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ABSTRACT 

Background The reported association of mTOR-inhibitor (mTORi) treatment with a lower incidence of 

cytomegalovirus (CMV) infection in kidney transplant recipients (KTR) who are CMV seropositive (R1) 

remains unexplained. 

Methods The incidence of CMV infection and T-cell profile was compared between KTRs treated with 

mTORis and mycophenolic acid (MPA), and in vitro mTORi effects on T-cell phenotype and functions were 

analyzed. 

Results In KTRs who were R1 and treated with MPA, both ab and gd T cells displayed a more dysfunc- 

tional phenotype (PD-11, CD85j1) at day 0 of transplantation in the 16 KTRs with severe CMV infection, 

as compared with the 17 KTRs without or with spontaneously resolving CMV infection. In patients treated 

with mTORis (n527), the proportion of PD-11 and CD85j1 ab and gd T cells decreased, when compared 

with patients treated with MPA (n544), as did the frequency and severity of CMV infections. mTORi treat- 

ment also led to higher proportions of late-differentiated and cytotoxic gd T cells and IFNg-producing and 

cytotoxic ab T cells. In vitro, mTORis increased proliferation, viability, and CMV-induced IFNg production 

of T cells and decreased PD-1 and CD85j expression in T cells, which shifted the T cells to a more efficient 

EOMESlow Hobithigh profile. In gd T cells, the mTORi effect was related to increased TCR signaling. 

Conclusion Severe CMV replication is associated with a dysfunctional T-cell profile and mTORis improve 

T-cell fitness along with better control of CMV. A dysfunctional T-cell phenotype could serve as a new bio- 

marker to predict post-transplantation infection and to stratify patients who should benefit from mTORi 
treatment. 

Clinical Trial registry name and registration number: Proportion of CMV Seropositive Kidney Trans- 

plant Recipients Who Will Develop a CMV Infection When Treated With an Immunosuppressive Regimen 

Including Everolimus and Reduced Dose of Cyclosporine Versus an Immunosuppressive Regimen With 

Mycophenolic Acid and Standard Dose of Cyclosporine A (EVERCMV), NCT02328963 

 
 
 

Cytomegalovirus (CMV) is, by far, the most 

common opportunistic infection in recipients of 

solid allografts and induces direct and indirect 

morbidity.1 Recipients of solid allografts who are 

CMV positive (R1) have an intermediate risk of 

CMV reactivation or superinfection, but repre- sent 

the vast majority (50%–90%) of transplant 

recipients around the world.2 A preformed, cell- 

mediated immunity3,4 contributes to this reduced 

risk, but sometimes fails to control the virus, 



 

 

 

 
 

leading to clinical infections. A dysfunctional status of CMV-

specific T cells could be hypothesized to explain this 

emergence of CMV disease. 

CD81 ab T-cell response during CMV infection was 

described as inflationary, i.e., leading to the lifelong accu- 

mulation of highly differentiated/functional T cells5,6 that 

correlate to a chronic, but well-controlled, low-level viral 

load.7 These T cells, expressing the transcription factor Hobit, 

have been distinguished as having “long-lived effec- tor-type” 

phenotype, and have strong capacities for both IFNg and 

granzyme B production and for self-renewal.8–10 

Conversely, a dysfunctional effector T-cell profile has 

been deeply characterized in chronic lymphocytic chorio- 

meningitis virus (LCMV) infection with clone C13 in mice 

(and also in humans with chronic hepatitis C, hepatitis B, 

and HIV) in which high virus load persists and is involved 

in the progressive hyporesponsiveness of antigen-specific 

effector T cells (for review see Appay et al.5). Dysfunctional 

state is characterized by an increased expression of inhibi- 

tory receptors, such as PD-1, a transcriptional program bal- 

ance with high level of EOMES/low level of Tbet, and by a 

decreased ability to produce cytokines and to proliferate.11 

Conversely, “Tbethigh/EOMESlow/PD-1low” effector T cells 

are more functional.11,12 

Our hypothesis is that multiple CMV reactivations or 

higher viral loads could occur in graft recipients that could 

lead to the emergence of such dysfunctional CMV-specific 

T cells.9,13–18 Interestingly, among immunosuppressive 

treatments, mTOR inhibitors (mTORis) have recently been 

associated with a decreased number of CMV events after 

solid organ transplantation,19–21 but this association remains 

unexplained. Direct antiviral action of mTORis was 

reported, but this has only been observed in vitro and not in 

all types of CMV-infected cells.22 Alternatively, mTORi 

effect on CMV events could be due to an effect on CMV-

specific immunity. Whereas mTORis have a strong 

antiproliferative effect on naive cells,23 they also increase the 

maintenance of CD8 memory T cells after LCMV infec- tion 

in mice.24 However, data on mTORis effect on human T cells 

remains elusive, particularly on highly differentiated CMV-

specific T cells. 

Because mTORis’ positive association with reduced CMV 

events has been observed in patients who are R120 

 

 
 

but not in patients who are D1R2,25 we hypothesized that 

mTORis could improve the functioning of preformed, CMV-

specific effector T cells. 

T-cell response against CMV involves both CD81 ab and 

gd T cells.26 Only Vd2neg gd T cells are involved in the 

control of CMV, as demonstrated in many different studies 

(for review, see Couzi et al.27), and their response is very 

similar to that of CMV-specific CD81 ab T cells. These cells 

share similar kinetics, and acquire the same late effec- tor 

memory CD45RA1 (TEMRA) phenotype and antiviral 

functions (cytotoxicity, IFNg production).28,29 However, 

Vd2neg gd T cells do not recognize viral peptides presented 

by HLA molecules, but rather they recognize CMV- induced 

“stress self-antigens” at the surface of infected cells. Very few 

of these antigens have been described.30 

In this study, our first aim was to assess if specific attrib- 

utes of CMV-specific ab and gd T cells in kidney trans- plant 

recipients (KTRs) before transplantation could be associated 

with the risk of developing CMV reactivation after 

transplantation. We then investigated, in vitro and in vivo, 

the effect of mTORis on the function and pheno- type of 

CMV-specific effector ab and gd T cells to under- stand why 

mTORis are associated with a better control of CMV 

infection in patients. 

 
 
METHODS 

 
Sample and Patients 

   This ancillary study of a French, multicenter, phase 4 clini- 
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cal trial comparing the incidence of CMV DNAemia in R1 

patients (included at day 0 of transplantation) who received 

everolimus (EVR) with low doses of ciclosporin or myco- 

phenolic acid (MPA) with standard doses of ciclosporin 

(see Supplemental Appendix 1 for details) was performed 

among patients included at Bordeaux University Hospital 

(83 of 186 patients). Six patients discontinued the study 

before the first month and were, therefore, excluded (77 

remaining participants; for EVR, n533; for MPA, n544). 

