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Abstract
Inhibitors of the mammalian target of rapamycin (mTOR) have been proposed to im-
prove vaccine responses, especially in the elderly. Accordingly, testing mTOR inhibi-
tors (such as Sirolimus) and other geroprotective drugs might be considered a key 
strategy to improve overall health resilience of aged populations. In this respect, 
Sirolimus (also known as rapamycin) is of great interest, in consideration of the fact 
that it is extensively used in routine therapy and in clinical studies for the treatment 
of several diseases. Recently, Sirolimus has been considered in laboratory and clinical 
studies aimed to find novel protocols for the therapy of hemoglobinopathies (e.g. β-
Thalassemia). The objective of the present study was to analyse the activity of CD4+ 
and CD8+ T cells in β-Thalassemia patients treated with Sirolimus, taking advantages 
from the availability of cellular samples of the NCT03877809 clinical trial. The ap-
proach was to verify IFN-γ releases following stimulation of peripheral blood mono-
nuclear cells (PBMCs) to stimulatory CEF and CEFTA peptide pools, stimulatory for 
CD4+ and CD8+ T cells, respectively. The main results of the present study are that 
treatment of β-Thalassemia patients with Sirolimus has a positive impact on the bio-
logical activity and number of memory CD4+ and CD8+ T cells releasing IFN-γ follow-
ing stimulation with antigenic stimuli present in immunological memory. These data 
are to our knowledge novel and in our opinion of interest, in consideration of the fact 
that β-Thalassemia patients are considered prone to immune deficiency.
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1  |  INTRODUC TION

Inhibitors of the mammalian target of rapamycin (mTOR) have been 
proposed by many studies to improve vaccine responses, especially 
in elderly. This was for instance reported to impact on the Flu vaccine 
efficacy.1,2 Accordingly, testing mTOR inhibitors and other geropro-
tective drugs might be considered a key strategy to improve over-
all health resilience of aged populations.3–5 Among the effects of 
mTOR inhibitors responsible for improving the vaccine activity, en-
hanced CD8+ effector memory T-cell function has been proposed.6,7 
Collectively, there is agreement on the fact that mTOR inhibitors 
might play an important role in boosting vaccination of elderly and 
fragile people as well as memory T-cell function in general.3–5,8–10

In this respect, Sirolimus (also known as rapamycin, a lipophilic 
macrolide isolated from a strain of Streptomyces hygroscopicus)11,12 
is of great interest, in consideration of the fact that it is extensively 
used in routine therapy and in clinical studies for the treatment of 
several diseases, such as renal, cardiac and liver transplantation,13–16 
systemic lupus erythematosus,17 lymphangioleiomyomatosis,18 tu-
berous sclerosis complex,19 recurrent meningioma,20 pancreatic 
neuroendocrine tumours,21 advanced differentiated thyroid can-
cers,22 advanced breast cancer,23 diffuse large B-cell lymphomas24 
and metastatic renal cell carcinoma.25

Recently, Sirolimus has been considered in laboratory and clinical 
studies aimed to find novel protocols for the therapy of hemoglo-
binopathies (e.g. β-Thalassemia and sickle-cell disease).26–31 The β-
Thalassemias are due to more that 300 hereditary mutations of the 
β-globin gene, inducing absence or low-level synthesis of β-globin in 
erythroid cells.32–34 It is widely accepted that high production of foe-
tal haemoglobin (HbF) is beneficial for β-Thalassemia patients.35–38 
In a recent study, we have reported biochemical, molecular and 
clinical results of the Sirolimus-based NCT03877809 clinical trial 
(A Personalized Medicine Approach for β-Thalassemia Transfusion 
Dependent Patients: Testing Sirolimus in a First Pilot Clinical Trial: 
Sirthalaclin).39,40 The rationale of this trial was that Sirolimus is of 
interest in β-Thalassemia, since it induces the expression of foetal 
haemoglobin (and this might contribute to ameliorate the clinical pa-
rameters of these patients), induces autophagy (thereby reducing the 
excess of free α-globin) and, finally, might contribute to mobilization 
of erythroid cell from the bone marrow (thereby reducing anaemia).

