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Graft-versus-host disease (GVHD) is a major cause of toxicity after allogeneic hemat-
opoietic cell transplantation (allo-HCT). While rapamycin (RAPA) is commonly used in 
GVHD prophylaxis in combination with a calcineurin inhibitor (CNI), the understanding 
of its mechanism of action on human T cells is still incomplete. Here, we performed an 
extensive analysis of RAPA effects on human T cells in a humanized mouse model of 
GVHD, in ex-vivo T cell cultures and in patients given RAPA plus tacrolimus as GVHD 
prophylaxis after nonmyeloablative allo-HCT. We demonstrate that RAPA mitigates 
GVHD by decreasing T cell engraftment and differentiation, inhibiting CD8+ T cell ac-
tivation and increasing the long-term IL-2 secretion, thereby supporting regulatory T 
cell (Treg) proliferation. In contrast, graft-versus-leukemia effects were not abrogated, 
as RAPA-treated T cells had increased resistance to apoptosis and retained their effec-
tor function and proliferative capacity upon re-stimulation. Importantly, we found that 
RAPA impact on Treg and CD8+ T cells was closely dependent upon IL-2 signaling and 
that therapeutic options interfering with IL-2, such as calcineurin inhibitors, antagonize 
the IL-2-dependent promotion of Treg mediated by RAPA. Our results suggest that 
RAPA immunological efficacy could be improved in combination with drugs having 
possible synergistic effects such as the hypomethylating agent 5-azacytidine.
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tumor, hematology / oncology, immunosuppressant – mechanistic target of rapamycin: 
sirolimus, immunosuppression/immune modulation, T cell biology, translational research/
science

1  |  INTRODUC TION

Allogeneic hematopoietic cell transplantation (allo-HCT) remains 
the most effective treatment option for many patients suffering 

from hematological malignancies.1 However, its success is limited 
by the development of graft-versus-host disease (GVHD), which 
is caused by donor T cells reacting against host foreign antigens.2 
Despite standard prophylaxis regimens, GVHD still develops in 
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20%–70% of allo-HCT recipients.3 Further, current approaches 
of GVHD prophylaxis also impair graft-versus-leukemia (GvL) 
effects.4,5

Rapamycin (RAPA) is an inhibitor of mTOR (mechanistic Target 
of Rapamycin), a serine/threonine kinase integrating environmen-
tal cues and regulating cell growth.6,7 In T cells, mTOR is activated 
in response to T cell receptor (TCR), costimulatory molecules and 
various cytokine receptors (including IL-2R, IL-7R, and IL-15R) sig-
naling. Consequently, inhibiting mTOR reduces T cell activation, 
proliferation and differentiation.8,9 Further, RAPA was also shown 
to promote regulatory T cells (Treg, defined as CD4+CD25+FOXP3+) 
expansion and function in mice10,11 and in humans12,13 while inhib-
iting CD4+ conventional T cells (Tconv). These effects could be at-
tributed to the preferential use of the STAT5 pathway by Treg in 
response to IL-2 (since the mTOR pathway is constitutively inhibited 
in Treg14) while IL-2 signaling is also mediated by the mTOR pathway 
in Tconv.10,11,14

Due to its immunomodulatory properties, RAPA is increasingly 
used as GVHD prophylaxis.15 However, clinical trials have yielded 
contrasted results about its beneficial effects.16 Therefore, we pro-
vide here an extensive and transversal analysis of RAPA immuno-
modulatory properties that could be used as scaffold for the design 
of future trials aiming to improve RAPA clinical efficacy.

2  |  MATERIAL S AND METHODS

All experimental and statistical procedures are in online Appendix 
S1.

3  |  RESULTS

3.1  |  RAPA mitigates GVHD, increases the CD4/
CD8 ratio, reduces the proliferation and increases T 
cell resistance to apoptosis

To investigate the impact of RAPA on human T cells in GVHD, we trans-
planted NSG mice with human peripheral blood mononuclear cells 
(PBMCs)17,18 and administered RAPA every 24 h for 21 days. Higher 
survival rates and lower GVHD scores were observed in treated than 
in control mice (Figure 1A,B). Similar results were observed in a rep-
etition of this experiment (Figure S1A,B). RAPA reduced engraftment 
levels but increased CD4+/CD8+ T cell ratios in all examined organs 
(Figure 1C,D). We therefore assessed the impact of RAPA on apoptosis 
and proliferation of human T cells (the only cell population to engraft 
in NSG mice following PBMC infusion19,20). ANNEXIN V binding assays 
showed that the treatment significantly reduced the frequency of ap-
optotic T cells in spleen (Figure S2). Interestingly, T cell BCL-2 expres-
sion was increased in treated mice, suggesting that RAPA promotes 
resistance to apoptosis through BCL-2 (Figure 1E).