Among the patients treated with EVR, six were switched to 

MPA between month 1 and month 2 and were, therefore, 

Significance Statement 

It has been reported that mTOR inhibitors (mTORis) are associ- 

ated with a reduction in the incidence of cytomegalovirus (CMV) 

infection in organ transplant patients who are CMV seropositive 

(R1), but a mechanistic explanation has been lacking to date. 

This work showed that a dysfunctional T-cell phenotype 

(CD85j1  PD-11)  was  associated  with  a  higher  risk  of  uncon- 

trolled CMV infection after transplantation in patients who were 

R1, and that mTORis reduced CMV incidence and severity by 

reinvigorating ab and gd T-cell function. Dysfunctional T-cell 

phenotype could represent a new biomarker to predict post- 

transplantation infection in patients who are R1 and to stratify 

patients who should benefit from treatment with mTORis. 

http://www.jasn.org/
mailto:jdechanet@immuconcept.org


 

 

 
 

excluded from the study. Consequently, analyses of our 

ancillary study involved 71 patients: 44 patients treated with 

MPA and 27 treated with EVR (flow chart in Supplemental 

Figure 1). Among the 44 patients treated with MPA, deep 

immunophenotyping of T cells was per- formed on frozen 

PBMCs at day 0 of transplantation to compare the basal T-cell 

profile of patients with “severe CMV” to patients with “well-

controlled CMV” in absence of mTORis. Severe CMV 

infection was defined as CMV DNAemia requiring an 

antiviral treatment, which included CMV disease and CMV 

DNAemia for which an antiviral drug was introduced by a 

physician. Well-controlled CMV was defined either by no 

post-transplant CMV DNAemia, or by CMV DNAemia with 

spontaneous resolution without any antiviral treatment. The 

flow chart of those 44 patients treated with MPA is shown in 

Supplemental Figure 2. The protocol was approved by an 

independent ethics committee (CPP number 2013/57). All 

subjects signed a written informed consent before enrollment. 

CMV serostatus for each KTR had been determined the day 

of the graft and was positive for all patients. 

Immunophenotyping of Vd2neg gd T cells was performed at 

week 1, week 2, and week 24 post-transplantation. PBMCs 

were isolated and frozen at day 0, month 1, month 3, month 

6, and month 12 post- transplantation. The course of CMV 

infection was pre-emptively monitored by longitudinal 

whole-blood quantitative nucleic acid testing (QNAT) for 

CMV viral load every week from day 0 to month 3, and 

then at months 4, 5, 6, 9, and 12, as previously described.31 

Results were given in international units per milliliter, 

calibrated by the World Health Organization International 

Standard.32 The lower limit of quantification was 1000 IU/ml 

and the lower limit of detection was 250 IU/ml; consequently, 

when the result was “weak positive,” we classified the 

result as 999 IU/ml. CMV infection was defined as a positive 

QNAT.33 Antiviral treatment with ganciclovir or valganci- 

clovir was administered at the time of the first positive CMV 

QNAT result of .2000 IU/ml. 

 
PBMC Cultures for T-Cell Expansions 

For gd T cells, PBMCs were cultured in complete medium 

(RPMI medium supplemented with 2 mM glutamine and 10% 

human serum) with 1000 IU/ml recombinant human IL-2 

(rIL-2; number 200-02; all from PeproTech) for 28 days 

with 0, 0.5, or 10 nM of the mTORi EVR (HY- 102018; 

MedChemExpress EU). In some experiments, 10 ng/ml rIL-

15 (number 200-15) was added. 

For CMV-specific ab T-cell cultures, PBMCs were cul- 

tured in complete medium with 10 IU/ml rIL-2 for 16 days 

with 0 or 0.5 nM of EVR. PepTivator CMV pp65 (0.6 nmol/ 

ml; 130-093-438; Miltenyi) was added at day 0 and day 9. 

Additional experiments were performed, as previously 

described, for gd T cells and CMV- specific ab T-cell cul- 

tures with the addition of 0, 25, 75, or 200 ng/ml 

 

ciclosporin (Novartis Pharma, Basel, Switzerland) with or 

without either 0.5 nM EVR or 1000 ng/ml mycophenolate 

sodium (CellCept, batch B8003; Roche). 

 
Proliferation and Viability Assay for gd and 

CMV-Specific ab T Cells 

Proliferation within TEMRA cells was first assessed by 5(6)-

carboxyfluorescein diacetate N-succinimidyl ester (CFSE) 

assay. PBMCs were labeled with CFSE (number V12883; 

eBioscience) and cultured with or without 1000 U/ ml rIL-2 

and 10 ng/ml rIL-15. On day 7 of culture, 2 3 105 cells were 

incubated with mAbs anti-pan TCRd (PE), TCRVd2-PC-7, 

anti-CD3 (BV510), anti-CD45RA (BV786), 

and CD27 (BV650); washed; and processed on the BD 

LSRFortessa. Proliferation was also assessed by counting on 

a Neubauer cell counting chamber; phenotyping with mAbs 

anti-CD3 (V450), CD27 (APC), CD45RA (FITC), pand 

(PE), and Vd2 (PC7); and processing using a BD Canto II 

(BD Biosciences). 

For CMV-specific ab T cells, PBMCs were incubated in 

96-well plates with 150 mL of the previously described media. 

At day 9, 0.6 nmol/ml PepTivator CMV pp65 was added with 

a protein transport inhibitor (number 554724; BD 

biosciences) overnight at 37◦C, and cells were then 
stained with anti-CD3 (V450), CD27 (BV650), CD45RA 
(FITC), pan-ab (APC), and CD69-PE mAbs. Fixation per- 

meabilization was performed for staining with the anti- IFNg 

(BV786) antibody. The assessment of CMV-specific CD81 T 

cells was performed using flow cytometry with a gating of 

double positive CD691IFNg1 ab CD81 cells, as previously 

described.34 

Absolute numbers are the percentages of CMV-specific ab 

and Vd2neg T cells among PBMCs multiplied by the total 

PBMC count. 

Cell viability was measured by incubating 2 3 105 cul- 

tured PBMCs with the viability marker FVS575. 

