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Abstract. Amino acid deprivation activates general control 
nonderepressible 2 (GCN2) kinase and inhibits mammalian 
target of rapamycin (mTOR), affecting the immune response. 
In this study, the effects of GCN2 kinase activation or mTOR 
inhibition on human alloreactive CD4+ T-cells were evaluated. 
The mixed lymphocyte reaction, as a model of alloreactivity, 
the GCN2 kinase activator, tryptophanol (TRP), and the 
mTOR complex 1 inhibitor, rapamycin (RAP), were used. Both 
TRP and RAP suppressed cell proliferation and induced cell 
apoptosis. These events were p53-independent in the case of 
RAP, but were accompanied by an increase in p53 levels in the 
case of TRP. TRP decreased the levels of the Th2 signature 
transcription factor, GATA-3, as RAP did, yet the latter also 
decreased the levels of the Th1 and Th17 signature transcrip-
tion factors, T-bet and RORγt, whereas it increased the levels 
of the Treg signature transcription factor, FoxP3. Accordingly, 
TRP decreased the production of interleukin (IL)-4, as RAP 
did, but RAP also decreased the levels of interferon-γ (IFN-γ) 
and IL-17. Both TRP and RAP increased the levels of IL-10. As 
regards hypoxia-inducible factor-1α (HIF-1α), which upregu-
lates the Th17/Treg ratio, its levels were decreased by RAP. 
TRP increased the HIF-1α levels, which however, remained 
inactive. In conclusion, our findings indicate that, in primary 
human alloreactive CD4+ T-cells, the two systems that sense 
amino acid deprivation affect cell proliferation, apoptosis and 
differentiation in different ways or through different mecha-
nisms. Both mTOR inhibition and GCN2 kinase activation exert 
immunosuppressive effects, since they inhibit cell proliferation 
and induce apoptosis. As regards CD4+ T-cell differentiation, 
mTOR inhibition exerted a more profound effect, since it 
suppressed differentiation into the Th1, Th2 and Th17 lineages, 

while it induced Treg differentiation. On the contrary, the acti-
vation of GCN2 kinase suppressed only Th2 differentiation.

Introduction

During the immune response, amino acid deprivation consti-
tutes a significant immunoregulatory mechanism. There 
are certain enzymes, such as arginase I in myeloid-derived 
suppressor cells and indoleamine 2,3-dioxygenase (IDO) in 
antigen-presenting cells that cause the depletion of certain 
amino acids and suppress T-cell effector function (1,2).

In eukaryotic cells, there are two conservative mechanisms 
that sense amino acid deprivation. The first is able to sense the 
lack of any amino acid and is based on the activation of the 
general control nonderepressible 2 (GCN2) kinase by uncharged 
tRNA (3,4). The second includes the inhibition of the mamma-
lian target of rapamycin complex 1 (mTORC1), which, in the 
presence of amino acids, remains active through a complex 
mechanism that recruits mTORC1 to the outer lysosomal 
membrane where it interacts with its activator, Rheb (4-6). 
There are data supporting that mTORC1 is sensitive to the 
depletion of certain amino acids and more precisely to leucine, 
isoleucine, valine and possibly arginine (4). Indeed, as previ-
ously demonstrated, in a model of alloreactivity, IDO-induced 
tryptophan depletion activated the GCN2 kinase, but did not 
affect mTORC1 activity in primary human CD4+ T-cells (7).

Upon amino acid deprivation, both systems down-
regulate global protein translation, while they enhance 
the translation of certain proteins, again through different 
mechanisms. GCN2 kinase phosphorylates the eukaryotic 
initiation factor 2α (eIF2α), leading to the slower formation of 
the ternary complex, which is required for initiation of trans-
lation. However, mRNAs with many upstream open reading 
frames (uORFs) are preferentially translated, since slower 
ternary complex formation allows the small ribosomal subunit 
to bypass the intermediate uORFs and reach the protein coding 
sequence (8,9). mTORC1 inhibition downregulates global 
protein translation by preventing the phosphorylation and 
activation of 70 kDa ribosomal protein S6 kinase (p70S6K), 
as well as the phosphorylation and inhibition of and eIF4E 
binding protein 1 (4E-BP1). Unphosphorylated 4E-BP1 inhibits 
eIF4E required for cap-dependent mRNA translation. By 
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acting in such a way, the inhibition of mTORC1 facilitates the 
cap-independent translation of mRNAs that contain internal 
ribosomal entry sites (IRES) (10,11).

