SEM, and the asterisks to a p < 0.001 compared to the 
untreated cells

Fig. 6   The effect of roxadustat on the humoral immune response. Ten 
independent one-way MLRs were performed in the presence or not 
of roxadustat (5  μg/mL). After 1week, supernatants were collected 
and used in an antibody-mediated CDC assay against resting target 
PBMCs of the same origin as the respective stimulator cells of the 
MLRs. XTT assay was used for assessing cell survival and revealed 
that contrary to supernatants from untreated MLRs, supernatants 
from roxadustat treated MLRs did not decrease cell survival, indicat-
ing that roxadustat suppresses humoral immunity. The error bars cor-
respond to the SEM, and the asterisk to a p < 0.001 compared to all 
the other conditions
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the effect of roxadustat on macrophages. Hypoxia and HIF 
stabilization favor macrophages differentiation towards M2 
instead of M1 phenotype (Leblond et al. 2015; Rahat et al. 
2011; Yang et al. 2010). M2 macrophages induce CD4+ 
T-cell differentiation into Th2, while M1 macrophages into 
Th1 (Biswas and Mantovani 2010).

Following the initial discovery of Th1 and Th2, the Treg 
and Th17 subsets were identified (Saravia et al. 2019). Th17 
recruit and activate neutrophils helping in the elimination 
of extracellular bacteria, while Treg suppress and regulate 
the adaptive immune response (Fang and Zhu 2017; Sara-
via et al. 2019). As with the Th1/Th2 paradigm (Romag-
nani 1997), the Th17/Treg paradigm supports that CD4+ 
T-cell differentiation into Th17 inhibits differentiation into 
Treg and vice versa (Fang and Zhu 2017; Jadidi-Niaragh 
and Mirshafiey 2012; Saravia et al. 2019). In our model, 
roxadustat decreased RORγt, the master transcription fac-
tor of Th17 (Fang and Zhu 2017; Saravia et al. 2019), and 
in parallel, increased FoxP3, the master transcription fac-
tor of Treg (Fang and Zhu 2017; Saravia et al. 2019). The 
fact that IL-17 concentration decreased, while IL-10 level 
increased in the supernatants from the roxadustat-treated 
MLRs, is in agreement with the alterations in the expres-
sion of RORγt and FoxP3, respectively (Loo et al. 2018). 
There is a discrepancy in the literature regarding the effect 
of HIF on Th17 and Treg differentiation, with some stud-
ies supporting that HIF1α stabilization increases Th17 and 
decreases Treg (Dang et al. 2011; Shi et al. 2011), and with 
other studies claiming the opposite (Ben-Shoshan et al. 
2008; Clambey et al. 2012). However, many of these stud-
ies performed in non-human murine T cells (Ben-Shoshan 
et al. 2008; Clambey et al. 2012; Dang et al. 2011; Shi et al. 
2011). Importantly, in those studies, in vitro experiments 
were performed in cultured isolated CD4+ T cells treated 
with certain T-cell subset skewing cytokines. Instead we 
used the MLR model. MLR partly mimics the in vivo situa-
tion since it allows the interaction of the various cells of the 
immune system and the de novo production of the cytokines 
required for CD4+ T-cell differentiation into various subsets 
(Eleftheriadis et al. 2016b; Lindemann 2014; Rumke et al. 
1982; Sato et al. 1999). Finally, in the cited studies, the vari-
ous methods used for affecting HIF1α level mostly involved 
genetic depletion of HIF-1α or VHL. Interestingly, a group 
that also used a PH inhibitor for stabilizing HIF-1α, drew 
the same conclusion as the present study, that HIF stabiliza-
tion favors CD4+ T-cell differentiation into Treg instead of 
Th17 (Clambey et al. 2012). Collectively and according to 
the Th1/Th2 and the Th17/Treg paradigms, roxadustat exerts 
mostly immunosuppressive effects as regards CD4+ T-cell 
differentiation.