 
Expression of Coreceptors and Transcription Factors 

for gd and CMV-Specific ab T Cells 

For Vd2neg gd T cells, 5 3 105 PBMCs at day 21 of culture 

were stained with either the viability marker FVS575, and 

then with antibodies anti-CD3 (BV510), PD-1 (BV650), 

TIM3 (BV711), DNAM-1 (BV786), pand (PE), Vd2 (PC7), 

and KLRG1 (FITC); or the viability marker FVS780, and then 

with antibodies anti-CD3 (BV510), Vd2 (Pacific Blue), and 

either pand (APC) with Blimp1 (PE), Tbet (PC5.5), or 

EOMES (Pe-Cy7) alone, or pand (PE) with Hobit (Alex Fluor 

647) (BD Biosciences). PBMCs were permeabilized with the 

FOXP3 transcription factor staining buffer (Fisher Scientific). 

For CMV-specific ab T cells, 5 3 105 PBMCs were stained, as 

described above, in 96-wells plates were stained with 

FVS575, and then either with antibodies anti–PD-1 (BV650), 

KLRG1 (FITC), pan-ab (APC), CD3 

(V450), CD69 (PE), and intracellular staining with anti- 
 

IFNg (BV786), or anti–pan-ab (PE), CD3 (V450), CD69 

(Alexa Fluor 700) antibodies, and then anti-EOMES (PC7), 

Hobit (Alexa Fluor 647), and IFNg (BV786) antibodies 

(processed on the BD LSRFortessa). 

S6 and Akt Phosphorylation 



 

 

On day 21 of culture, 2 3 105 cells from the Vd2neg gd cul- 

tures were washed and incubated in 400 ml of RPMI (2 mM 

glutamine, 8% FCS alone or with 0.5 nM EVR) and acti- 

vated with an anti-Vd1 mAb (10 mg/ml) for the indicated 

period of time. As previously described for staining of 

phosphorylated proteins,35 cells were stained in the phos- 

phoflow buffer with mAbs anti-CD3 (V450), Vd2 (FITC), 

and pand (APC), and with either anti-pS6 (PeCy7), S6 (PE), 

pAkt T308 (PE), pAkt S473 (FITC), or Akt (PE) 

(processed on the Canto II). 

 
pSLP-76, p-ERK, and p38 Expression T cells 

On day 21 of culture with rIL-2, Vd2neg gd T cells were 

purified with magnetic negative sorting using the pan T-cell 

isolation kit; ab2biotin and anti-biotin (Miltenyi Biotec), 

Vd2 FITC (Beckman), and anti-FITC (Miltenyi Biotec). 

Purity was controlled by staining sorted cells with anti-CD3 

(V450), pand (PE), and Vd2 (PC7), resulting in a 85%–96% 

purity. Cells were activated with 10 mg/ml of purified UCHT1 

(Beckman). Intracellular staining was per- formed as 

previously described (processed on Canto II).35 

 
Ex Vivo Phenotyping of gd T Cells and CMV-Specific 

CD81 T Cells 

For the complete details regarding antibodies, see 

Supplemental Table 1. 

Flow cytometry phenotyping of patients’ Vd2neg gd T cells 

was performed on whole blood, as previously described,36 

using the mAbs anti–CD45-APC, anti–pand-PE, anti–Vd2- 

FITC, anti-CD27 Pe-Cy7, and anti–CD45RA-ECD, and using 

the Lysing Solution IOTest 3 103 Concentrate (Beckman). 

The samples were processed on a NAVIOS flow cytometer 

(Beckman Coulter). 

One million frozen PBMCs were used for each multi- 

color flow cytometry analysis, with the same viability marker 

FVS575; the same mAbs against CD3 (PerCP), Vd2 (PC-7), 

pand (PE or APC), and CD8 (either BV510 or PE–Texas 

Red); and IFNg (BV786) and CD69 (AF-700) for the staining 

of CMV-specific CD81 T cells after overnight pp65 

stimulation with a protein transport inhibitor. Stain- ing then 

included either CD45RA (FITC) and CD27 (BV786); CD85j 

(FITC), CD161 (BV650), CD16 (BV786), 

and KLRG1 (PE-Vio 615); granulysin (FITC), perforin 

(APC), and granzyme (BV421); or PD-1 (BV650), TIM-3 

(BV711), LAG3 (BV421), and DNAM-1 (BV786). CMV- 

specific CD81 T cells were gated as double positive cells for 

IFNg and CD69, as previously described.34 

 

PBMCs stained for intracellular markers were permeabi- 

lized, fixed using Fixation/Permeabilization Solution (BD 

Biosciences), and processed on the BD LSRFortessa cytom- 

eter (BD Biosciences). 

 
IFNg Production in Cocultures with CMV-Infected 

Cells 

After 21 days of culture with rIL-2 and rIL-15, Vd2neg gd T 

cells were negatively purified as described above. A total of 

50 3 104 cells were incubated per 96-well plate with RPMI, 

8% FCS, 2 mM glutamine, and 50 ng/ml rIL-18 (B003-5; 

MBL International, Woburn MA; see Guerville et al.37) 

with or without EVR alone, or with either noninfected (NI) or 

CMV-infected fibroblasts, for 24 hours at 37◦C. For CMV-
specific   ab T   cells,   PBMCs   were   cultured   as 

described above but without pp65 stimulation and, after 7 

days, cells were incubated alone or with 0.6 nmol/ml Pep- 

Tivator CMV pp65 or 25 ng/ml PMA with 1 mg/ml iono- 

mycine at 37◦C for 24 hours. An extra well was added to 
perform an IFNg and CD69 staining after overnight pp65 
stimulation with a protein transport inhibitor. 

IFNg was then measured in supernatants using the Human 

IFNg ELISA development kit (number 3420-1H-6; 

Mabtech). 

 
Preparation of CMV-Infected Fibroblasts 

Human foreskin fibroblasts (kindly provided by Dr H. 

Rezvani,  Institut  National  de  la  Sant́e  et  de  la  Recherche 

Médicale,   U1035,   Bordeaux,   France),   grown   in   DMEM 

containing 8% FCS and 2 mM glutamine, were infected with 
the TB42/E strain of human CMV at an MOI of 0.1. After 

virus adsorption overnight at 37◦C, cells were washed and 
covered with fresh growth medium. Cocultures were 

performed when cytopathic effects were $90%, 4 days after 

infection. NI cells grown in parallel were mock infected using 

medium alone. 

 
Preparation of Free CMV 

To produce free CMV (TB42/E strain), human foreskin 
fibroblasts were infected at an MOI of 0.1 and incubated at 

37◦C in culture medium DMEM, 8% bovine serum, and 
glutamine for 10 days or until cytopathic effects were 

$90%. The supernatant was stored at 280◦C. The prepara- 
tion had a titer of 2.5 3 106 PFU/ml, and the titration was 
performed as previously described.1 All virus stocks and 

cells tested negative for the presence of Mycoplasma. 