Although GCN2 kinase and mTORC1 sense amino acid 
deprivation and affect protein translation through different 
mechanisms, both have been shown to suppress T-cell effector 
function. mTORC1 inhibitors are already components of immu-
nosuppressive regiments in solid organ transplantation (12). 
Experimental data also indicate that GCN2 kinase activation 
may play a role in the prevention of allograft rejection. IDO 
exerts its immunosuppressive properties mainly through tryp-
tophan depletion and GCN2 kinase activation (7,13,14). The 
immunosuppressive role of IDO has been confirmed in animal 
models of allotransplantation (15-17). Importantly, the role of 
IDO in the downregulation of the adaptive immune response was 
revealed for the first time in an animal study which demonstrated 
that IDO expression in paternally-derived placental trophoblasts 
contributes to a successful semi-allogenic pregnancy (18).

In this study, the effects of GCN2 kinase activation 
or mTORC1 inhibition on primary human alloreactive 
CD4+ T-cells were compared under the same experimental 
conditions. The two-way mixed lymphocyte reaction (MLR), 
as a model of alloreactivity (19), the GCN2 kinase activator, 
tryptophanol (TRP) (14,20), and the mTORC1 inhibitor, 
rapamycin (RAP), were used (10). The concentration of TRP 
was selected to inhibit T-cell proliferation with negligible 
toxicity according to previous studies (7,13,14). The concentra-
tion of RAP was selected to be within the recommended range 
of blood levels of kidney transplant recipients (12).

The results confirmed that in primary human alloreactive 
CD4+ T-cells, the two systems that sense amino acid depriva-
tion affect cell proliferation, apoptosis and differentiation in 
different ways or through different mechanisms.

Materials and methods

Subjects. Blood samples were collected from 8 unrelated 
healthy volunteers (5 females and 3 males, 40.8±7.2 years old). 
An informed consent was obtained from each individual prior 
to enrollment and the Ethics Committee of the Medical School 
of the University of Thessaly, Larissa, Greece gave its approval 
for the study protocol.

Peripheral blood mononuclear cell (PBMC) isolation and 
culture. PBMCs were isolated from whole blood by Ficoll-
Hypaque density gradient centrifugation (Histopaque 1077; 
Sigma-Aldrich, St. Louis, MO, USA) and counted under an 
optical microscopy on a Neubauer plaque. Cell viability was 
assessed by trypan blue assay (Sigma-Aldrich).

The PBMCs were resuspended in RPMI-1640 medium 
with L-glutamine and 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) supplemented with 10% fetal 
bovine serum and antibiotic-antimycotic solution (both from 
Sigma-Aldrich). Isolated PBMCs from the enrolled subjects 
were coupled in order to set up 8 different MLRs. All cultures 
were performed at 37˚C in a humidified atmosphere containing 
5% CO2.

Cytotoxicity of the evaluated compounds and cell proliferation 
in MLRs. MLRs were performed in 96-well plates for 7 days 

in the presence or not of 0.25 mM TRP (Sigma-Aldrich) or 
10 nM RAP (Tebu-bio, Le Perray-en-Yvelines Cedex, France). 
The number of PBMCs from each member of the MLR couple 
was 5x104, summing it up to 1x105 PBMCs in total in each well.

At the end of the 7-day period, the cytotoxicity of TRP or 
RAP was assessed by lactate dehydrogenase (LDH) release 
assay using the Cytotox Non-Radioactive Cytotoxic assay kit 
(Promega Corp., Madison, WI, USA) according to the protocol 
provided by the manufacturer. Cytotoxicity was calculated 
using the following equation: cytotoxicity (%) = (LDH in 
the supernatant/total LDH) x100. A total of 8 MLRs were 
performed in triplicate with the results for each MLR referring 
to the mean of the 3 measurements.

At the end of the 7-day period, cell proliferation was 
assessed by Cell Proliferation enzyme-linked immunosorbent 
assay (ELISA) (Roche Diagnostics, Indianapolis, IN, USA) 
using bromodeoxyuridine (BrdU) labeling and immunoenzy-
matic detection according to the manufacturer's instructions. 
Cultures of 1x105 resting PMBCs per well were used as the 
controls. The proliferation index (PI) was calculated as the 
ratio of the optical density (OD) derived from each MLR to 
the mean of the ODs derived from the control resting PBMCs 
of the 2 members of each MLR pair. A total of 8 MLRs were 
performed in triplicate with the results for each MLR referring 
to the mean of the 3 measurements.