To determine the impact of RAPA on proliferation, we in-
fused NSG mice with CFSE-loaded PBMCs and found that RAPA 

significantly decreased CD4+ and CD8+ T cell proliferation 
(Figure S3). HLA-DR expression was also reduced in treated mice, 
suggesting that RAPA inhibits T cell proliferation through the pre-
vention of their activation (Figure 1F). Importantly, at day 25 after 
PBMC transplantation, the KI67 expression by human T cells was 
lower in RAPA than in control mice but the amplitude of this dif-
ference was greater for CD8+ than for CD4+ T cells, suggesting a 
higher antiproliferative effect of RAPA on CD8+ T cells (Figure 1G). 
Therefore, our data show that RAPA decreased engraftment 
through the reduction of human T cell proliferation and increased 
the CD4/CD8 ratio through a higher anti-proliferative impact on 
CD8+ than on CD4+ T cells.

3.2  |  RAPA decreases the differentiation of T cells

Considering the link between the activation and effector func-
tions of T cells, we investigated the impact of RAPA on T cell dif-
ferentiation. RAPA decreased the expression of GRANZYME B and 
PERFORIN-1 as well as respectively decreased and increased the 
frequency of effector and naive CD8+ T cells (Figure 1H,I). In CD4+ 
T cells, RAPA respectively decreased and increased the frequency 
of effector memory and central memory cells (Figure 1I). In addi-
tion, RT-qPCR analyzes of T-bet and RORγ, the specific transcrip-
tion factors of Th1 and Th17 lineages, evidenced reduced levels of 
both transcripts in treated animals (Figure 1J). Accordingly, there 
was a dramatic reduction of IFN-γ, TNF-α (two cytokines mainly 
secreted by Th1 cells) and IL-17 (mainly secreted by Th17 cells) 
concentrations in RAPA mice serum (Figure 1K). In contrast, both 
transcript levels and serum concentration of IL-2 were increased 
in treated mice. Altogether, these results show that RAPA reduces 
the differentiation and effector function of T cells while increasing 
IL-2 levels.

3.3  |  RAPA preserves GvL effects and T cell 
effector function upon re-stimulation

The reduction of T cell differentiation and proliferation combined 
with the reduction of cytotoxic T cell frequency by RAPA prompted 
us to ask whether GvL effects might be abrogated by the treatment. 
NSG mice were therefore transplanted with acute myeloid leukemia 
(AML) THP-1-luc cells,18 and received human PBMCs or not in com-
bination with RAPA or not. RAPA treatment, only when combined 
with PBMCs transplantation, significantly ameliorated the survival 
(Figure  2A). Accordingly, PBMCs+RAPA mice presented a signifi-
cantly lower tumor burden than those having received THP-1 alone 
or THP-1+RAPA (Figure 2B). As this showed that RAPA preserves the 
anti-tumor function of human T cells, we investigated whether they 
retained their effector and proliferative functions after treatment by 
sorting human CD45+ cells from the spleen of mice having received 
RAPA or not and secondarily transplanting them in new NSG mice 
(not transplanted before). CD45+ cells isolated from RAPA-treated 
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animals preserved their capacity to mediate lethal GVHD while 
mice receiving T cells from control animals survived beyond day 60 
(Figure  S4A). This difference was associated with lower T cell en-
graftment in secondarily transplanted mice given cells from control 
mice versus those given cells from RAPA-treated mice (Figure S4B). 
Altogether, these data show that RAPA does not hamper T cell anti-
tumor activity and preserves their proliferative capacity and effec-
tor function upon re-stimulation.

3.4  |  RAPA increases the IL-2-dependent Treg 
proliferation

The Treg-promoting effects of RAPA have been extensively de-
scribed in the literature.12,14,21,22 Accordingly, Treg frequencies were 
significantly increased by RAPA in our GVHD model, either when de-
fined as CD4+CD25highFOXP3+ or CD4+CD25highCD127lowFOXP3+ 
(Figure 3A). Interestingly, and in opposition with our observations 