 
Viability of Vd2neg gd T Cells during Coculture with 

and without Blocking Anti-CD3 Antibody Analyzed 

with 49,6-Diamidino-2-Phenylindole 

Vd2neg gd T cells, after 21 days of culture with 0 and 0.5 

nM EVR, were negatively sorted with magnetic beads and 

cultured in medium alone (either with 0 or 0.5 nM EVR), 

NI fibroblasts, or CMV-infected fibroblasts with or without 



 

 

 
 

 
 

blocking anti-CD3 mAb (10 mg/ml) for 24 hours, and cells 

were stained with 1 mM 49,6-diamidino-2-phenylindole 

dihydrochloride (DAPI), and, after 15 minutes of incuba- tion 

at room temperature, cells were analyzed by flow cytometry 

using the Canto II. 

 
Ex Vivo QuantiFERON-CMV 

QuantiFERON-CMV V (number 0350-0201; Qiagen) was 

performed, as previously described,38 from frozen plasma and 

read using the QUANTA-Lyser 2 Inova Diagnostics at day 14 

(32 patients treated with mTORi and 43 treated with MPA) 

and month 6 post-transplantation (24 patients treated with 

mTORi and 39 treated with MPA).Results were analyzed 

using the CMV version 3.03 software. 

 
Statistical Analyses 

The Mann–Whitney U, chi-squared, Fisher, or unpaired 

t tests were used, as appropriate. Alternatively, the paired 

t test was used for paired data. Paired tests were used when 

two sets of data from the same patients were compared, 

whereas unpaired tests were used to compare data from two 

different  group  of  patients.  P,0.05  was  considered  statisti- 

cally significant. Analyses were performed using conventional 

statistical methods with GraphPad Prism. Figures were 

obtained with FlowJo software (V.10) and GraphPad Prism. 

 
 
RESULTS 

 
Increased Percentages of T Cells Expressing Inhibitory 

Receptors at Baseline in MPA-Treated Patients with 

Severe CMV Infections 

Of the 44 patients treated with MPA, 32 experienced CMV 

infection:  14  patients  with  a  peak  viral  load  ,999  IU/ml 

which spontaneously cleared and, thus, were classified into 

the “well-controlled CMV” group, and 18 patients who 

experienced CMV DNAemia and required treatment were 

classified into the “CMV-severe” group, six of these patients 

had CMV disease. Among the 44 patients from the ancil- lary 

study who were treated with MPA, 33 had available frozen 

PBMCs at day 0 of transplantation, and we conse- quently 

characterized T-cell phenotypes at day 0 of trans- plantation 

(baseline phenotype) in a first subgroup of 21 patients 

treated with MPA. Nine had “severe CMV,” either CMV 

disease (n53) or CMV DNAemia for which an anti- viral drug 

was administered by a physician (n56; mean [SD] peak viral 

load of 6916 [3762] IU/ml); and 12 had well-controlled 

CMV, either no CMV DNAemia (n56) or CMV DNAemia 

which spontaneously cleared without any antiviral  treatment  

(n56,  all  with  a  peak  viral  load  ,999 IU/ml). TEMRA 

cells were highly represented in gd T cells and CD81 T cells 

(Figure 1A), as previously observed.29 Both T-cell 

compartments presented high percentages of cells expressing 

activation receptors, such as DNAM-1 

 

(CD226; also CD8aa and CD16 for gd T cells), and 

KLRG1, a receptor expressed on highly differentiated 

CD81 T cells with high cytotoxic but low proliferative 

capacities in CMV infection.39 A significant proportion of 

T cells also expressed inhibitory receptors, such as CD85j, 

PD-1, and TIM3 (Figure 1B). These phenotypes were then 

compared between patients with post-transplant severe 

CMV infections (n59) and patients with well-controlled 

CMV (n512). No difference in group differentiation status 

(Supplemental Figure 3A) or KLRG1, DNAM-1, CD8aa, and 

CD16 expression (Figure 1C) were observed. However, 

patients who presented with severe CMV infection had a 

higher percentage of T cells expressing inhibitory receptors, 

such as PD-1 and CD85j, when compared with patients 

with well-controlled CMV (Figure 1C). We validated and 

extended these results by concomitantly analyzing gd T 

cells, total CD81 T cells (Supplemental Figure 3B), and 

CMV-specific CD81 T cells in an internal validation sub- 

group of 12 additional patients (from the group of 44 

patients treated with MPA from the ancillary study): seven 

patients had “severe CMV infection,” of which three 

patients had CMV disease and four had CMV DNAemia 

for which an antiviral drug has been introduced by a physi- 

cian (mean [SD] peak viral load of 7930 [3976] IU/ml); and 

five had well-controlled CMV (one patient without CMV 

DNAemia, four with CMV DNAemia which spontaneously 

cleared,  peak  viral  load  ,999  IU/ml).  We  confirmed  that 

patients with severe CMV infection also displayed signifi- 

cantly higher percentages of PD-11 and CD85j1 cells in 

CMV-specific CD81 T cells (Figure 1D), and we validated 

those markers in total CD81 and gd T cells (Supplemental 

Figure 3B). At baseline, T cells from patients who were R1 

could thus display a pre-existing dysfunctional profile, 

characterized by expression of inhibitory receptors, corre- 

lating to severe CMV infection after transplantation. 

Finally, PD-1 and CD85j appeared to be the more convinc- 

ing markers differentially expressed by both gd T cells and 

CMV-specific CD81 T cells. From a clinical perspective, 

using only two markers would be easier to implement as a 

routine assay than a multicolor staining. 
 

The Proportion of Functional T Cells Is Enhanced by 

mTORi Treatment and Correlates to a Subsequent 

Lower Incidence of CMV Infection 

To address the issue of the effect of mTORis on dysfunc- 

tional T cells, 44 KTRs treated with MPA were compared 

with 27 KTRs treated with an mTORi (EVR). As shown in 

Table 1, no major differences were observed regarding age, 

sex, CMV serostatus of donor, rank of transplantation, liv- ing 

donor status, expanded criteria donor, and acute rejec- tion. 

We confirmed that mTORi treatment protects from CMV 

infection because 26% (seven of 27) of patients treated with 

mTORis displayed CMV infection, in contrast with 70% (32 

of 44) of patients treated with MPA (P,0.001; Figure 2A). 
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Figure 1. Vd2neg gd T cells and CD81 T cells express inhibitory receptors at baseline in patients with severe CMV infections. 