Assessment of GCN2 kinase, mTORC1 activity, signature 
transcription factors of CD4+ T-cell subsets and key proteins 
involved in the proliferation, apoptosis and differentiation of 
CD4+ T-cells isolated from the MLRs. A total of 8 MLRs were 
performed in 12-well plates for 7 days in the presence or not 
of 0.25 mM TRP or 10 nM RAP. The number of PBMCs for 
each member of the MLR couple was 5x105, summing up to 
1x106 PBMCs in each well. At the end of the 7-day period, 
CD4+ T-cells were isolated from the MLRs by negative selec-
tion using the CD4+ T cell isolation kit, human (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany).

The isolated CD4+ T-cells were counted via optical 
microscopy on a Neubauer plaque and cell viability was 
determined by trypan blue assay. PBMCs were isolated from 
whole blood by FicollHypaque density gradient centrifugation 
(Histopaque 1077; Sigma-Aldrich) and counted via optical 
microscopy using an optical microscope (Axiovert 40 C; Carl 
Zeiss AG, Oberkochen, Germany) and a Neubauer chamber 
(Paul Marienfeld GmbH, Lauda-Königshofen, Germany). Cell 
viability was assessed by trypan blue staining (Sigma-Aldrich) 
recommended for use in dye exclusion procedures for viable 
cell counting, based on the principle that live (viable) cells do 
not take up trypan blue, whereas dead (non-viable) cells do.

For western blot analysis, equal numbers of T-cells from 
each MLR were lysed using the T-PER tissue protein extraction 
reagent (Thermo Fisher Scientific, Rockford, IL, USA) supple-
mented with protease and phosphatase inhibitors (Sigma-Aldrich 
and Roche Diagnostics). Protein was quantified by Bradford 
assay (Sigma-Aldrich) and 10 µg from each sample were 
electrophorized on a sodium dodecyl sulfate (SDS) polyacryl-
amide gel (Invitrogen, Life Technologies, Carlsbad, CA, USA). 
Subsequently, the proteins were transferred onto polyvinylidene 
difluoride (PVDF) membranes (Invitrogen, Life Technologies). 
The blots were incubated with the primary antibody for 16 h, 
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followed by the secondary antibody (anti-rabbit IgG, HRP-linked 
antibody; cat. no. 7074; Cell Signaling Technology, Danvers, 
MA, USA) for 30 min. A benchmark pre-stained protein ladder 
(Invitrogen, Life Technologies) was used as a marker. Bands 
were visualized by enhanced chemiluminescent detection using 
the LumiSensor Plus Chemiluminescent HRP Substrate kit 
(GenScript, Piscataway, NJ, USA). In the case of reprobing the 
PVDF blots, the previous primary and secondary antibody were 
removed using Restore Western Blot Stripping Buffer (Thermo 
Fisher Scientific) according to the manufacturer's instructions. 
Analysis was performed using the ImageJ software (National 
Institute of Health, Bethesda, MD, USA).

The primary antibodies used for western blot analysis 
were specific for the substrate of GCN2 kinase eukaryotic 
initiation factor 2α phosphorylated at serine 51 (p-eIF2α; 
cat. no. 9721) and the substrate of mTORC1 p70S6 kinase 
phosphorylated at threonine 389 (p-p70S6K; cat. no. 9234) 
(both from Cell Signaling Technology, Danvers, MA, USA). 
In addition, specific antibodies against the Th1, Th2, Th17 and 
Treg signature transcription factors, T-box transcription factor 
TBX21 (T-bet; cat. no. 13232), trans-acting T-cell-specific 
transcription factor GATA-3 (GATA-3; cat. no. 5852) (both from 
Cell Signaling Technology), retinoic acid receptor related orphan 
receptor γt (RORγt; cat. no. orb6888) (Biorbyt, Cambridge, UK) 
and Forkhead box P3 (FoxP3; cat. no. 5298) (Cell Signaling 
Technology), respectively were used. Finally, specific anti-
bodies were used for the detection of the tumor suppressor p53 
(cat. no. 9282), cyclin dependent kinase inhibitor p21WAF1 (p21; 
cat. no. 2947), cleaved caspase-3 at Asp175 (CC3; cat. no. 9664) 
(all from Cell Signaling Technology), hypoxia-inducible 
factor-1α (HIF-1α) (cat. no. sc-10790; Santa Cruz Biotechnology, 
Dallas, TX, USA) and LDH-A (cat. no. 2012; Cell Signaling 
Technology). All the results of western blot analysis were 
normalized to β-actin (cat. no. 4967; Cell Signaling Technology).