The results of the trial were obtained in 8 patients with β+/β+ and 
β+/β0 genotypes, treated with a starting dosage of 1 mg/day Sirolimus 
for 24–48 weeks.40 The first finding of the study was that expression 
of γ-globin mRNA was increased in blood and erythroid precursor 
cells isolated from β-Thalassemia patients treated with low-dose 
Sirolimus. A second important conclusion was that Sirolimus influ-
ences erythropoiesis and reduces biochemical markers associated 
with ineffective erythropoiesis (excess of free α-globin chains, bil-
irubin, soluble transferrin receptor and ferritin). In most of the pa-
tients, a decrease of the transfusion demand index was observed. 
Altogether, the data obtained suggested that Sirolimus given at low 
doses modifies haematopoiesis and induces increased expression of 
γ-globin genes in a subset of β-Thalassemia patients.

The major end points of the NCT03877809 clinical trial were 
not aimed to explore changes in the functionality of memory T cells 
of Sirolimus-treated patients.39 However, the possible effect of 
Sirolimus in β-Thalassemia is intriguing, as recent reports have high-
lighted a high mortality rate in β-Thalassemia patients affected by in-
fectious bacterial and viral diseases,41–46 probably due to co-existing 
immune deficiencies.47–49 Immune dysfunctions characterizing thal-
assemia patients include changes in lymphocyte subsets, such as the 
accumulation of suppressor T cells and the reduced proliferative ca-
pacity and numbers of T helper cells, as well as the defective activity 
of natural killer (NK) cells. Similarly, an altered humoral immunity has 
been shown in patients with β-Thalassemia.48 Therefore, efficient 
vaccination is of primary importance and molecules exhibiting boost-
ing effects on vaccines should be considered of great relevance.

The objective of the present study was to analyse the activity 
of CD4+ and CD8+ T cells in β-Thalassemia patients treated with 
Sirolimus, taking advantages from the availability of cellular samples 
from the NCT03877809 clinical trial. The approach was to verify 
IFN-γ releases following stimulation of peripheral blood mononu-
clear cells (PBMCs) to CEF and CEFT peptide pools, that activate 
CD8+ and CD4+ T cells, respectively.

2  |  METHODS

2.1  |  Patient recruitment and treatment with 
Sirolimus

Recruitment of the Sirthalaclin pilot clinical trial and data collec-
tion (EudraCT n° 2018–001942-33, NCT 03877809) was at the 
Thalassemia Centre of Azienda Ospedaliera-Universitaria S.Anna, 
as extensively reported in Zuccato et al.40 All the patients were 
transfusion-dependent (TDT, Transfusion Dependent Thalassemia). 
The β-Thalassemia patients have been recruited among patients with 
β+/β+ and β+/β0 genotypes. The study was approved by the Ethical 
Committee in charge of human studies at Arcispedale S.Anna, 
Ferrara (release of the approval: 14 November 2018). The list of ana-
lysed patients is reported in Table 1.

TA B L E  1  Characteristics of the nine transfusion-dependent 
patients included in the study

Patient 
ID Genotype

Age range 
(years) Sex

1 β039/β+IVSI-110 56–60 Female

2 β039/β+IVSI-110 46–50 Female

3 β039/β+IVSI-110 40–45 Female

4 β039/β+IVSI-110 40–45 Female

5 β039/β+IVSI-6 46–50 Female

6 β039/β+IVSI-110 40–45 Male

7 β+IVSI-110/ β+IVSI-110 40–45 Male

8 β039/β+IVSI-110 50–55 Female

9 β039/β+IVSI-110 46–50 Male
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The investigational drug in the form of coated tablets (0.5  mg 
Sirolimus) has been provided to the patients in adequately labelled 
blisters. The starting Sirolimus dosage was 1 mg/day. All other stan-
dard treatments, including blood transfusions and iron chelation 
therapy, have been continued, in agreement with the International 
Thalassemia Federation (T.I.F.) Guidelines.50 The analysis of the 
Sirolimus blood content in treated thalassemia patients was carried 
out as described in detail by Zuccato et al.40