F I G U R E  1  RAPA mitigates xenogeneic GVHD. NSG mice were transplanted with 2 × 106 human PBMCs, 24 h after 2.5 Gy TBI, and were 
treated with RAPA or not. Mice were either monitored for survival and GVHD score (A,B) or sacrificed at day 7 (F) or 25 (C–E and G–K) 
for flow cytometry (C–I), RT-qPCR (J) or bioplex (K) analyzes of their organs (indicated in C,D and spleen in E–J). (A,B) Survival curve and 
scoring of median xeno-GVHD in two groups of mice transplanted with two different healthy donors (n = 16/donor and n = 8/condition). 
(C,D) FACS analyses of human chimerism (calculated as the ratio of human CD45+ cells vs. murine+human CD45+ cells) and CD4+/CD8+ 
T cell ratio in indicated organs. (E) Representative FACS data (left panel) and comparison (right panel) of BCL-2 expression by indicated T 
cells. (F) Comparison of HLA-DR expression by indicated T cells. (G) Comparison of KI67 expression by indicated T cells (left panel) and 
comparison of CD4+KI67+/CD8+KI67+ ratio (right panel). (H) Representative FACS data of granzyme B (GZMB) expression (left panel) and 
comparison of GZMB and Perforin-1 (PRF) expression by CD8+ T cells (right panel). (I) Frequencies of effector (TEFF, CD27–CD45RA–), 
effector memory (TEM, CD27+CD45RA–CD62L–), central memory (TCM, CD27+CD45RA–CD62L+), and naive (TN, CD27+CD45RA+) subsets 
in CD4+ (right panel) and CD8+ (left panel) T cells. (J) Comparison of RORγ and T-bet expression, normalized on human TBP gene expression. 
(K) Comparison of indicated cytokine serum concentration. Data from C to K show median values with either interquartile range (E–G and 
H–J) or 5–95 percentile (C,D, G and K) of 8–13 mice/condition (*p ≤ .05, **p < .01, ***p < .001, ****p < .0001) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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made on total CD4+ T cells, Treg proliferation was higher in treated 
mice (Figure  3B). Because Treg proliferation is closely dependent 
on IL-2,23,24 we hypothesized that the elevated IL-2 levels observed 
in treated mice could result in this promotion of Treg proliferation. 
Therefore, we examined the signaling of the STAT5 pathway, which 
is phosphorylated in response to IL-2, in Treg (CD4+CD25+FOXP3+) 
but also in Tconv (CD4+FOXP3– T cells) and CD8+ T cells. The levels 
of phosphorylated STAT5 (pSTAT5) were higher in Tconv, CD8+ T 

cells and Treg (and to a higher extent in the latter) from RAPA than 
from control mice (Figure 3C,D). Importantly, RAPA also increased 
the expression of CD25 (the high affinity component of the IL-2 re-
ceptor) in all T cell populations, thereby increasing their affinity for 
IL-2 and the capacity of IL-2 to induce STAT5 activation (Figure 3E).

In addition to IL-2, IL-7, and IL-15 are the other major inducers of 
STAT5 activation.25 Because mouse IL-7 can cross-react with human T 
cells,26 we assessed whether the serum collected from nontransplanted 

F I G U R E  2  RAPA preserves graft-
versus-leukemia effects. NSG mice were 
transplanted with 1 × 106 THP-1-luc 
cells together or not with 2 × 106 human 
PBMCs, 24 h after 2.5 Gy TBI. Mice were 
either treated or not with RAPA 1 mg/kg 
and survival (A) and bioluminescence (B) 
were monitored (n = 8–10 mice/group). 
Actual images of one representative 
mouse from each group are shown with 
Y-axis indicating photon flux (photons/
sec) measured from the ventral view 
with a region of interest drawn over the 
entire body of each mouse. Right panels 
show the comparison of bioluminescence 
between groups. Plots in B show median 
values with interquartile range (*p ≤ .05, 
**p < .01, ***p < .001, ****p < .0001) 
[Colour figure can be viewed at 
wileyonlinelibrary.com]
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NSG mice was able to induce STAT5 phosphorylation in human T cells. 
No increase of STAT5 phosphorylation was observed after 15  min 
incubation of human PBMCs in serum (concentrated or not) of NSG 
mice (Figure S5). Furthermore, no detectable human IL-15 was found in 
the serum of transplanted NSG mice by Bioplex, neither in control nor 
in RAPA group, at day 25 (data not shown). Altogether, these results 
show that RAPA promotes Treg proliferation through the signaling of 
STAT5, supported by increased IL-2 levels and CD25 expression.

3.5  |  Interplay between RAPA and IL-2 in Treg and 
CD8+ T cell regulation

To further investigate the link between RAPA and IL-2 signaling, we 
examined RAPA impacts on human T cells in vitro. To prevent rapa-
mycin resistance subsequent to strong TCR signaling,27 the prolif-
eration of T cells was stimulated with a low amount of CD3/CD28 
beads (1:20 bead:cell ratio) and cells were cultured for 12  days in 
presence or absence of RAPA. RAPA dramatically decreased T cell 
activation and proinflammatory cytokine secretion (Figure 4A,B). In 
contrast, IL-2 levels were only reduced by RAPA at day 4 while they 
were higher at day 12 (Figure 4C). FACS analyses made every 48 h 
from day 4 to 12 showed that the frequency of IL-2+ T cells gradually 
decreased in CTRL wells from day 4 to 12 while it remained stable 
in RAPA wells after day 6, leading to higher frequencies in RAPA 
vs CTRL after day 8 (Figure 4D). As this pattern was not different 

between CD4+ and CD8+ cells (Figure S6A), we hypothesized that this 
inversion could result from the differentiation of T cells. Accordingly, 
we found that the less differentiated (CD27+) memory (CD45RA−) T 
cells secreted much less IL-2 than their more differentiated (CD27−) 
counterparts (Figure  4E; Figure S6B) and that the pattern of IL-2 
secretion followed closely the pattern of CD45RA−CD27+ T cells 
frequency (Figure 4F). Therefore, we conclude that the higher IL-2 
levels observed at later time points result from the global reduction 
of T cell differentiation mediated by RAPA (Figure 4G).