Assessment of interferon-γ (IFN-γ), interleukin (IL)-4, IL-17 
and IL-10 production in MLRs. A total of 8 MLRs were 
performed in 12-well plates in the presence or not of 0.25 mM 
TRP or 10 nM RAP, with the cell number of each PBMC popu-
lation in the MLR context remaining the same as before. After 
7 days, supernatants from each MLR were collected and IFN-γ, 
IL-4, IL-17 and IL-10 were measured by means of ELISA.

All ELISA kits for the measurement of cytokine produc-
tion were purchased from R&D Systems (Minneapolis, MN, 
USA). The sensitivity of the human IFN-γ quantikine ELISA 
kit is <8 pg/ml, that of the human IL-4 quantikine ELISA 
kit <10 pg/ml, that of the human IL-17 quantikine ELISA kit 
<15 pg/ml and that of the human IL-10 quantikine ELISA kit 
<3.9 pg/ml.

Statistical analysis. The normality of the evaluated variables 
was assessed and confirmed by a one-sample Kolmogorov-
Smirnov test. For comparisons of the means, a paired-sample 
t-test was used. The results are expressed as the means ± stan-
dard deviation and a value of p<0.05 was considered to indicate 
a statistically significant difference.

In case of the western blot analysis, since the original 
results were expressed as optical densities (OD), p-values were 
calculated by comparing the means of OD. Statistical analysis 
after normalization to the control OD values was avoided for 

preventing the violation of the prerequisite for normal distri-
bution of the compared variables when applying parametric 
statistical tests. However, for the reader's convenience, in the 
text, the results are expressed and depicted following normal-
ization of values to the control group.

Results

In MLRs, both TRP and RAP exhibit negligible cytotoxicity. 
Compared to the untreated MLRs, neither treatment with TRP 
at a concentration of 0.25 mM nor treatment with RAP at a 
concentration of 10 nM resulted in considerable cytotoxicity. 
The cytotoxicity of MLR, MLR +TRP and MLR +RAP was 
12.25±1.75, 11.06±1.72 and 14.19±2.71%, respectively (Fig. 1).

In CD4+ T-cells, TRP activates GCN2 kinase, whereas 
RAP inhibits mTORC1. In the CD4+ T-cells isolated from 
the MLRs treated with TRP, the level of phosphorylation of 
the GCN2 kinase substrate, eIF2α, was increased to a factor 
of 3.07±1.40 (p<0.001). Treatment of the MLRs with RAP 
did not alter the p-eIF2α level significantly. More precisely, 
in this case, the level of p-eIF2α was altered to a factor of 
1.25±0.82 (p=0.732; Fig. 2).

Treatment of the MLRs with RAP resulted in the decreased 
phosphorylation of the mTORC1 substrate, p70S6K, to a factor 
of 0.59±0.09 (p<0.001) in the CD4+ T-cells. Treatment of 
the MLRs with TRP did not affect the p-p70S6K level, only 
altering it to a factor of 0.99±0.10 (p=0.668; Fig. 2).

In MLRs, both TRP and RAP decrease cell proliferation. In the 
untreated MLRs, the PI was 4.42±0.46. Treatment with TRP 
decreased the PI to 2.28±0.30 (p<0.001). RAP also decreased 
PI significantly to 1.56±0.39 (p<0.001; Fig. 3).

In CD4+ T-cells, TRP increases p53, p21 and CC3 expres-
sion, whereas RAP decreases p53 and p21 and increases 

Figure 1. Cytotoxicity of tryptophanol (TRP) or rapamycin (RAP) in mixed 
lymphocyte reactions (MLRs). A total of 8 different MLRs were performed in 
triplicate and in the presence or not of 0.25 mM TRP or 10 nM RAP. Neither 
TRP nor RAP exhibited considerable toxicity. Error bars correspond to the 
standard deviation.
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CC3 expression. In the CD4+ T-cells isolated from the MLRs 
treated with TRP, p53 expression was increased to a factor of 
1.50±0.33 (p<0.001). The expression of the p53 transcriptional 
target, p21, was also increased to a factor of 1.40±0.10 (p<0.001). 
Finally, the level of CC3 was also found to be increased to a 
factor of 3.02±2.21 (p<0.001; Fig. 4).