Vd2neg gd T cells and total CD81 T cells were analyzed for (A) their expression of CD27 and CD45RA and (B) their costimulatory and 

coinhibitory receptors, in (A and B) all patients who were R1 and treated with MPA (n521) and (C) by separating patients with well- 

controlled CMV (n512) versus patients severe CMV (n59). (D) Finally, phenotypes were extended to CMV-specific CD81 T cells in 

an internal validation cohort of patients with well-controlled CMV (n55) versus patients with severe CMV (n57). Each symbol repre- 

sents an individual donor; large horizontal lines indicate the mean and small horizontal lines indicate the SD. *P,0.05, **P,0.01, 

***P,0.001, ****P,0.0001 as determined by the Mann–Whitney U test. 

 

 

Between day 7 and day 14, the total and TEMRA gd T-

cell percentages increased significantly in patients treated 

with mTORis, whereas this change was not observed in 

patients treated with MPA (before any CMV replication; 

Figure 2, B and C). For CMV-specific ab T-cell immunity 

assessed by QuantiFERON-CMV (Figure 2D), a significant 

difference between patients treated with mTORis versus 

MPA already exists at day 7, but QuantiFERON-CMV 

 

Table 1. Clinical parameters of patients 
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Age, yr mean (SD) 64.2 (15.5) 62.6 (13.5) 

Male, n (%) 15 (64) 32 (73) 

Donors, n (%)   

CMV-seropositive donors 14 (51.8) 23 (52.6) 

Living donor 5 (14.8) 3 (6.8) 

Rank of transplantation, first 1 (3.7) 2 (4.5) 

Expanded criteria deceased donor 16 (59.2) 23 (52.2) 

Ciclosporin whole blood trough concentrations, day 7, mean (SD) 172.1 (71.4) 163.3 (51.2) 

Ciclosporin whole blood trough concentrations, day 14, mean (SD) 210.7 (65.2) 223.8 (55.6) 

Ciclosporin whole blood trough concentrations, month 6, mean (SD) 88.7 (34.3) 117.2 (30.9) 

EVR whole blood trough concentration, day 7, mean (SD) 4.2 (1.8)  

EVR whole blood trough concentration, day 14, mean (SD) 6.3 (2.3)  

EVR whole blood trough concentration, month 6, mean (SD) 4.9 (1.3)  

Biopsy proven acute rejection (12 mo of follow-up), n (%) 8 (29.6) 11 (25) 
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Figure 2. High percentage of functional T cells in patients treated with mTORis correlated with a lower incidence of CMV infection. 

(A) Incidence of CMV DNAemia in 27 patients treated with mTORis and in 44 patients treated with MPA at month 12 post-

transplantation. (B and C) Whole blood staining of Vd2neg gd T cells and their expression of CD27 and CD45RA. Frequencies of Vd2neg 

gd T cells among (B) T cells, and (C) of TEMRA (CD27neg CD45RA1) and naive (CD27hi CD45RA1) cells among Vd2neg gd T cells at 

day 7 and 14 post-transplantation (n527 EVR, n544 MPA). Each symbol represents an individual donor; large horizontal lines 

indicate the mean and small horizontal lines indicate the SD. (D) CMV-specific ab T cells were analyzed with QuantiFERON-CMV 
(IU/mL) at day 7 (n527 EVR, n541 MPA) and 14 post-transplantation (n527 EVR, n543 MPA). Each symbol represents an individual 

donor; large horizontal lines indicate the mean and small horizontal lines indicate the SD. (E) Proportions among Vd2neg gd T cells 

(left); among total CD81 T cells (middle); and CMV-specific CD81 T cells (right) of CD85j1, perforin1, KLRG11, and PD-11 cells, 
compared between day 0 (d0) and month 1 (m1) post-transplantation in patients treated with mTORis (n58) and MPA (n57). Each 
symbol represents an individual donor. (F) Difference of CD85j and PD-11 cell percentages between month 1 and day 0 (value m1 
minus value day 0) was calculated and compared in patient groups with a post-transplantation CMV viral load .1000 or ,1000 

IU/ml (including 0 IU/ml). *P,0.05, **P,0.01, ***P,0.001, as determined for all unpaired data by the Mann–Whitney U test and for 
paired data by Wilcoxon test. 

 
 

significantly increased between day 7 and day 14 in patients 

treated with mTORis, but not in those treated with MPA. 

We then compared the effect of MPA (n57 patients) and 
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mTORis (n58 patients) on the evolution of the T-cell  

phenotype before any CMV replication. mTORi treatment 

was associated with a decreased percentage of PD-11 and 

CD85j1 T cells (in gd T-cells, CD85j was unchanged), 

together with an increase of perforin1 T cells, whereas 



 

 

 

MPA was associated with increased or stable PD-11 and 

CD85j1 cell percentages (Figure 2E). Importantly, there 

was a direct association between the decrease in the per- 

centage of CD85j- or PD-1–expressing T cells during the 

first month of transplantation and an absence of or a low 

level (,1000 IU/ml) of CMV DNAemia (Figure 2F). 

mTORi treatment increased the percentage of T cells 

expressing a functional profile, which is associated with a low 

incidence of CMV infection post-transplantation. 

 
mTORi Treatment Is Associated with Spontaneously 

Cleared CMV Replication that Correlates to an 

Enhanced Specific T-Cell Response 

We then focused on patients who developed post- 

transplantation CMV infection. The mean (SD) of CMV 

infection occurrence was 51 (37) days post-transplantation. 

Viral load was much lower (never exceeding 999 IU/ml) 

in patients treated with mTORis (n57) than those treated with 

MPA (n532; mean 7482 IU/ml) (Figure 3A). More- over, 

patients treated with mTORis did not require any antiviral 

treatment because all of the patients spontaneously cleared 

the virus. In contrast, 56.25% (18 of 32) of patients treated 

with MPA required antiviral treatment (P50.009; Figure 3B). 

Six patients treated with MPA experienced CMV disease, 

whereas none of the patients treated with EVR did (data not 

shown). 

During the course of CMV infection (all occurring 
between month 1 and month 3 post- transplantation), gd T-

cell expansion (Figure 3C) and the increase in the pro- portion 

of TEMRA cells (Figure 3D) were higher in patients treated 

with mTORis than in those treated with MPA. Moreover, the 

CMV-specific ab T-cell response was also improved because 

IFNg, measured by QuantiFERON- CMV, increased 

significantly during the course of CMV infection only in 

patients treated with mTORis (P50.02; Figure 3E). 

Immunophenotyping was performed on day 0 and on 

the closest time point of CMV replication (month 1 or month 

3, depending on when CMV replication occurred for each 

patient) to analyze the effect of both the immuno- suppressive 

drug and CMV replication. 