2.2  |  Analysis of the immunophenotype

Peripheral blood mononuclear cells (PBMCs) were isolated from 
whole blood before drug administration (Day 0) and in different 
time-points during treatment (Day 90 and Day 180). PBMCs were 
obtained by density centrifugation on Lympholyte (Cedarlane, 
Burlington, Canada) following manufacturer instruction, washed in 
PBS and frozen in standard FBS/10% DMSO freezing medium. For 
analysis, cells were thawed in RPMI-1640 medium and washed in 
PBS (Lonza); the staining was performed using 1 million cells for each 
time point. The cells were firstly stained with LIVE/Dead™ Fixable 
Aqua—Dead Cell Stain Kit (Thermo Fisher) and incubated 10′ in the 
dark. After a PBS wash, cells were stained with a mixture of antibod-
ies (see Table 2) targeting different membrane receptors (antibod-
ies against CD3, CD4, CD8, CD14, CD19 and CD25) and incubated 
15′ in the dark. After an additional PBS wash, cells were permeabi-
lized using eBioscience Foxp3/Transcription Factor Staining Buffer 
Set (Invitrogen by Thermo Fisher) and stained with the last anti-
body against FoxP3 transcription factor. At the end of the staining 
process, cells were washed in PBS to reduce the background, re-
suspended in 200 μl of PBS and analysed by flow cytometry using 
the BD FACSCanto II cell analyser (Becton Dickinson) as previously 
reported.40

2.3  |  Autophagy detection in memory T cells 
subpopulations

PBMCs were treated as above mentioned in the analysis of the 
immunophenotype section and stained with an autophagosome 
tracker (Cyto-ID) and a different antibody mix in order to detect 
autophagy levels in different memory T cells subpopulations inside 

CD4+ and CD8+ lymphocytes (see Table 3). Cells were stained with 
Cyto-ID autophagy detection kit 2.0 (Enzo LifeSciences) following 
manufacturer protocol and then washed in PBS and stained with 
LIVE/Dead™ Fixable Aqua—Dead Cell Stain Kit and incubated 10′ 
in the dark. After an additional wash step, cells were stained with 
the antibody mix showed in Table 3 and incubated 15′ in the dark. 
Finally, cells were washed in PBS, resuspended in 200 μl of PBS and 
analysed by flow cytometry using the BD FACSCanto II cell analyser 
as elsewhere reported.51,52

2.4  |  ELISPOT for characterization of CD8+  and 
CD4+  T memory cells functionality

Elispot assays were performed using the Human IFN-γ ELISpot 
PLUS (HRP) kit (MabTech) with precoated plates. Thawed PBMCs 
were diluted in RPMI 1640 medium containing 10% foetal bovine 
serum (FBS; Biowest) and incubated for 24 h at 37°C in humidified 
5% CO2 atmosphere. After 24 h, cells were counted and seeded 
(25 × 103 cells per well for CEF stimuli and 100 × 103 cells per well 
for CEFT stimuli) in duplicate in 96-well precoated plate (Mabtech) 
and stimulated with ProMix™ CEF and CEFT Peptide Pools 
(ProImmune); cells of each tested donor were also incubated with 
medium alone (negative control) and with an anti-CD3 monoclo-
nal antibody (Mabtech) as a positive control of stimulation. Plates 
were incubated for 24 h, processed according to the manufac-
turer's instruction, acquired with Eli. Expert ELISPOT automated 
reading system (A.EL.VIS) and analysed with Eli.Analyse software. 
The number of specific IFNγ-secreting T cells, expressed as spot-
forming units (SFU) per million cells, was calculated by subtracting 
the negative control values.52

2.5  |  Analysis of cytokines, chemokines and 
growth factors

Plasma samples were isolated from β-Thalassemia patients by direct 
centrifugation of the whole blood, as described in Zuccato et al.40 
Proteins were measured using Bio-Plex Human Cytokine 27-plex 
Assay (Bio-Rad) as suggested by the manufacturer and described 
in Gasparello et al.53 and in the Supplementary Materials  (SM1). 
The assay allows the multiplexed quantitative measurement of 27 

Ab Fluorochrome Cat.n. Manufacturer

CD19 PacificBlue 302232 BioLegend

FOXP3 AlexaFluor488 53-4776-42 Invitrogen by Thermo Fisher

CD25 PE 12-0259-42 Invitrogen by Thermo Fisher

CD3 PerCP 300428 BioLegend

CD14 PE-Cy7 25-0149-42 Invitrogen by Thermo Fisher

CD4 APC 300514 BioLegend

CD8 APC-Cy7 557834 BD Pharmingen

TA B L E  2  List of antibodies employed 
for Lymphocyte immunophenotyping
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cytokines/chemokines (including FGF basic, Eotaxin, G-CSF, GM-
CSF, IFN-γ, IL-1β, IL-1rα, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, 
IL-12, IL-13, IL-15, IL-17A, IP-10, MCP-1, MIP-1α, MIP-1β, PDGF-BB, 
RANTES, TNF-α and VEGF) in a single well. Briefly, an amount of 
50 μl of cytokine standards and plasma samples were incubated 
with 50 μl of anti-cytokine conjugated beads in a 96-well plate. 
After multiple washing, 25 μl of diluted detection antibody were 
added to each well and the plate was incubated for 30 min at room 
temperature with shaking. After washing, 50 μl of streptavidin-
phycoerythrin was added, and the plate was incubated with shaking 
at room temperature, washed and read using the Bio-Plex 200 array 
reader (Bio-Rad). Data were analysed by the Bio-Plex Manager 
Software (Bio-Rad).53