In concordance with the observed IL-2 levels, the levels of pSTAT5 
and CD25 were respectively reduced and increased by RAPA at days 4 
and 12, in line with our findings in mice (Figure 4H,I). The importance 
of the interplay between RAPA and IL-2 in Treg promotion was sup-
ported by the frequency of Treg which was decreased and increased 
by RAPA at days 4 and 12, respectively (Figure 4J). Importantly, in-
hibition of IL-2 signaling through anti-IL-2 and anti-CD25 blocking 
antibodies resulted in pSTAT5 levels similar to unstimulated T cells, 
showing that IL-2 was the sole cytokine involved in STAT5 phosphor-
ylation in this system (Figure S6C). Further, in these conditions of IL-2 
inhibition, no promotion of Treg frequency by RAPA could be ob-
served (Figure 4K). Finally, RAPA had no direct effect on STAT5 phos-
phorylation as pre-incubation of T cells with RAPA before measuring 
pSTAT5 levels in response to IL-2 yielded identical response curves in 
treated and control T cells (Figure 4L). Altogether, these data show 
that RAPA impact on Treg is mediated in large part through its effects 
on IL-2 levels and subsequent STAT5 signaling.

F I G U R E  3  RAPA promotes regulatory T cells. NSG mice were transplanted with 2 × 106 human PBMCs, 24 h after 2.5 Gy TBI. Mice were 
then treated every 24 h with 1 mg/kg of RAPA on days +1 to +21 and were sacrificed at day 25 for flow cytometry analyzes of their spleen. 
(A) Representative FACS data (left panel) and comparison (right panel) of Treg frequencies. (B) Comparison of KI67 expression by Treg. (C) 
Representative FACS data (left panel) and comparison of phosphorylated-STAT5 (pSTAT5) mean fluorescence intensities (MFI) in indicated T 
cell populations. (D) Comparison of ratio, for each mouse treated or not with RAPA, of pSTAT5 MFI of Treg vs. pSTAT5 MFI of Tconv, based 
on MFI’s found in C. (E) Comparison of CD25 MFI in indicated T cell populations. Data show median values with either interquartile range (B, 
C, and E) or 5–95 percentile (A and D) of 8–13 mice/condition (*p ≤ .05, **p < .01, ***p < .001, ****p < .0001) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Next, we asked whether this impact of RAPA on IL-2 signaling 
could be implicated in its modulation of the CD4/CD8 ratio, given 
the dependence of CD8+ T cells upon IL-2.28 In our cell culture sys-
tem, this dependence was well observed as (i) culture of T cells in 
presence of either 0 or 100 ng/ml of IL-2 or 1 ng/ml of IL-7 alone re-
sulted in a gradual decrease of the CD4/CD8 ratio, (ii) their culture 
in presence of IL-7 with blockade of IL-2 signaling through anti-IL-2 
and anti-CD25 neutralizing antibodies resulted in a relatively sta-
ble ratio over time and (iii) the decrease of IL-2 availability through 
supplementation of anti-IL-2 neutralizing antibodies (which do not 
hamper IL-2 capture by CD25high T cells) tended to increase the 
CD4/CD8 ratio (Figure 5A). As observed in mice, RAPA increased 
the CD4/CD8 ratio in the course of the culture, independently of 
the presence of Treg (Figure  5B). Critically, supplementation of 
IL-2 in the growth medium resulted in a decrease of RAPA effect 
on CD4/CD8 ratios while supplementation of IL-7 had no impact 
on RAPA effects (Figure 5C–E). However, the CD4/CD8 ratio was 
unaffected by RAPA when T cells were cultured in presence of 
IL-7 and with blockade of IL-2 (Figure 5F). Altogether, these data 
demonstrate that the interplay between RAPA and IL-2 signaling 
plays a critical role in its regulation of Treg and cytotoxic T cells.

3.6  |  Impact of postgrafting RAPA treatment in 
patients after nonmyeloablative allo-HCT

Next, we assessed whether the imprint of RAPA treatment on T cells 
observed in mice and cell cultures could also be observed in patients 
treated with tacrolimus (TAC) plus mycophenolate mofetil (MMF) 
(n = 18) or TAC plus RAPA (n = 20) as GVHD prophylaxis after non-
myeloablative allo-HCT conditioning (fludarabine 90 mg/m2 + 2 Gy 
TBI) (Table S1).