Following the discovery of the Th1, Th2, Th17, and Treg 
subsets, another CD4+ T-cell subset was detected, the Tfh 
(Saravia et al. 2019). After differentiation into the lymph 

nodes, and contrary to the already mentioned CD4+ T-cell 
subsets, Tfh are not directed to the region of the inflamma-
tory response, but they migrate into the lymph node germi-
nal centers where they provide help to B cells to become 
antibody-secreted long-lived plasma cells or memory B cells 
(Fang and Zhu 2017; Saravia et al. 2019). There is a discrep-
ancy in the effect of hypoxia and HIF stabilization on CD4+ 
T-cell differentiation into Tfh. For instance, in one study, 
HIF stabilization through genetic VHL depletion enhanced 
differentiation into Tfh (Abbott et al. 2016), while in another 
the same manipulation led to the opposite (Zhu et al. 2019). 
In our model, in isolated from two-way MLR CD4+ T cells, 
roxadustat increased the signature transcription factor of 
Tfh subset Bcl-6. However, MLR treatment with roxadus-
tat did not increase IL-21 concentration in the supernatant. 
Although IL-21 is the signature cytokine of Tfh (Loo et al. 
2018), Th17 cells also produce significant amounts of IL-21 
(Loo et al. 2018; Wei et al. 2007), and as already noted roxa-
dustat inhibits CD4+ T-cell differentiation into Th17 cells.

Although in our experiments roxadustat induced Bcl-6 
expression, humoral immunity was suppressed. At first 
glance, this is a paradox; however, there are some possible 
explanations. The reason may rely on the general suppres-
sive effect of roxadustat on T cells, which provide help to B 
cells. The direct impact of roxadustat on HIF stabilization 
in B cells could also play a role. Stabilization of HIF-1α by 
B-cell-specific depletion of VHL inhibits mTORC1 activity 
in B lymphoblasts, and mTORC1-haploinsufficient B cells 
have reduced clonal expansion, activation-induced cytosine 
deaminase expression, and capacities to yield IgG2c and 
high-affinity antibodies (Cho et al. 2016). Another possible 
explanation may rely on cell metabolism. Although B-cell 
metabolism is less well studied than T-cell metabolism 
(Caro-Maldonado et al. 2012), activated B cells utilize both 
aerobic glycolysis and oxidative phosphorylation (Caro-
Maldonado et al. 2014; Dufort et al. 2014; Garcia-Manteiga 
et al. 2011), and plasma cells are mostly dependent on oxida-
tive phosphorylation for covering their high energy demands 
for antibody production (Garcia-Manteiga et al. 2011; Lam 
et al. 2016; Shaffer et al. 2004). Thus, by shifting cell metab-
olism towards aerobic glycolysis instead of Krebs cycle and 
oxidative phosphorylation, HIF may suppress plasma cell 
antibody production. Interestingly, in an experimental model 
similar to the present study, in which the aerobic glycolysis 
inhibitor DCA was compared to the Krebs cycle inhibitor 
LW6, only LW6 suppressed antibody production (Elefthe-
riadis et al. 2017b). Regardless of the responsible molecular 
mechanism, our results support that roxadustat suppresses 
humoral immunity.

Collectively, the results of our study are presented in 
Fig. 7. A limitation of our study lies in the fact that we did 
not evaluate in-depth the molecular mechanisms that medi-
ate the immunosuppressive effects of roxadustat. However, 



	 Archivum Immunologiae et Therapiae Experimentalis (2020) 68:31

1 3

31  Page 10 of 12

our primary aim was to assess the impact of roxadustat on 
adaptive immunity by evaluating specific end-points of 
CD4+ T-cell activation and differentiation, and antibody 
production since PH inhibitors are introduced in the treat-
ment of anemia of chronic kidney disease very recently. 
Also, as already noted, in our experiments, the unbound to 
protein roxadustat concentration was significantly higher 
than that observed in pharmacokinetic studies. Finally, 
from all PH inhibitors, only roxadustat was evaluated. 
Consequently, our results may not be applied with cer-
tainty to other available PH inhibitors.