Although treatment of the MLRs with RAP also resulted 
in an increase in CC3 expression in the CD4+ T-cells to a 
factor of 3.35±2.16 (p<0.001), the effects of treatment with 
RAP on the p53 and p21 levels were the opposite to those 
observed following treatment with TRP. More precisely, RAP 

decreased both the p53 and p21 expression levels to a factor 
of 0.56±0.19 (p=0.004) and 0.69±0.13 (p=0.001), respec-
tively (Fig. 4).

In CD4+ T-cells, TRP and RAP decrease GATA-3 expression, 
but RAP also decreases T-bet and RORγt expression, and 
increases FoxP3 expression. Treatment of the MLRs with 
TRP affected only GATA-3 expression in the CD4+ T-cells. 
The level of this Th2 signature transcription factor decreased 
to a factor of 0.55±0.19 (p<0.001). On the contrary, TRP did 
not affect the expression of the Th1 cell signature transcrip-
tion factor, T-bet, that of the Th17 cell signature transcription 
factor, RORγt, or that of the Treg cell signature transcription 
factor, FoxP3. The levels of these factors were only altered 
to a factor of 0.99±0.12 (p=0.722), 0.96±0.17 (p=0.589) and 
1.05±0.19 (p=0.568), respectively (Fig. 5).

In contrast to TRP, treatment of the MLRs with RAP 
altered the expression levels of all the evaluated CD4+ T-cell 
subset signature transcription factors. Treatment with RAP 
resulted in the decreased expression of T-bet, GATA-3 and 
RORγt to a factor of 0.47±0.09 (p<0.001), 0.47±0.11 (p<0.001) 
and 0.41±0.19 (p=0.001), respectively. In the same cellular 
context, the presence of RAP significantly upregulated FoxP3 
to a factor of 1.97±1.15 (p=0.003; Fig. 5).

In CD4+ T-cells, TRP increases HIF-1α expression and 
RAP decreases HIF-1 α expression, but both result in the 
decreased expression of LDH-A. Treatment of the MLRs with 
TRP increased the expression of HIF-1α, which enhances 
the ratio of Th17/Treg differentiation, in CD4+ T-cells to a 
factor of 1.44±0.18 (p<0.001). However, the level of its tran-
scriptional target, LDH-A, was found decreased to a factor of 
0.56±0.08 (p<0.001; Fig. 6).

Figure 2. Effect of tryptophanol (TRP) and rapamycin (RAP) on general control nonderepressible 2 (GCN2) kinase and mammalian target of rapamycin 
complex 1 (mTORC1) activities in CD4+ T-cells isolated from the mixed lymphocyte reactions (MLRs). A total of 8 different MLRs were performed and the 
CD4+ T-cells were then isolated, proteins extracted and analyzed by western blot analysis. (A) The results of 3 experiments are depicted. (B) TRP activated the 
GCN2 kinase since it enhanced the phosphorylation of its substrate eukaryotic initiation factor 2α (eIF2α), whereas it did not affect the phosphorylation of the 
mTORC1 substrate p70S6K. RAP inhibited the mTOR since it decreased the phosphorylation of its substrate p70S6K, while it did not affect the phosphorylation 
of the GCN2 kinase substrate eIF2α. Error bars correspond to the standard deviation. ns, not significant (p≥0.05); **p<0.001.

Figure 3. Effect of tryptophanol (TRP) or rapamycin (RAP) on cell prolif-
eration in mixed lymphocyte reactions (MLRs). A total of 8 different MLRs 
were performed in triplicate. Both TRP and RAP significantly decreased cell 
proliferation. Error bars correspond to the standard deviation, **p<0.001.
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Treatment with RAP decreased both the HIF-1α and 
LDH-A levels to a factor of 0.66±0.15 (p=0.001) and 
0.49±0.20 (p=0.001), respectively (Fig. 6).