The proportion of gd T cells and total CD81 T cells 

expressing perforin increased more significantly in patients 

treated with mTORis, as compared with those treated with 

MPA (Figure 3F). KLRG1 was expressed on significantly less 

T cells in patients treated with mTORis (Figure 3F). Finally, 

the decrease of KLRG11 cells and the increase of perforin1 

cells among gd T cells was directly associated with  low  viral  

loads  (,999  IU/ml),  independently  of  the 

immunosuppressive treatment (Figure 3G). 

Thus, the better control of CMV infection in patients 

treated with mTORis, as compared with those treated with 

MPA, was associated with better expansion and functional 

reinforcement of T cells. 

Long-Term In Vitro Treatment of T Cells with 

Therapeutic Doses of mTORis Increase Their 

Proliferation and Viability 

Proliferation and viability were assessed in vitro in R1 

KTR PBMCs comprising predominantly TEMRA cells 

among  both  gd  T  cells  (.95%)  and  CMV-specific  ab  T 

cells (up to 85%) (Supplemental Figure 4) at day 0. 

TEMRA gd T cells can proliferate despite their late- 

differentiated phenotype, as shown through CFSE experi- 

ments at day 7 of culture (Supplemental Figure 4B), and 

through the strong increase in cell percentages (Supplemental 

Figure 4C) and numbers (Supplemental Figure 4D). 

mTORi was then added either at a dose mimicking an 

antiproliferative effect (10 nM), or at the dose used in 

immunosuppressive treatment of solid-organ transplanta- 

tion (0.5 nM) for gd T cells and only at the lowest dose for 

ab T cells. 

As expected and shown in Figure 4A, the high dose of 

mTORi inhibited gd T-cell proliferation. In contrast, cul- ture 

performed with low-dose mTORi (0.5 nM) resulted in better 

proliferation than in the absence of the mTORi (Figure 4, A 

and C). Yet, the dose of 0.5 nM was as potent as that of 10 

nM to inhibit S6 phosphorylation in TEMRA gd T cells, 

while not affecting the expression of the total S6 protein level 

(Figure 4B). Interestingly, low and high doses of mTORis 

were associated with an increased viability of cells during the 

late period of culture (day 28; Figure 4D). As with gd T 

cells, low-dose, mTORi-treated, CMV-specific ab T cells 

showed better proliferation (Figure 4E) and via- bility (Figure 

4F). Hence, a low-dose mTORi improves the proliferation 

and viability of TEMRA T cells, consistent with our previous 

observations in patients treated with mTORis (Figure 2). 

 
Low Dose of mTORi Promotes the Functional Profile 

of T Cells 

When cultured in the presence of a low or high dose of mTO- 

Ris, a decrease in the proportion of PD-11 and KLRG11 gd 

T cells was observed, whereas DNAM-1 and TIM-3 receptors 

were expressed at the same levels (Figure 5A). These results 

suggested that mTORis were able to modify in vitro the dys- 

functional profile of gd T cells observed earlier in vivo at base- 

line (Figure 1), recapitulating the effect of mTORis observed 

in patients after transplantation. 

We then tested whether mTORis were acting on transcrip- 

tion factors regulating IFNg, i.e., Tbet, EOMES, Hobit, and 

Blimp-1. Low and high mTORi doses resulted in an increase 

of Hobit and a decrease of EOMES, which may favor high 

IFNg production.40 Low-dose mTORis maintained, whereas 

a high dose decreased, Tbet expression (Figure 5B). As with 

gd T cells, CMV-specific ab T cells treated with a low 

mTORi dose showed a lower expression of EOMES along 

with an increased expression of Hobit (Figure 5D), whereas 

PD-11 cells showed reduced expression (Figure 5C). The low 
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Figure 3. Better response of T cells in patients treated with mTORis than in those treated with MPA correlated with a lower 

severity of CMV infection. (A) Maximal CMV viral load (IU/ml) in patients treatd with mTORis (n57) and MPA (n532). Each symbol 

represents the CMV viral load value for an individual patient; large horizontal lines indicate the mean. (B) Proportion of patients 

treated with MPA (n538) and mTORis (n57) who experienced CMV DNAemia. *P,0.05, as determined by the Fisher exact test. 

(C and D) Whole blood staining of Vd2neg gd T cells and their expression of CD27 and CD45RA. Proportion of (C) Vd2neg gd T cells 

among T cells and of (D) TEMRA (CD27neg CD45RA1) among Vd2neg gd T cells at week 1, 2, 12, and 24 post-transplantation in 

patients treated with mTORis (n57) and MPA (n532). Each symbol represents the median (interquartile range) value for each group 

of patients. (E) QuantiFERON-CMV (IU/ml) at week 1 and week 24 in patients treated with mTORis (n57) and MPA (n522) who expe- 

rienced CMV DNAemia post-transplantation. Each symbol represents an individual donor. (F) Proportions among Vd2neg gd T cells 

(left) and among total CD81 T cells (right) of perforin1 and KLRG11 cells, compared between day 0 and during CMV DNAemia 

(either month 1 or month 3) in patients treated with mTORis (n57) and MPA (n57). Each symbol represents an individual donor. 

(G) Difference of KLRG1 and perforin1 Vd2neg gd T-cell percentages between month 1 and day 0 were calculated and compared in 

patient groups with a post-transplantation CMV viral load $1000 IU/ml. *P,0.05, **P,0.01, as determined for paired data by the 

Wilcoxon test and for unpaired data by Mann–Whitney U test. 

 

mTORi dose also reduced the percentage of CD85j1 cells in 

both T cell subsets (Supplemental Figure 5). 

Finally, we wondered if this new phenotype induced by 

mTORi correlated with a better antiviral function. gd T 
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cells treated with a low-dose mTORi produced increased 

amounts of IFNg against CMV-infected cells, which was 

remarkably not the case when a high mTORi dose was 

used (Figure 6A), in accordance with mTORi inhibitory 
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Figure 4.   Long-term in vitro mTORi treatment improves proliferation and viability of Vd2neg gd T cells and CMV-specific ab T cells. 

PBMCs from KTRs who were R1 were incubated with IL-2, with or without IL-15, for Vd2neg gd T cells, and IL-2 alone for CMV- specific 
ab T cells, and with the indicated doses of EVR. Proliferation and viability of Vd2neg gd T cells at day 14, 21, and 28 of culture and of 

CMV-specific ab T cells at day 9 and 16 of culture were performed. (A) Representative donor for proliferation of Vd2neg gd T cells. 