In conclusion, roxadustat, a PH inhibitor used for the 
treatment of renal anemia, suppresses T-cell clonal expan-
sion, induces CD4+ T-cell apoptosis, skewing CD4+ T-cell 
differentiation towards an immunosuppressive phenotype. 
Furthermore, roxadustat suppresses humoral immunity. 
Such immunosuppressive properties of roxadustat, and 
possibly of other PH inhibitors as well, should be further 
evaluated in clinical trials. Although phase III clinical tri-
als support the safety of roxadustat, the observed increased 
incidence of upper respiratory tract infection may reflect 
the roxadustat-induced immunosuppression (Akizawa 
et al. 2020; Chen et al. 2019). The situation might get 
worse in the case of concurrent diseases that suppress the 

immune system or co-administration of other immunosup-
pressive medications.
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Fig. 7   The effect of roxadustat on adaptive immunity. In two-way 
MLRs, roxadustat inhibits lymphocyte clonal expansion and causes 
CD4+ T-cell apoptosis. Also, it induces CD4+ T-cell differentiation 
towards Th2, Treg, and Tfh subsets, whereas in inhibits differentia-
tion into Th1, and Th17 subsets. In addition to promoting an immu-

nosuppressive CD4+ T-cell phenotype, roxadustat inhibits alloanti-
body production. The gray area of the figure corresponds to processes 
that were not investigated in the present study, but are strongly sup-
ported by the cited literature



Archivum Immunologiae et Therapiae Experimentalis (2020) 68:31	

1 3

Page 11 of 12  31

References

Abbas AK, Janeway CA Jr (2000) Immunology: improving on 
nature in the twenty-first century. Cell 100:129–138. https​://doi.
org/10.1016/s0092​-8674(00)81689​-x

Abbott RK, Thayer M, Labuda J et al (2016) Germinal center hypoxia 
potentiates immunoglobulin class switch recombination. J Immu-
nol 197:4014–4020. https​://doi.org/10.4049/jimmu​nol.16014​01

Akizawa T, Iwasaki M, Yamaguchi Y et al (2020) Phase 3, randomized, 
double-blind, active-comparator (darbepoetin alfa) study of oral 
roxadustat in CKD patients with anemia on hemodialysis in 
Japan. J Am Soc Nephrol 31:1628–1639. https​://doi.org/10.1681/
asn.20190​60623​

Beck J, Henschel C, Chou J et al (2017) Evaluation of the carcino-
genic potential of roxadustat (FG-4592), a small molecule inhibi-
tor of hypoxia-inducible factor prolyl hydroxylase in CD-1 mice 
and sprague dawley rats. Int J Toxicol 36:427–439. https​://doi.
org/10.1177/10915​81817​73723​2

Ben-Shoshan J, Maysel-Auslender S, Mor A et al (2008) Hypoxia con-
trols CD4+CD25+ regulatory T-cell homeostasis via hypoxia-
inducible factor-1α. Eur J Immunol 38:2412–2418. https​://doi.
org/10.1002/eji.20083​8318

Biswas SK, Mantovani A (2010) Macrophage plasticity and interaction 
with lymphocyte subsets: cancer as a paradigm. Nat Immunol 
11:889–896. https​://doi.org/10.1038/ni.1937

Brahimi-Horn MC, Pouyssegur J (2009) HIF at a glance. J Cell Sci 
122(Pt 8):1055–1057. https​://doi.org/10.1242/jcs.03502​2

Brigandi RA, Johnson B, Oei C et al (2016) A novel hypoxia-inducible 
factor−prolyl hydroxylase inhibitor (GSK1278863) for anemia 
in CKD: A 28-aay, phase 2A randomized trial. Am J Kidney Dis 
67:861–871. https​://doi.org/10.1053/j.ajkd.2015.11.021

Burrows N, Maxwell PH (2017) Hypoxia and B cells. Exp Cell Res 
356:197–203. https​://doi.org/10.1016/j.yexcr​.2017.03.019