In MLRs, TRP and RAP decrease IL-4 expression and 
increase IL-10 expression, but RAP also decreases IFN-γ 
and IL-17 expression. The concentration of the Th1 cell 
signature cytokine, IFN-γ, was not altered significantly in 
the supernatants of the TRP-treated MLRs. The level of 
IFN-γ was 121.50±15.98 pg/ml in the untreated MLRs and 
109.00±19.40 pg/ml in the TRP-treated MLRs (p=0.205). On 
the contrary, treatment with RAP decreased IFN-γ expression 
to 44.25±11.68 pg/ml (p<0.001; Fig. 7A).

Treatment of MLRs with TRP decreased the production 
of the Th2 cell signature cytokine, IL-4, from 110.12±20.79 
to 71.00±15.22 pg/ml (p<0.001). Treatment with RAP 
also decreased the IL-4 concentration to 37.50±13.38 pg/
ml (p<0.001; Fig. 7B).

The expression of the signature cytokine of the Th17 
cells, IL-17, remained unaffected by TRP, with a concen-
tration of 225.37±27.71 pg/ml in the untreated MLRs and 
217.12±21.14 pg/ml in the TRP-treated MLRs (p=0.382). 
However, treatment with RAP significantly decreased the 
IL-17 concentration to 67.25±20.71 pg/ml (p<0.001; Fig. 7C).

As regards the cytokine, IL-10, which is produced by 
Treg and by certain macrophages, treatment of the MLRs 

Figure 4. Effect of tryptophanol (TRP) and rapamycin (RAP) on p53, p21 and CC3 expression in CD4+ T-cells isolated from the mixed lymphocyte reac-
tions (MLRs). A total of 8 different MLRs were performed and the CD4+ T-cells were then isolated, proteins extracted and analyzed by western blot analysis. 
(A) The results of 3 experiments are depicted in. (B) TRP increased p53 expression, that of its transcriptional target and cell cycle regulator p21 and that of the 
activated pro-apoptotic caspase, CC3. RAP also increased CC3, but decreased p53 and p21 expression. Error bars correspond to the standard deviation, *p<0.05 
and **p<0.001.

Figure 5. Effect of tryptophanol (TRP) and rapamycin (RAP) on the expression of CD4+ T-cell subset signature transcription factors. A total of 8 different 
mixed lymphocyte reactions (MLRs) were performed and the CD4+ T-cells were then isolated, proteins extracted and analyzed by western blot analysis. (A) The 
results of 3 experiments are depicted. (B) From the evaluated transcription factors, TRP only decreased the expression of the Th2 signature transcription factor, 
GATA-3. RAP affected all the evaluated transcription factors. Similar to TRP, RAP also decreased GATA-3 expression, but also that of the Th1 and Th17 
signature transcription factors, T-bet and receptor related orphan receptor γt (RORγt). On the contrary, RAP increased the expression of the Treg signature 
transcription factor, Forkhead box P3 (FoxP3). Error bars correspond to the standard deviation. ns, not significant (p≥0.05); *p<0.05 and **p<0.001.
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with both TRP and RAP increased its concentration. 
More precisely, TRP increased the IL-10 concentration 
from 59.26±5.55 in the untreated cells to 179.37±21.72 pg/

ml (p<0.001) in the TRP-treated cells. Treatment with RAP 
increased the IL-10 concentration to 176.75±26.48 pg/ml 
(p<0.001; Fig. 7D).

Figure 6. Effect of tryptophanol (TRP) and rapamycin (RAP) on HIF-1α and its activity in CD4+ T-cells isolated from the mixed lymphocyte reactions (MLRs). 
A total of 8 different MLRs were performed and the CD4+ T-cells were then isolated, proteins extracted and analyzed by western blot analysis. (A) The 
results of 3 experiments are depicted. (B) Expression of HIF-1α, which enhances the Th17/Treg ratio, was differentially regulated by TRP and RAP. TRP 
enhanced the HIF-1α level, whereas RAP decreased it. As regards HIF-1α transcriptional activity, assessed by the expression of its transcriptional target, lactate 
dehydrogenase-A (LDH-A), both TRP and RAP decreased it. Error bars correspond to the standard deviation, *p<0.05 and **p<0.001.