(B) Representative flow cytometry staining of S6 and phospho-S6 (p-S6) among Vd2neg gd T cells at day 14 of culture. (C) Prolif- eration 
of Vd2neg gd T cells, represented as fold increases normalized to culture with medium alone, at day 14 (0.5 nM EVR, n513; 

10 nM EVR, n56), 21 (0.5 nM EVR, n515; 10 nM EVR, n58), and 28 (0.5 nM EVR, n512; 10 nM EVR, n56). (D) Vd2neg gd T-cell viabil- 

ity tested by flow cytometry live-dead staining (n55). (E) Proliferation of CMV-specific ab T cells, represented as fold increases nor- 

malized to culture with medium alone (0.5 nM EVR, n55). (F) Viability of CMV-specific ab T cells tested by flow cytometry live-dead 
staining (n55). For (C), (D), (E), and (F), each symbol represents an individual donor. *P,0.05, **P,0.01, ***P,0.001, as determined 

by Wilcoxon test. 
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Figure 5. Low-dose mTORi improves the functional profile of Vd2neg gd T cells and CMV-specific ab T cells. Vd2neg gd T cells 

(after 21 days) and CMV-specific ab T cells (after 16 days) were analyzed after in vitro culture, with or without EVR, of PBMCs from 
KTRs who were R1. Frequencies of (A) PD-1, KLRG1, DNAM-1, and TIM-3; and (B) Tbet, Blimp-1, EOMES, and Hobit among Vd2neg 

gd T cells for one representative donor (top) and for five donors (bottom). Frequencies of (C) PD-1 and KLRG1 and of (D) EOMES 

and Hobit among CMV-specific ab T cells for one representative donor (left) and five donors (right). Each symbol represents an indi- 
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vidual donor. *P,0.05, **P,0.01, as determined by the Wilcoxon test. FMO, fluorescence minus one; iso, control isotype. 
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Figure 6. Low-dose mTORi improves the response of Vd2neg gd T cells and CMV-specific ab T cells to CMV. (A) Vd2neg gd T 

cells were purified and cultured in medium alone or with NI or CMV-infected fibroblasts for 24 hours, and ELISA for IFNg was performed 
(n54 donors). (B) PBMCs, from donors who were R1, were cultured for 7 days and then maintained in medium alone or 

stimulated with 0.6 nmol/L of pp65 PepTivator for 24 hours, and ELISA for IFNg was performed (n55). Each symbol represents an 

individual donor and, in (A), large horizontal lines indicate the mean and small horizontal lines indicate the SD. *P,0.05, **P,0.01, 

as determined by the Wilcoxon test. 

 

action on Tbet expression at high dose (Figure 5B). Regard- 

ing CMV-specific ab T cells, PBMCs activated with CMV 

peptides after 7 days of mTORi culture consisted of a simi- 

lar quantity of CMV-specific ab T cells (IFNg1CD691 ab 

T cells; Supplemental Figure 6), but showed an increased 

production of IFNg (Figure 6B), as compared with PBMCs 

cultured without mTORis. 

In summary, a low mTORi dose improves functional fit- 

ness of T cells with the reinforcement of CMV-induced 

IFNg production. mTORis drive an increased percentage of 

“Hobithigh/EOMESlow/PD-1low” cells, which was previously 

associated with an efficient antiviral potential.10,12 

 
mTORi Improvement of the T-Cell Dysfunctional 

Profile Is Maintained when Combined with Ciclosporin 

To mimic the patients’ immunosuppressive regimen, we 

also performed gd and CMV-specific ab T cell culture 

combining either 0, 25, 75, or 200 ng/ml ciclosporin alone 

or in combination with 0.5 nM EVR or with 1000 ng/ml 

mycophenolate sodium. Mycophenolate sodium strongly 

inhibited the proliferation of both gd and CMV-specific ab 

T cells. Ciclosporin inhibited the proliferation of gd and 

CMV-specific ab T cells in a dose-dependent manner 

(Supplemental Figure 7A). However, for the same concen- 

tration of ciclosporin, EVR had a significant effect on 

increasing proliferation (Supplemental Figure 7A) and on 

decreasing PD-1 and CD85j expression (Supplemental 

Figure 7B). Consequently, our in vitro observations about 

the effects of EVR and ciclosporin were confirmed and led 

us to extrapolate what we observed ex vivo in patients. 

Effect of mTORis on TCR Engagement and Signaling 

of gd T Cells 

Because it was previously demonstrated that dysfunctional T 

cells are hyporesponsive to TCR signaling,41,42 and because 

we could obtain large numbers of gd T cells (compared with 

CMV-specific ab T cells), we investigated the TCR signaling 

efficiency of gd T cells with or without mTORi. TCR neutrali- 

zation significantly inhibited the production of IFNg by gd T 

cells against CMV-infected cells (Figure 7A), and even more 

when gd T cells were preincubated with an mTORi, without 

affecting viability (Supplemental Figure 8). mTORis may 

amplify the intrinsic ability of gd T cells to respond to the 

TCR engagement. In agreement with this hypothesis, in 

mTORi-treated gd T cells, T cell production of IFNg after 

anti-TCR Vd1 activation was increased (Figure 7B), along 

with an increased internalization of the TCR (Figure 7C). 

TCR signaling–induced phosphorylation of the kinase ERK 

was enhanced in mTORi-treated gd T cells (Figure 7D), 

whereas no difference was observed for MAPK-38 or SLP-76, 

suggesting the mTORi was acting downstream of this very 

proximal event of TCR signaling (Supplemental Figure 9). 
Moreover, whereas S6 phosphorylation was decreased at 

baseline in mTORi-treated gd T cells (Figure 7E, left), the 

induction of S6 phosphorylation upon TCR triggering was 

much more important in mTORi-treated than in untreated 

cells, which was not associated with feedback activation of 

Akt (Supplemental Figure 10, A and B). 