Caro-Maldonado A, Gerriets VA, Rathmell JC (2012) Matched and 
mismatched metabolic fuels in lymphocyte function. Semin Immu-
nol 24:405–413. https​://doi.org/10.1016/j.smim.2012.12.002

Caro-Maldonado A, Wang R, Nichols AG et al (2014) Metabolic 
reprogramming is required for antibody production that is sup-
pressed in anergic but exaggerated in chronically BAFF-exposed 
B cells. J Immunol 192:3626–3636. https​://doi.org/10.4049/jimmu​
nol.13020​62

Chang CH, Curtis JD, Maggi LB Jr et al (2013) Posttranscriptional 
control of T cell effector function by aerobic glycolysis. Cell 
153:1239–1251. https​://doi.org/10.1016/j.cell.2013.05.016

Chen N, Hao C, Liu BC et al (2019) Roxadustat treatment for anemia in 
patients undergoing long-term dialysis. N Engl J Med 381:1011–
1022. https​://doi.org/10.1056/NEJMo​a1901​713

Cho SH, Raybuck AL, Stengel K et al (2016) Germinal centre hypoxia 
and regulation of antibody qualities by a hypoxia response system. 
Nature 537:234–238. https​://doi.org/10.1038/natur​e1933​4

Choudhry H, Harris AL (2018) Advances in hypoxia-inducible fac-
tor biology. Cell Metab 27:281–298. https​://doi.org/10.1016/j.
cmet.2017.10.005

Clambey ET, McNamee EN, Westrich JA et al (2012) Hypoxia-induci-
ble factor-1 alpha-dependent induction of FoxP3 drives regulatory 
T-cell abundance and function during inflammatory hypoxia of the 
mucosa. Proc Natl Acad Sci USA 109:E2784–E2793. https​://doi.
org/10.1073/pnas.12023​66109​

Dang EV, Barbi J, Yang HY et al (2011) Control of TH17/Treg bal-
ance by hypoxia-inducible factor 1. Cell 146:772–784. https​://doi.
org/10.1016/j.cell.2011.07.033

Dufort FJ, Gumina MR, Ta NL et al (2014) Glucose-dependent de 
novo lipogenesis in B lymphocytes: a requirement for atp-citrate 
lyase in lipopolysaccharide-induced differentiation. J Biol Chem 
289:7011–7024. https​://doi.org/10.1074/jbc.M114.55105​1

Eleftheriadis T, Pissas G, Antoniadi G et al (2016a) Kynurenine, by 
activating aryl hydrocarbon receptor, decreases erythropoietin and 
increases hepcidin production in HepG2 cells: A new mechanism 
for anemia of inflammation. Exp Hematol 44:60–67.e1. https​://
doi.org/10.1016/j.exphe​m.2015.08.010

Eleftheriadis T, Pissas G, Antoniadi G et al (2016b) Differential effects 
of the two amino acid sensing systems, the GCN2 kinase and 
the mTOR complex 1, on primary human alloreactive CD4+ 
T-cells. Int J Mol Med 37:1412–1420. https​://doi.org/10.3892/
ijmm.2016.2547

Eleftheriadis T, Pissas G, Antoniadi G et al (2017a) A comparative 
analysis between proteasome and immunoproteasome inhibition 
in cellular and humoral alloimmunity. Int Immunopharmacol 
50:48–54. https​://doi.org/10.1016/j.intim​p.2017.06.009

Eleftheriadis T, Pissas G, Mavropoulos A et al (2017b) Comparison 
of the effect of the aerobic glycolysis inhibitor dichloroacetate 
and of the Krebs cycle inhibitor LW6 on cellular and humoral 
alloimmunity. Biomed Rep 7:439–444. https​://doi.org/10.3892/
br.2017.980