As shown in Figure  6A, RAPA-treated patients had increased 
CD4/CD8 ratios at all time points and lower total number of CD8+ T 
cells per µl of blood, while numbers of CD4+ T cells were unaffected 
(Figure S7), supporting a greater anti-proliferative impact of RAPA 
on CD8+ than on CD4+ T cells. Higher levels of BCL-2 expression 
were observed in both T cell populations of RAPA-treated patients, 
suggesting that RAPA also promoted resistance to apoptosis in these 
conditions (Figure S8).

In line with observations in mice, RAPA decreased the frequency 
of effector memory (TEM) and effector memory re-expressing 
CD45RA (TEMRA) while increased the frequency of naive (TN) 
CD4+ and CD8+ T cells (Figure  6B; Figure S9). The higher fre-
quencies of naive T cells observed in the RAPA group could not 
be attributed to a higher thymic production as the frequencies of 
CD4+CD45RA+CD31+ recent thymic emigrants were mostly unaf-
fected by RAPA (Figure S10). Lowered expression of HLA-DR and 
Granzyme-B in treated patients were also observed (Figure 6C,D; 
Figure S11). The secretion of IFN-γ by CD4+ T cells tended to be 
decreased at days 100, 180, and 365, while the secretion of IL-2 was 
increased, in RAPA patients (Figure 6E,F).

As expected, RAPA increased Treg frequencies and numbers 
(Figure 6G; Figure S12). The KI67 expression of CD4+ conventional 
T cells was reduced by RAPA while KI67 expression by Treg was un-
changed, providing them with a proliferative advantage over Tconv 
(Figure  6H; Figure S13). In line with the higher IL-2 secretion in 
TAC+RAPA patients, RAPA tended to increase the phosphorylation 
of STAT5 in Treg, while it remained mostly unchanged in Tconv, at the 
three first time points (Figure 6I; Figure S14). Finally, higher CD25 
expression was observed in all examined populations (Figure  6J; 
Figure S15). Altogether, these data support our observations made 
in mice and cell cultures and provide an integrative analysis of RAPA 
effects on human T cells in the transplantation setting.

3.7  |  Combination of RAPA with other 
immunosuppressive drugs

Based on our findings showing that RAPA effects on T cells depend 
on IL-2-CD25-STAT5 signaling, we hypothesized that combining 
RAPA with drugs antagonizing IL-2 would mitigate RAPA beneficial 
effects. We therefore treated NSG mice with RAPA and/or TAC and 
found that the combination delayed GVHD (while this was not sig-
nificant when compared to RAPA alone, Figure S16A). However, the 
extremely low engraftment in RAPA+TAC mice (median = 2.73% at 
day 21) prevented us from analyzing the drug combination effects 
on T cells. As we showed here that human T cell proliferation in NSG 
mice is solely dependent on IL-2, we hypothesized that the full in-
hibition of T cell expansion (which probably resulted in the better 

F I G U R E  4  Ex-vivo effects of RAPA on T cells. Human T cells were freshly isolated from three different healthy volunteers (three 
experiments each performed in triplicates, n = 9/condition) and were stimulated with CD3/CD28 beads (bead-cell ratio: 1–20), in presence 
or not of 100 nmol/L of RAPA (A-J) or were used immediately for STAT5 phosphorylation assays (L). Flow cytometry analyzes of RAPA 
effects in stimulated cultures were performed at days 4 and 12 (A,B, H–J), from day 4 to 12 (D-G) or at day 7 (K). (A) Frequency of HLA-DR 
in indicated T cell populations. (B) Frequency of indicated cytokines in CD4+ T cells. (C) Bioplex assay of IL-2 concentration in the medium 
of one replicate from each experiment (n = 3/condition). (D) Frequency of IL-2+ among CD3+ cells. (E) Frequency of IL-2+ cells among 
CD45RA−CD27+ and CD45RA−CD27− T cells in CTRL condition. (F) Frequency of IL-2+ (lines) and CD45RA−CD27+ (bars) T cells. (G) Mean 
frequency of indicated populations among T cells, stars indicate statistically significant comparisons with respective controls. (H) Mean 
fluorescence intensity (MFI) of STAT5 phosphorylation level (pSTAT5) in indicated T cell populations. (I) Mean fluorescence intensity of CD25 
in indicated T cell populations. (J) Frequency of Treg. (K) Frequency of Treg in normal conditions (Complete medium +CD3/CD28 stimulation) 
and upon inhibition of IL-2 signaling (Complete medium +CD3/CD28 stimulation +anti-IL-2 blocking antibodies +anti-CD25 blocking 
antibodies). (L) Phosphorylation of STAT5 in response to various concentrations of IL-2 in unstimulated, freshly isolated T cells, preincubated 
or not for 4 h with 1 µmol/L of RAPA. Data show mean values with standard deviations (*p ≤ .05, **p < .01, ***p < .001, ****p < .0001) 
[Colour figure can be viewed at wileyonlinelibrary.com]
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survival) by TAC+RAPA could be attributed to the absence of IL-7, 
that could support T cell expansion in absence of IL-2 signaling, in 
NSG mice. We therefore expanded in vitro T cells in presence of IL-7 
and found that the RAPA+TAC combination dramatically reduced 
IL-2 secretion, CD25 expression, STAT5 phosphorylation and Treg 
expansion compared to RAPA alone (Figure S16B), thereby confirm-
ing the mitigation of RAPA beneficial effects by CNIs.