Overall, inhibition of the mTOR pathway conditions gd 

T cells to respond more efficiently to an antigenic chal- lenge, 

as occurs during CMV infection. 
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Figure 7. TCR engagement and signaling of Vd2neg gd T cells are improved by mTORi. (A) Vd2neg gd T cells were purified and cultured 

in medium alone, with NI or CMV-infected fibroblasts, with or without a blocking anti-CD3 mAb (10 mg/ml) for 24 hours, and ELISA 

for IFNg was performed (n54 donors). (B) Vd2neg gd T cells among the total PBMCs were specifically stimulated via their TCR by an 
anti-Vd1 mAb (10 mg/ml), for 2, 4, and 6 hours, and then ELISA for IFNg was performed, and (C) cells were stained for gd TCR 

downregulation analysis by flow cytometry (n54 donors). (D) Vd2neg gd T cells were purified and stimulated with an anti-CD3 

antibody (UCHT1, 10 mg/ml) for 0, 1, 2, 4, and 7 minutes. Erk 1/2 phosphorylation was measured by flow cytometry (one representa- 

tive donor, right; in four donors, left). (E) Vd2neg gd T cells among the total PBMCs were specifically stimulated via their TCR by an 

anti-Vd1 mAb (10 mg/ml) for 2, 4, and 6 hours, and S6 phosphorylation was measured by flow cytometry. Basal levels before stimula- 
tion are represented for seven donors (left), and activation kinetics normalized to the basal level for each condition (0 and 0.5 nM 

EVR) (right) for four donors are represented. Each symbol represents an individual donor, large horizontal lines indicate the mean 

and small horizontal lines indicate the SD in (A) and (E, left). Each symbol represents the median of the results for four donors, and 

the small horizontal lines represent the ranges in (B), (C), (D), and (E, right). *P,0.05, **P,0.01, as determined by the Wilcoxon test. 

 

 

DISCUSSION 

 
It has been well established that mTORi treatment is associ- 

ated with a reduction in the incidence of CMV infection in 

organ transplant patients who are R1,19,20 but a mechanis- 

tic explanation for this effect has been lacking to date. In 
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this study, we suggest that a multimodal functional action 

on both ab and gd effector T cells is involved. In contrast 

with mTORi’s immunosuppressive functions on naive allo- 

genic T cells, our overall results indicate that mTORi treat- 

ment of specific effector T cells improves their response to 

CMV through improving expansion and viability, and in 



 

 

 
 

 
 

restoring their functional phenotype, as characterized by 

increased cytotoxic potential, increased IFNg production, and 

decreased expression of inhibitory checkpoints. 

Our first original observation was to describe, at base- line, 

a higher proportion of T cells with a dysfunctional phenotype 

in patients who were R1 and were unable to control CMV 

infection without antiviral treatment. We characterized this 

dysfunctional phenotype through the expression of several 

inhibitory receptors (PD-1, LAG3, TIM3, CD161, CD85j). 

As usually described, effector mem- ory T cells that are 

maintained after CMV infection have a specific profile of 

CD45RA re-expression; low PD-1 expres- sion; and high 

KLRG1, Tbet, and Hobit expression without loss of function.6 

Here, we described that, in in vitro cul- tured cells from KTRs 

who were R1, among effector mem- ory T cells, a percentage 

of dysfunctional cells expressed PD-1, a high level of 

EOMES, and a low level of Hobit, with the same level of 

Tbet. This profile of dysfunctional T cells is usually described 

in a viral context of a persistent, uncontrolled viral load 

during chronic phases of infection (e.g., LCMV),43,44 whereas 

the effector T-cell response described during CMV infection 

was called inflationary5,6 and was correlated to a well-

controlled, low viral load. However, patients who are R1 and 

are awaiting a kidney graft could be in a relative 

immunosuppressive state due to ESKD,45 to previous 

immunosuppressive treatment of their renal disease, or to 

previous kidney transplantation. This context could lead to a 

chronically higher viral load favor- ing the emergence of 

those dysfunctional CMV effector T cells. Interestingly, 

documenting the presence of these dys- functional T cells 

before the introduction of an immuno- suppressive drug 

regimen may be used to predict the risk of CMV 

reactivation after transplantation in patients who are R1 to 

avoid useless treatment. Here, PD-1 and CD85j, expressed on 

both CMV-specific CD81 and gd T cells, were the most 

discriminating markers for predicting severe CMV infection 

in patients who were R1. In particular, CD85j is a well-

known inhibitory receptor that is induced on both ab46 and 

gd T cells47 during CMV infection, and that binds the CMV-

encoded UL18 protein with high affinity.48 

Second, we observed that mTORis improved the func- 

tional profile (decreased inhibitory receptors, increased 

functionality) of effector T cells, together with a lower inci- 

dence and severity of CMV infection after transplantation. 

In addition, during the course of CMV infection, a decreased 

proportion of T cells expressing the inhibitory receptor 

KLRG1 and an increased proportion of perforin- producing T 

cells were directly associated with better control of CMV, 

independently of immunosuppressive treatments; these 

changes were then shown to be mostly induced by 

mTORis. 

In vitro, a low dose of mTORi induced a long-lived cell 

profile (PD-1 low, Tbet high, and EOMES low), which was 

associated with increased proliferation, viability, and IFNg 

production in both gd and ab T cells. These characteristics 

were previously associated with improved functionality of 

effector T cells.11,12 Moreover, mTORi also increased the 

amount of Hobit1 T cells, which are known to be long- lived 

effector cells in the context of CMV.8–10 

Although the effects of mTORis have been well-studied 

in naive cells and, notably, in allogenic naive cells, it has been 

poorly evaluated in effector T cells. Our in vitro results 

suggest that late-differentiated effector cells present a high 

basal level of p-S6 that limits their capacity for fur- ther S6 

phosphorylation during activation, and this could be 

involved in their low IFNg production after TCR 

engagement. Conversely, when the basal level was decreased 

by mTORi pretreatment, phosphorylation of S6 and IFNg 

production was much more inducible during activation. 

Altogether, these results suggest that mTORis are able to 

dampen basal S6 phosphorylation in highly dif- ferentiated T 

cells, allowing them to respond more effi- ciently upon 

activation. 

Finally, we also observed that mTORi-treated T cells 

improved TCR signaling. This is of particular interest because 

late effector memory T cells are mostly dependent on TCR 

signaling, rather than cytokine signals, to persist during 

chronic infection.49,50 Chronic antigen activation could lead 

to increased basal mTOR levels in T cells, ham- pering their 

capacity to respond properly during a new viral challenge. 

Decreasing the basal level of mTOR path- way activation 

could sensitize effector T cells to better respond to a new 

TCR activation. 

Altogether, those findings have highlighted the involve- 

ment of dysfunctional T cells in CMV infection risk after 

transplantation. Expression of CD85j and PD-1 could be 

promising prospective markers to better manage prevention 

strategies in patients who are R1. We believe these results 

provide a clinical and mechanistic understanding of the 

effect of mTORis on the restoration of CMV-specific late 

effector T cells, leading to better control of CMV after 

transplantation. These new insights could guide better use 

of mTORis in patients who are R1 and contribute to 

improved outcomes for the most frequent opportunistic 

infection in solid organ transplantation. 
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et al.: Understanding human gd T cell biology toward a better manage- 

ment of cytomegalovirus infection. Immunol Rev 298: 264–288, 2020 
27. Couzi L, Pitard V, Moreau JF, Merville P, Déchanet-Merville J: Direct 
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