Eleftheriadis T, Pissas G, Sounidaki M et al (2017c) In human cell 
cultures, everolimus is inferior to tacrolimus in inhibiting cellular 
alloimmunity, but equally effective as regards humoral alloim-
munity. Int Urol Nephrol 49:1691–1697. https​://doi.org/10.1007/
s1125​5-017-1615-x

Eleftheriadis T, Pissas G, Liakopoulos V et al (2018) IDO decreases 
glycolysis and glutaminolysis by activating GCN2K, while it 
increases fatty acid oxidation by activating AhR, thus preserving 
CD4+ T-cell survival and proliferation. Int J Mol Med 42:557–
568. https​://doi.org/10.3892/ijmm.2018.3624

Fadeel B, Orrenius S (2005) Apoptosis: a basic biological phenomenon 
with wide-ranging implications in human disease. J Intern Med 
258:479–517. https​://doi.org/10.1111/j.1365-2796.2005.01570​.x

Fang D, Zhu J (2017) Dynamic balance between master transcrip-
tion factors determines the fates and functions of CD4 T cell and 
innate lymphoid cell subsets. J Exp Med 214:1861–1876. https​://
doi.org/10.1084/jem.20170​494

Garcia-Manteiga JM, Mari S, Godejohann M et al (2011) Metabo-
lomics of B to plasma cell differentiation. J Proteome Res 
10:4165–4176. https​://doi.org/10.1021/pr200​328f

Groenendaal-van de Meent D, den Adel M, Noukens J et al (2016) 
Effect of moderate hepatic impairment on the pharmacokinetics 
and pharmacodynamics of roxadustat, an oral hypoxia-inducible 
factor prolyl hydroxylase inhibitor. Clin Drug Investig 36:743–
751. https​://doi.org/10.1007/s4026​1-016-0422-y

Gupta N, Wish JB (2017) Hypoxia-inducible factor prolyl hydroxylase 
inhibitors: a potential new treatment for anemia in patients with 
CKD. Am J Kidney Dis 69:815–826. https​://doi.org/10.1053/j.
ajkd.2016.12.011

Harris AL (2002) Hypoxia—a key regulatory factor in tumour growth. 
Nat Rev Cancer 2:38–47. https​://doi.org/10.1038/nrc70​4

Holdstock L, Meadowcroft AM, Maier R et al (2016) Four-week stud-
ies of oral hypoxia-inducible factor–prolyl hydroxylase inhibi-
tor GSK1278863 for treatment of anemia. J Am Soc Nephrol 
27:1234–1244. https​://doi.org/10.1681/asn.20141​11139​

Hricik DE (2015) Transplant immunology and immunosuppression: 
core curriculum 2015. Am J Kidney Dis 65:956–966. https​://doi.
org/10.1053/j.ajkd.2015.01.026

Huong PLT, Kolk AHJ, Eggelte TA et al (1991) Measurement of anti-
gen specific lymphocyte proliferation using 5-bromo-deoxyuridine 
incorporation An easy and low cost alternative to radioactive thy-
midine incorporation. J Immunol Methods 140:243–248. https​://
doi.org/10.1016/0022-1759(91)90377​-r

Jadidi-Niaragh F, Mirshafiey A (2012) The deviated balance between 
regulatory T cell and Th17 in autoimmunity. Immunopharma-
col Immunotoxicol 34:727–739. https​://doi.org/10.3109/08923​
973.2011.61998​7