Next, we reasoned that combining RAPA with another drug also 
promoting IL-2 signaling, such as 5-azacytidine (AZA),18 could result in 
a possible synergy. We performed this experiment in NSG-HLA-A2/
HHD mice (which express HLA-A2 in addition to mouse MHC mole-
cules) transplanted with human PBMCs, which develop a dual allo- 
and xeno-GVHD.17 The combination delayed the onset and severity 
of GVHD, compared to control or RAPA alone (Figure S17A,B) but no 
striking difference was observed vs AZA only. Synergistic effects on T 
cell engraftment and CD4/CD8 balance were found (Figure S17C,D). 
The combination also induced higher Treg proliferation, despite no 

significant increase of their frequency was observed (Figure S17E,F). 
However, while pSTAT5 levels were increased in Treg in all treated 
arms compared to untreated mice, the highest levels of Treg-pSTAT5/
Tconv-pSTAT5 ratio tended to be observed in the combination arm 
(Figure S17G–I). Finally, the highest levels of naive CD4+ cells were 
observed in the combination arm (Figure S17J).

Because no benefits on survival were observed with the 
RAPA+AZA combination (vs. AZA only), we tested whether RAPA 
could have synergistic effects on survival with posttransplant cy-
clophosphamide (PTCy), another Treg-promoting drug increasingly 
investigated and used in GVHD prophylaxis.29 PTCy significantly ame-
liorated GVHD survival and severity and the combination improved 
these parameters in comparison to RAPA alone (Figure  S18A,B). 
Interestingly, there was a suggestion toward a better median survival 
with the drug combination compared to PTCy alone (76 vs 64 days, 
p = n.s.). However, at the immunological level no synergy could be 
observed except on the CD4/CD8 ratio (Figure S18C,D).

F I G U R E  5  Impact of RAPA and IL-2 on CD4/CD8 ratio. (A, C–F) Human T cells were freshly isolated from three different healthy 
volunteers (three experiments each performed in triplicates, n = 9/condition) and were stimulated with CD3/CD28 beads (bead-cell ratio: 
1–20), in presence or not of 100 nmol/L of RAPA, and were supplemented with either IL-2, IL-7, anti-IL-2 blocking antibodies or anti-IL-2 
blocking antibodies +anti-CD25 blocking antibodies +IL-7. Flow cytometry analyzes of CD4/CD8 ratio were performed after 48 h (day 2), 
96 h (day 4), 168 h (day 7), 216 h (day 9), and 288 h (day 12) after the beginning of culture. (B) Human T cells, freshly isolated from three 
different healthy volunteers (three experiments each performed in triplicates, n = 9/condition), were depleted of CD25+ T cells and were 
stimulated with CD3/CD28 beads (bead-cell ratio: 1–20), in presence of 100 nmol/L of RAPA or not. Flow cytometry analyzes of CD4/CD8 
ratio were performed after 48 h (day 2), 96 h (day 4), and 168 h (day 7) after the beginning of culture. Data show mean values with standard 
deviations (*p ≤ .05, **p < .01, ***p < .001, ****p < .0001) [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  6  Effects of postgrafting immunosuppression with RAPA. Cryopreserved PBMCs, prospectively collected during a 
randomized phase II clinical trial (details of the trial can be found in the supplemental data and on clinicaltrials.gov #NCT01428973) 
assessing the efficacy of RAPA in combination with Tacrolimus vs Mycophenolate Mofetil (MMF) in combination with Tacrolimus, were 
immunophenotyped by flow cytometry to assess the in vivo effects of RAPA on human T cells in physiologically relevant conditions. Data 
were obtained from samples collected in 18 patients included in the MMF arm and 20 in the RAPA arm. (A) Comparison of the CD4/CD8 
ratio at days 40, 100, 180, and 365 after the beginning of RAPA or MMF administration. (B) Frequencies of effector memory re-expressing 
CD45RA (TEMRA, CD45RA+CD62L–), effector memory (TEM, CD45RA–CD62L–), central memory (TCM, CD45RA–CD62L+), stem-cell 
memory (TSCM, CD45RA+CD62L+CD95+), and naive (TN, CD45RA+CD62L+CD95–) subsets among indicated T cell populations. (C–J) 
Indicated frequencies and mean fluorescence intensities (MFI) were measured in indicated populations at days 40, 100, 180, and 365 after 
the beginning of RAPA or MMF administration. Data show the median, 25th and 75th percentiles of the distribution (boxes), and whiskers 
extend to the 5th and 95th percentiles. The p-value of ANOVA-2 statistical tests comparing the effect of treatment on variation of data are 
reported on each panel (*p ≤ .05, **p < .01, ***p < .001, ****p < .0001) [Colour figure can be viewed at wileyonlinelibrary.com]
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4  |  DISCUSSION