2.6  |  Statistical analysis

Unless otherwise stated, all the data were normally distributed and 
presented as mean ± S.D. Statistical differences between groups 
were compared using Wilcoxon test or one-way anova (analyses 
of variance between groups) for repeated measures followed by 
Dunnet post hoc tests. Statistical differences were considered sig-
nificant when p < .05 (*), highly significant when p < .01 (**).

3  |  RESULTS

3.1  |  Lymphocyte immunophenotyping of 
Sirolimus-treated β -Thalassemia patients

Immunophenotyping of PBMCs was performed by flow cytometry 
analysing the following markers associated with the various lym-
phocyte subpopulations: CD3, CD4, CD8, CD14, CD19, CD25 and 
FOXP3. An example of the analysis of the immunophenotype is 
included in the (Figure S1). No major changes are detectable after 
Sirolimus treatment among monocytes (CD14+), B cells (CD19+) and 
the whole T-cell compartment (CD3+). The new data and analyses 
shown in Figure  1 are in agreement with the results discussed by 
Zuccato et al.40 (see also Figure S2). Interestingly, CD4+ T cells, regu-
latory T cells (FOXP3+/CD25+) and activated CD8+ T cells (CD8+/
CD25+) remain unchanged during therapeutic treatment with 
Sirolimus. Therefore, 6 months of chronic therapy with Sirolimus in 
Thalassemia patients did not perturb the percentages of different 
lymphoid and myeloid immune cells, with the exception of a slight 
and transient increase of CD8+ T cells after 3  months of therapy. 
Moreover, we did not observe permanent alterations at the level of 
the T-cell compartment, but only a minor and transient rise in the 
frequency of CD8+ T cells and thus a subtle decrease of the CD4/
CD8 ratio (Figure 1 and Figure S2). The results obtained confirmed 
and extended (by including the analysis of the Treg fraction) the data 
reported by Zuccato et al.,40 demonstrating that Sirolimus treatment 
does not induce negative alterations of the immunophenotype in β-
Thalassemia patients.

3.2  |  Effects of Sirolimus on naive and memory 
CD4+  and CD8+  T cells subpopulations

As depicted in the representative experiment shown in Figure  2, 
the analyses performed have been implemented for obtaining 

F I G U R E  1  Summary representing the % of regulatory T 
lymphocytes (Treg) in respect to the total number of CD4+ T 
lymphocytes (A). (B–C) Summary representing the % of CD4+ and 
CD8+ T lymphocytes, respectively, on live PBMCs. D. Ratios of 
CD4+/CD8+ T cells. A complete summary of the immunophenotype 
is reported in Figure S2, extending those reported by Zuccato 
et al.40

Ab Fluorochrome Cat.n. Manufacturer

CD8 APC-Cy7 557834 BD Pharmingen

CD45RA PerCP-Cy5.5 45-0458-42 Invitrogen by Thermo Fisher

CD27 APC 130-113-626 Miltenyi Biotec

CD4 eFluor450 4331794 Invitrogen by Thermo Fisher

CCR7 PE-Cy7 557648 BD Pharmingen

TA B L E  3  List of antibodies employed 
for T memory Lymphocyte subset typing
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information on the following CD4+ (Figure 3A) and CD8+ (Figure 3B) 
subpopulations: naive, central memory (CM), transitional memory 
(TM) T cells, effector memory (EM) and effector memory express-
ing CD45RA (EMRA). These populations are of relevance, because 
identify T cells with different biological functions, and are clearly 
highlighted by antibodies staining. For instance, naive T cells express 
CD45RA receptor and co-express CD27 and CCR7, central memory 
T cells (CM) co-express CD27 and CCR7 but lack CD45RA. Effector 
memory T cells (EM) cells lack CD45RA, CD27 and CCR7 receptors, 
while EMRA T cells are terminally differentiated effector memory 
T-cell re-expressing CD45RA; transitional memory T cells (TM) are 
more differentiated than CM cells but not as fully differentiated as 
EM cells in terms of phenotype. Treatment of Sirolimus induced a 
slight but significant increase of both EM and EMRA CD4+ T cells 
(Figure 3A), while the subset distribution among CD8+ T cells remain 
unchanged (Figure 3B).