https://doi.org/10.1016/s0092-8674(00)81689-x
https://doi.org/10.1016/s0092-8674(00)81689-x
https://doi.org/10.4049/jimmunol.1601401
https://doi.org/10.1681/asn.2019060623
https://doi.org/10.1681/asn.2019060623
https://doi.org/10.1177/1091581817737232
https://doi.org/10.1177/1091581817737232
https://doi.org/10.1002/eji.200838318
https://doi.org/10.1002/eji.200838318
https://doi.org/10.1038/ni.1937
https://doi.org/10.1242/jcs.035022
https://doi.org/10.1053/j.ajkd.2015.11.021
https://doi.org/10.1016/j.yexcr.2017.03.019
https://doi.org/10.1016/j.smim.2012.12.002
https://doi.org/10.4049/jimmunol.1302062
https://doi.org/10.4049/jimmunol.1302062
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1056/NEJMoa1901713
https://doi.org/10.1038/nature19334
https://doi.org/10.1016/j.cmet.2017.10.005
https://doi.org/10.1016/j.cmet.2017.10.005
https://doi.org/10.1073/pnas.1202366109
https://doi.org/10.1073/pnas.1202366109
https://doi.org/10.1016/j.cell.2011.07.033
https://doi.org/10.1016/j.cell.2011.07.033
https://doi.org/10.1074/jbc.M114.551051
https://doi.org/10.1016/j.exphem.2015.08.010
https://doi.org/10.1016/j.exphem.2015.08.010
https://doi.org/10.3892/ijmm.2016.2547
https://doi.org/10.3892/ijmm.2016.2547
https://doi.org/10.1016/j.intimp.2017.06.009
https://doi.org/10.3892/br.2017.980
https://doi.org/10.3892/br.2017.980
https://doi.org/10.1007/s11255-017-1615-x
https://doi.org/10.1007/s11255-017-1615-x
https://doi.org/10.3892/ijmm.2018.3624
https://doi.org/10.1111/j.1365-2796.2005.01570.x
https://doi.org/10.1084/jem.20170494
https://doi.org/10.1084/jem.20170494
https://doi.org/10.1021/pr200328f
https://doi.org/10.1007/s40261-016-0422-y
https://doi.org/10.1053/j.ajkd.2016.12.011
https://doi.org/10.1053/j.ajkd.2016.12.011
https://doi.org/10.1038/nrc704
https://doi.org/10.1681/asn.2014111139
https://doi.org/10.1053/j.ajkd.2015.01.026
https://doi.org/10.1053/j.ajkd.2015.01.026
https://doi.org/10.1016/0022-1759(91)90377-r
https://doi.org/10.1016/0022-1759(91)90377-r
https://doi.org/10.3109/08923973.2011.619987
https://doi.org/10.3109/08923973.2011.619987


	 Archivum Immunologiae et Therapiae Experimentalis (2020) 68:31

1 3

31  Page 12 of 12

Lam WY, Becker AM, Kennerly KM et al (2016) Mitochondrial pyru-
vate import promotes long-term survival of antibody-secreting 
plasma cells. Immunity 45:60–73. https​://doi.org/10.1016/j.
immun​i.2016.06.011

Leblond MM, Gérault AN, Corroyer-Dulmont A et al (2015) Hypoxia 
induces macrophage polarization and re-education toward an M2 
phenotype in U87 and U251 glioblastoma models. OncoImmunol-
ogy 5:e1056442. https​://doi.org/10.1080/21624​02x.2015.10564​42

Lindemann M (2014) Ex vivoassessment of cellular immune function 
- applications in patient care and clinical studies. Tissue Antigens 
84:439–449. https​://doi.org/10.1111/tan.12454​

Loo TT, Gao Y, Lazarevic V (2018) Transcriptional regulation of 
CD4 + TH cells that mediate tissue inflammation. J Leukoc Biol 
104:1069–1085. https​://doi.org/10.1002/jlb.1ri04​18-152rr​

Muul LM, Heine G, Silvin C et al (2011) Measurement of proliferative 
responses of cultured lymphocytes. Curr Protoc Immunol Chap-
ter 7(Unit7):10. https​://doi.org/10.1002/04711​42735​.im071​0s94

Pissas G, Eleftheriadis T (2019) Assessment of humoral alloimmun-
ity in mixed lymphocyte reaction. Bio-Protocol. https​://doi.
org/10.21769​/BioPr​otoc.3139

Rahat MA, Bitterman H, Lahat N (2011) Molecular mechanisms regu-
lating macrophage response to hypoxia. Front Immunol 2:45. https​
://doi.org/10.3389/fimmu​.2011.00045​