Several trials assessing RAPA for GVHD prophylaxis, usually com-
bined with CNIs have yielded conflicting results regarding its impact 
on survival. These contrasted results could result from a lack of 
knowledge about the immunological-related mechanisms of action 
of RAPA on human cells. Here, we report a comprehensive analysis 
of the in vivo immunomodulatory effects of RAPA on human T cells 
in allo-HCT and GVHD. Our results may help overcoming the obsta-
cles to the routine use of RAPA as GVHD prophylaxis.

Following activation, T cells differentiate in a stepwise process 
from TN to TSCM, TCM and finally to TEM/TEFF/TEMRA which 
are characterized by the strongest pro-inflammatory and cytotoxic 
properties.30 Here, RAPA increased the frequencies of TN, TSCM 
and TCM over the other subsets. As RAPA decreased T cell activation 
and proliferation, the higher frequencies of less differentiated sub-
sets are most likely the result of a decreased differentiation rather 
than of the overgrowth of less- over more-differentiated subsets. 
Accordingly, RAPA decreased the expression of pro-inflammatory 
and cytotoxic molecules. In allo-HCT recipients, higher frequencies 
of more differentiated T cell subsets are associated with higher risks 
of GVHD development.31-33 Therefore, this effect of RAPA could 
have a pivotal role in the prevention of GVHD.

In contrast, other reports have suggested that less differentiated 
T cell subsets could be the main mediators of GVHD as they retain 
their functional and proliferative potential.34,35 Here, upon second-
ary transplantation, RAPA-treated T cells induced severe GVHD 
while untreated T cells failed to expand in secondary recipients, 
possibly subsequently to high senescence. This observation is in line 
with data suggesting that less differentiated T cells can lead to more 
severe GVHD but it also suggests that an antigenic re-stimulation 
(the secondary transplantation here) is required after RAPA treat-
ment to trigger the effector response of T cells. Consequently, this 
effect could play a pivotal role in preventing relapse after allo-HCT 
for hematological malignancies where RAPA could promote the 
long-term survival of T cells retaining their anti-tumor potential.

We showed that RAPA increased the expression of BCL-2 by 
both CD4+ and CD8+ T cell populations, in line with previous find-
ings.36 In agreement with the anti-apoptotic function of BCL-2, a re-
duced frequency of apoptotic T cells was observed in RAPA-treated 
animals. Interestingly, a previous report demonstrated that the 
induction of resistance to RAPA through long-term exposure of T 
cells to the drug conferred a high resistance to apoptosis (charac-
terized by a high expression of BCL-2) and a high proliferative ca-
pacity upon injection in NSG mice.37 Therefore, this high resistance 
to apoptosis could be involved in the high engraftment capacity of 
human CD45+ cells isolated from the spleen of RAPA-treated mice 
in secondary transplantations. Further, these data also indicate that 
RAPA-resistant T cells, which are under investigation for their pos-
sibly greater anti-tumor activities,38 could lead to exacerbation of 
GVHD in recipients of allo-HCT.

RAPA also reduced CD8+ vs. CD4+ T cell frequency. While a dif-
ferential inhibitory effect of RAPA on the activation of CD4+ and 

CD8+ T cells cannot be ruled out, our in vitro experiments indicate 
that RAPA represses CD8+ T cells through a greater inhibition of 
their cytokine-supported proliferation, as the CD4/CD8 ratio is not 
altered by RAPA upon IL-7-driven proliferation and is modulated 
by the availability of IL-2. Interestingly, another team showed that 
RAPA inhibits CD8+ T cell proliferation by preventing the downregu-
lation of the cell-cycle regulator p27kip1 following T cell activation,39 
dependently of the strength of TCR stimulation.27 We show that IL-2 
availability is also a key player in this inhibition. Notably, (i) p27kip1 
regulation of cell cycle is tightly modulated by IL-2,40 (ii) RAPA is ca-
pable of mediating cell cycle arrest through p27kip1 upregulation,41 
(iii) IL-2 stimulates proliferation through p27kip1 downregulation 
in CD8+, but not in CD4+, T cells,42 and (iv) IL-7 promotes prolifer-
ation by downregulating p27kip1 in both CD4+ and CD8+ T cells.43 
Altogether, these data suggest that RAPA effects on p27kip1 could be 
the key to explain its selective and cytokine-dependent modulation 
of CD8+ T cells. While future investigations will be necessary to ver-
ify this hypothesis, our data demonstrate that the effects of RAPA in 
allo-HCT are influenced by the cytokine milieu and therefore could 
be altered by the extent of lymphopenia (more or less homeostatic 
cytokines such as IL-7) and inflammation (more or less IL-2 or other 
cytokines with similar effects).