Figure 7. Effect of tryptophanol (TRP) and rapamycin (RAP) on the production of interferon-γ (IFN-γ), interleukin (IL)-4, IL-17 and IL-10 in mixed lymphocyte 
reactions (MLRs). A total of 8 different MLRs were performed and the supernatants were then collected and cytokines were measured by enzyme-linked 
immunosorbent assay (ELISA). (A) A major source of IFN-γ is the Th1 subset. RAP decreased its concentration, whereas TRP had no effect. (B) IL-4 is 
produced mainly by Th2 cells and both TRP and RAP decreased its concentration. (C) The Th17 signature cytokine IL-17 remained unaffected by TRP, but 
RAP decreased its expression significantly. (D) Finally, the expression of IL-10, which is produced by both Tregs and certain macrophages, increased in MLRs 
treated with TRP or RAP. Error bars correspond to the standard deviation. ns, not significant (p≥0.05); **p<0.001.
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Discussion

In this study, the effects of GCN2 kinase activation or 
mTORC1 inhibition, the two systems able to sense amino acid 
deprivation, on primary human alloreactive CD4+ T-cells were 
evaluated. For this purpose, the GCN2 kinase activator, TRP, 
and the mTORC1 inhibitor, RAP, were used at concentrations 
selected according to previous experimental data or clinical 
recommendations (7,12-14). Cytotoxicity assay revealed that 
neither 0.25 mM TRP nor 10 nM RAP exhibited considerable 
toxicity in the context of MLRs.

In order to determine whether the working concentra-
tions of TRP and RAP used were adequate, their effects on 
GCN2 kinase and mTORC1 activities were evaluated in 
CD4+ T-cells isolated from the MLRs. TRP enhanced the 
activity of GCN2 kinase, assessed by the level of phosphory-
lation of its substrate, eIF2α (9), whereas mTORC1 activity 
remained unaffected. Accordingly, RAP reduced mTORC1 
activity, assessed by the level of phosphorylation of its substrate, 
p70S6K (10,11), without altering GCN2 kinase activity.

In MLRs, both TRP and RAP decreased cell proliferation. 
They also induced the apoptosis of CD4+ T-cells isolated from 
the MLRs, assessed by the level of activated CC3, a point at 
which all the apoptotic pathways converge (21). It is known 
that in eukaryotic cells, both GCN2 kinase activation and 
mTORC1 inhibition decrease cell proliferation and induce 
apoptosis. Halofuginone, which activates GCN2 kinase and 
also inhibits transforming growth factor-β (TGF-β) signal 
transduction (22), suppresses T-cell proliferation and induces 
apoptosis (23). In addition, IDO through tryptophan depletion 
and GCN2 kinase activation, suppresses proliferation (7,13), 
and induces the apoptosis of T-cells (24,25). The inhibition 
of mTORC1 also decreases the proliferation and induces the 
apoptosis of T-cells (10,26,27).

The tumor suppressor p53 plays a central role in control-
ling cell proliferation by inducing G1-phase cell cycle arrest 
through the activation of the transcription of p21. It also induces 
apoptosis (28). In the case of TRP treatment, decreased cell 
proliferation and increased CC3 expression were accompanied 
by an increased p53 expression in CD4+ T-cells isolated from 
the MLRs. TRP also increased p21 expression. Thus, upon 
GCN2 kinase activation, p53 increases and may contribute 
to both decreased proliferation and increased apoptosis. 
Interestingly, a previous study demonstrated that IDO, through 
TRP depletion and GCN2 kinase activation, increases p53 
expression in human T-cells, resulting in a p53-dependent 
suppression of cell proliferation (13). Contrary to TRP, RAP 
decreased p53 expression and the expression of its transcrip-
tional target, p21, in CD4+ T-cells isolated from the MLRs, 
indicating that this compound decreases cell proliferation and 
induces apoptosis in a p53-independent manner, a result that 
also has been detected in various cancer cell lines (29,30), the 
human Molt-4 T-cell line included (27).

Next, the effects of GCN2 kinase activation or mTOR 
inhibition on CD4+ T-cell differentiation were evaluated by 
assessing the expression of the signature transcription factors 
of CD4+ T-cell subsets, FoxP3 for Treg, RORγt for Th17, 
T-bet for Th1 and GATA-3 for Th2 (31). TRP affected, and 
more precisely decreased, only the signature transcription 
factor of Th2, GATA-3. Generally, the effect of GCN2 kinase 