Romagnani S (1997) The Th1/Th2 paradigm. Immunol Today 18:263–
266. https​://doi.org/10.1016/s0167​-5699(97)80019​-9

Roos D, Loos JA (1973) Changes in the carbohydrate metabolism of 
mitogenically stimulated human peripheral lymphocytes. II. Rela-
tive importance of glycolysis and oxidative phosphorylation on 
phytohaemagglutinin stimulation. Exp Cell Res 77:127–135

Rumke HC, Terpstra FG, Huis B et al (1982) Immunoglobulin pro-
duction in human mixed lymphocyte cultures: implications for 
co-cultures of cells from patients and healthy donors. J Immunol 
128:696–701

Saini Y, Greenwood K, Merrill C et al (2010) Acute cobalt-induced 
lung injury and the role of hypoxia-inducible factor 1α in mod-
ulating inflammation. Toxicol Sci 116:673–681. https​://doi.
org/10.1093/toxsc​i/kfq15​5

Saravia J, Chapman NM, Chi H (2019) Helper T cell differentiation. 
Cell Mol Immunol 16:634–643. https​://doi.org/10.1038/s4142​
3-019-0220-6

Sato T, Deiwick A, Raddatz G et al (1999) Interactions of allogeneic 
human mononuclear cells in the two-way mixed leucocyte cul-
ture (MLC): influence of cell numbers, subpopulations and cyclo-
sporin. Clin Exp Immunol 115:301–308. https​://doi.org/10.104
6/j.1365-2249.1999.00784​.x

Seeley TW, Sternlicht MD, Klaus SJ et al (2017) Induction of erythro-
poiesis by hypoxia-inducible factor prolyl hydroxylase inhibitors 
without promotion of tumor initiation, progression, or metastasis 
in a VEGF-sensitive model of spontaneous breast cancer. Hypoxia 
5:1–9. https​://doi.org/10.2147/HP.S1305​26

Sena LA, Li S, Jairaman A et al (2013) Mitochondria are required for 
antigen-specific T cell activation through reactive oxygen species 
signaling. Immunity 38:225–236. https​://doi.org/10.1016/j.immun​
i.2012.10.020

Shaffer AL, Shapiro-Shelef M, Iwakoshi NN et al (2004) XBP1, down-
stream of Blimp-1, expands the secretory apparatus and other 
organelles, and increases protein synthesis in plasma cell differ-
entiation. Immunity 21:81–93. https​://doi.org/10.1016/j.immun​
i.2004.06.010

Shi LZ, Wang R, Huang G et al (2011) HIF1α–dependent glycolytic 
pathway orchestrates a metabolic checkpoint for the differentiation 
of TH17 and Treg cells. J Exp Med 208:1367–1376. https​://doi.
org/10.1084/jem.20110​278

Shibata T, Nomura Y, Takada A et al (2018) Evaluation of the effect of 
lanthanum carbonate hydrate on the pharmacokinetics of roxadus-
tat in non-elderly healthy adult male subjects. J Clin Pharm Ther 
43:633–639. https​://doi.org/10.1111/jcpt.12729​

Tao J-H, Barbi J, Pan F (2015) Hypoxia-inducible factors in T lympho-
cyte differentiation and function. A review in the theme: cellular 
responses to hypoxia. Am J Physiol Cell Physiol 309:C580–C589. 
https​://doi.org/10.1152/ajpce​ll.00204​.2015

Wang R, Green DR (2012) Metabolic reprogramming and metabolic 
dependency in T cells. Immunol Rev 249:14–26. https​://doi.
org/10.1111/j.1600-065X.2012.01155​.x

Wei L, Laurence A, Elias KM et al (2007) IL-21 is produced by Th17 
cells and drives IL-17 production in a STAT3-dependent man-
ner. J Biol Chem 282:34605–34610. https​://doi.org/10.1074/jbc.
M7051​00200​