Despite the deleterious effects of RAPA on CD8+ T cells and on 
T cell differentiation, we could not highlight any deleterious impact 
on GvL effects, in contrast with previous reports in mouse-to-mouse 
transplantation models.44,45 As AML cells escape from the GvL ef-
fect results in part from a promotion of CD8 T cell exhaustion,46 we 
hypothesize that the maintenance of the GvL effect in RAPA treated 
mice could result from the preserved effector and proliferative ca-
pacity of RAPA-treated T cells observed in our secondary transplant 
experiments. Further, although not present in our GvL model (THP-1 
cells are RAPA resistant), RAPA can mediate direct anti-tumor ef-
fects through mTOR inhibition in selected tumors.47,48

We found that RAPA conducted to higher STAT5 signal-
ing, subsequent to higher IL-2 levels, which resulted in the pro-
motion of Treg proliferation. In vivo, these higher levels of IL-2 
could be attributed to increased secretion of IL-2 by T cells. Our 
in vitro experiments demonstrated that RAPA promotes IL-2 se-
cretion through the reduction of T cell differentiation as less-
differentiated memory T cells produce significantly more IL-2 
than their effector counterparts. Importantly, RAPA recurrently 
induced a robust overexpression of CD25, which can also par-
ticipate to the higher IL-2-STAT5 signaling as STAT5 phosphory-
lation levels strongly depend on CD25 expression.49 While this 
increased CD25 expression could result directly from the higher 
availability of IL-2,50 it could also result from a positive selection of 
CD25+ over CD25– cells by RAPA.51 Altogether, these data show 
that RAPA-promoting effects on Treg depend at least in part on 
the IL-2-CD25-STAT5 axis.

There are some limitations in our study. While xGVHD in NSG 
mice previously yielded results concordant with GVHD physiopa-
thology,17,18 the absence of IL-7 and IL-15 in this model, highlighted 
herein, could have altered the relevance of some of our conclusions. 
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Furthermore, as RAPA has been reported to impact T cells, and es-
pecially Tregs, through its effects on endothelial cells,52 some of our 
observations could result in part from endothelial cells-dependent 
mechanisms. However, the concordances of the observations made 
in mice versus in patients (for the cytokine bias) and in mice versus in 
vitro (for the endothelial cells bias) suggest that the extent of these 
possible biases is limited. In addition, the design of the prospective 
trial (randomization between TAC+MMF vs. TAC+RAPA) underesti-
mate the anti-GVHD potential of RAPA since MMF is no given in 
the TAC+RAPA arm. In line with this hypothesis, a recent important 
phase III trial demonstrated that addition of RAPA to standard cyclo-
sporine+MMF GVHD prophylaxis in patients given grafts from HLA-
matched unrelated donors after nonmyeloablative conditioning 
reduced the incidence of acute GVHD and improved progression-
free survival.53

Our findings might shed new light on results of clinical trials 
previously published and help to design future studies of RAPA in 
GVHD prophylaxis. Specifically, we demonstrated that RAPA ef-
fects on Tregs and CD8+ T cells depend on IL-2 signaling. Therefore, 
the use of CNI (which reduce IL-2 levels) in combination with RAPA 
might restrain its therapeutic potential. Importantly, all our patients 
treated with RAPA also received TAC, which could explain the rel-
atively low amplitude of the effects on pSTAT5 in comparison with 
observations in mice and cultures. Further, as RAPA increased all 
T cell CD25 expression (and therefore T cell affinity for IL-2), the 
administration of low doses of IL-2 might lose in part its specificity 
for Treg promotion when used in combination with RAPA. RAPA 
might show better outcomes if used in combination with synergis-
tic drugs such as 5-azacytidine18,54 or anti-CD45RC antibodies.55 
Indeed, our pilot experiments highlighted encouraging synergistic 
effects between AZA and RAPA, paving the way to future consid-
eration of this combination for further experimental validation and 
possibly clinical evaluation. Nevertheless, we assume that the rela-
tive low amplitude of the synergistic effects observed herein could 
result from exaggerated immunosuppression in mice receiving the 
treatment combinations, as we did not combine sub-optimal doses 
of each drugs.
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