activation on CD4+ T-cell differentiation is an area which has 
not been extensively studied. There are studies available on 
the effect of IDO on the differentiation of these cells, which 
however, concluded in contradictory results. For instance, it 
has been demonstrated that IDO promotes Treg differentia-
tion (32), while others have failed to detect such an effect (33). 
The differential experimental systems and species used may 
be responsible for these discrepancies. In the present study, 
primary human cells and a validated model of alloreactivity 
were used. It is also notable that apart from GCN2 kinase acti-
vation, the IDO-produced kynurenine pathway products may 
play a role in CD4+ T-cell differentiation (34). In this study, 
treatment of MLRs with RAP exerted a more profound effect 
on CD4+ T-cell differentiation. RAP decreased the expres-
sion of the signature transcription factors of all the evaluated 
effector CD4+ T-cell subsets, i.e., T-bet of Th1, GATA-3 of 
Th2 and RORγt of Th17. On the contrary, RAP increased 
the expression of FoxP3, the signature transcription factor of 
Treg. This is in accordance with the fact that mouse mTOR-
deficient CD4+ T-cells fail to differentiate into Th1, Th2 and 
Th17 subsets under proper conditions, while they preferably 
differentiate into the Treg subset (35). However, between the 
two mTOR complexes, RAP inhibits only mTORC1 (10), 
and there are elegant studies showing that it is the mTORC2 
that governs Th2 differentiation (36-38). Nevertheless, in the 
present study, cells were treated with RAP for 1 week, and such 
prolonged treatment with this compound has been shown to 
inhibit mTORC2 assembly and function (39).

The differentiation towards Th17 or Treg is of particular 
interest, since the Th17/Treg balance plays a significant role in 
various autoimmune diseases (31), as well as in organ transplan-
tation (40). The Th17/Treg ratio is governed, and upregulated, by 
the transcription factor, HIF-1α (41,42). In this study, treatment 
of MLRs with RAP resulted in a decreased HIF-1α level in the 
CD4+ T-cells, which was expected (43), and is in agreement with 
the RAP-induced increase in FoxP3 expression and a decrease 
in RORγt expression. On the contrary, CD4+ T-cells from MLRs 
treated with TRP exhibited higher HIF-1α levels; however, the 
levels of FoxP3 or RORγt were not altered in these cells. The 
reason for GCN2 kinase-induced HIF-1α upregulation remains 
to be evaluated, although it may be p53-mediated (44,45). 
However, accumulated HIF-1α is not always active (46). The 
discrepancy between the TRP-induced increase in HIF-1α 
levels accompanied however by stable FoxP3 and RORγt levels 
was evaluated by examining HIF-1α activity on specific target 
proteins. Indeed, the expression of LDH-A, a well-known 
transcriptional target of HIF-1α, was assessed and found to be 
decreased. Consequently, accumulated HIF-1α in CD4+ T-cells 
from TRP-treated MLRs remained non-functional. This may 
be the result of the competition between p53 and HIF-1α for 
limited amounts of the transcriptional co-activator, p300 (47).

Finally, we evaluated the levels of signature cytokines for 
the evaluated Th subsets, i.e., of IFN-γ for Th1, IL-4 for Th2, 
IL-17 for Th17 and IL-10 for Treg (31). RAP decreased the 
production of IFN-γ, IL-4 and IL-17, whereas it increased the 
level of IL-10. These changes were parallel to the observed 
alterations of the Th subset signature transcription factors. 
TRP reduced the IL-4 concentration, which is in the same 
consensus with the decreased GATA-3 expression. However, 
TRP increased IL-10 production, whereas it did not affect the 
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FoxP3 level. This discrepancy deserves evaluation, but may be 
the result of IL-10 production by other cell types. For instance, 
apart from Treg, M2 type macrophages produce IL-10, and 
IDO promotes this type of macrophages (48). RAP exerts the 
opposite effect (49), excluding M2 macrophages as an alterna-
tive source of IL-10 in RAP-treated MLRs.

In conclusion, in primary human alloreactive CD4+ T-cells, 
the two systems that sense amino acid deprivation affect cell 
proliferation, apoptosis and differentiation in different ways 
or through different mechanisms. Both mTOR inhibition and 
GCN2 kinase activation exert immunosuppressive effects, 
since they inhibit cell proliferation and induce apoptosis. As 
regards CD4+ T-cell differentiation, mTOR inhibition exerts a 
more profound effect, since it suppresses differentiation into 
Th1, Th2 and Th17, while it induces Treg differentiation. On 
the contrary, activation of GCN2 kinase suppresses only Th2 
differentiation. Thus, GCN2 kinase is a potential target for 
novel immunosuppressive medications with possibly a more 
profound effect on the treatment of Th2-mediated disorders.
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