Westendorf AM, Skibbe K, Adamczyk A et  al (2017) Hypoxia 
enhances immunosuppression by inhibiting CD4+ effector T 
cell function and promoting Treg activity. Cell Physiol Biochem 
41:1271–1284. https​://doi.org/10.1159/00046​4429

Yang M, Ma C, Liu S et al (2010) HIF-dependent induction of adeno-
sine receptor A2b skews human dendritic cells to a Th2-stimu-
lating phenotype under hypoxia. Immunol Cell Biol 88:165–171. 
https​://doi.org/10.1038/icb.2009.77

Yin Y, Choi SC, Xu Z et al (2016) Glucose oxidation is critical for 
CD4+ T cell activation in a mouse model of systemic lupus ery-
thematosus. J Immunol 196:80–90. https​://doi.org/10.4049/jimmu​
nol.15015​37

Zhu Y, Zhao Y, Zou L et al (2019) The E3 ligase VHL promotes folli-
cular helper T cell differentiation via glycolytic-epigenetic control. 
J Exp Med 216:1664–1681. https​://doi.org/10.1084/jem.20190​337

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.immuni.2016.06.011
https://doi.org/10.1016/j.immuni.2016.06.011
https://doi.org/10.1080/2162402x.2015.1056442
https://doi.org/10.1111/tan.12454
https://doi.org/10.1002/jlb.1ri0418-152rr
https://doi.org/10.1002/0471142735.im0710s94
https://doi.org/10.21769/BioProtoc.3139
https://doi.org/10.21769/BioProtoc.3139
https://doi.org/10.3389/fimmu.2011.00045
https://doi.org/10.3389/fimmu.2011.00045
https://doi.org/10.1016/s0167-5699(97)80019-9
https://doi.org/10.1093/toxsci/kfq155
https://doi.org/10.1093/toxsci/kfq155
https://doi.org/10.1038/s41423-019-0220-6
https://doi.org/10.1038/s41423-019-0220-6
https://doi.org/10.1046/j.1365-2249.1999.00784.x
https://doi.org/10.1046/j.1365-2249.1999.00784.x
https://doi.org/10.2147/HP.S130526
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2004.06.010
https://doi.org/10.1016/j.immuni.2004.06.010
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1111/jcpt.12729
https://doi.org/10.1152/ajpcell.00204.2015
https://doi.org/10.1111/j.1600-065X.2012.01155.x
https://doi.org/10.1111/j.1600-065X.2012.01155.x
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.1159/000464429
https://doi.org/10.1038/icb.2009.77
https://doi.org/10.4049/jimmunol.1501537
https://doi.org/10.4049/jimmunol.1501537
https://doi.org/10.1084/jem.20190337

	In Mixed Lymphocyte Reaction, the Hypoxia-Inducible Factor Prolyl-Hydroxylase Inhibitor Roxadustat Suppresses Cellular and Humoral Alloimmunity
	Abstract
	Introduction
	Materials and Methods
	Subjects
	PBMCs Isolation and Culture
	Cytotoxicity Assay
	Two-Way MLRs and Cell Proliferation
	Isolation of CD4+ T Cells from Two-Way MLRs and Assessment of the Proteins of Interest
	Cytokines in the Supernatants of Two-Way MLRs
	One-Way MLRs and Assessment of Humoral Immunity
	Statistical Analysis

	Results
	Cytotoxicity of Roxadustat in Resting PBMCs
	The Effect of Roxadustat on the Level of HIF-1α and HIF-2α in CD4+ T Cells Isolated from Two-Way MLRs
	The Effect of Roxadustat on Cell Proliferation in Two-Way MLRs, and Apoptosis in CD4+ T Cells Isolated from the Two-Way MLRs
	The Effect of Roxadustat on the Master Transcription Factors that Regulate CD4+ T-Cell Differentiation towards Various Subsets
	The Effect of Roxadustat on the Signature Cytokines of the CD4+ T-Cell Subsets
	The Effect of Roxadustat on the Humoral Immune Response

	Discussion
	References