Sirolimus, through mTOR inhibition, could increase autophagy 
levels,54,55 and studies on humans and mice suggest that higher rates 
of autophagy sustain the long-term survival of memory T cells.10,56 
For instance, experimental mice lacking the autophagy gene Atg7 in 
T cells failed to establish memory CD8+ T cells specific for influenza 
and MCMV infection.56 To investigate whether Sirolimus treatment 
affected autophagy levels in different T-cell subsets, PBMCs isolated 

at Day 0 or after at least 90 days after treatment with Sirolimus were 
analysed for the contents of autophagic vesicles by flow cytometry. 
As shown in Figure 4, we observed a slight, although not nonsignifi-
cant, trend towards higher autophagy levels in both central memory 
CD4+ (Figure 4A) and CD8+ (Figure 4B) T cells, while autophagy lev-
els of the other T-cell subsets were unchanged.

3.3  |  Effects of Sirolimus treatment on activity of 
memory CD4+  T cells

The functionality of CD4+ T cells was analysed by the ELISpot tech-
nique following stimulation of the isolated PBMCs with the CEFT 
peptide pool. This peptide pool contains 24 MHC class II-restricted 
viral peptides from human CMV, EBV, Influenza virus, Tetanus toxin 
and can selectively stimulate epitope-specific human CD4+ T cells 
to produce IFN-γ. The data obtained are summarized in Figure 5. In 
Figure 5A, the absolute values of epitope-specific IFN-γ secreting 
cells (SFU/million cells) are reported; in Figure 5B, the % increases in 
the spot numbers are indicated. The results demonstrate that after 
stimulation with CEFT peptides, epitope-specific memory CD4+ T 
cells secerning IFN-γ are increased after treatment with Sirolimus 
for 90 or more days in five patients on six.

F I G U R E  2  Representative data obtained from patient n.6 showing the employed gating strategy to detect memory T cells subpopulations 
(naïve, CM, TM, EM, EMRA). CM, central memory; EM, effector memory; EMRA, effector memory expressing CD45RA; TM, transitional 
memory
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3.4  |  Effects of Sirolimus on activity of memory 
CD8+  T cells of β -Thalassemia patients

The activity of memory C8+ T cells was analysed following stimula-
tion of the same isolated PBMCs employed for CD4+ memory T-cell 
activity but stimulating them with the CEF peptide pool instead. The 
CEF peptide pool contains 32 MHC class I-restricted viral peptides 

from human CMV, EBV and Influenza virus and can selectively 
stimulate epitope-specific human CD8+ T cells to produce IFN-γ. 
The data obtained are presented and summarized in Figure 6. The 
data obtained indicate that after three or more months of Sirolimus 
treatment, each patient showed a marked increase in the number 
of epitope-specific memory CD8+ T cells releasing IFN-γ following 
stimulation with CEF peptide pool (p = .031).

F I G U R E  3  Summary representing 
the mean values of each memory T 
cells subset tested inside CD4+ (A) and 
CD8+ (B) subpopulation. (Day 0 N = 9, 
≥90 Days N = 9). *p < .05, **p < .01. CM, 
central memory; EM, effector memory; 
EMRA, effector memory expressing 
CD45RA; TM, transitional memory
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F I G U R E  4  Autophagy levels of 
memory T cells subset tested. (Day 0 
N = 9, ≥90 Days N = 9). *p < .05, **p < .01. 
CM, central memory; EM, effector 
memory; EMRA, effector memory 
expressing CD45RA; TM, transitional 
memory

F I G U R E  5  CD4+ memory T cells 
IFN-γ release after stimulation with 
CEFT peptide in PBMCs isolated before 
to start Sirolimus administration and 
after three or more months of therapy. 
Data are presented as absolute values 
(A) or relatively to the starting point 
of each singular patient before drug 
administration (B). (Day 0 N = 6, ≥ 90 Days 
N = 6). *p < .05, **p < .01
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3.5  |  Effects of Sirolimus on the plasmatic 
secretome profile of treated β -Thalassemia patients

In order to better characterize potential systemic effects of Sirolimus 
treatment on the immune compartment, components of the se-
cretome present in the plasma samples of Sirolimus-treated patients 
were analysed by Bioplex technology, that allows the parallel analy-
sis of 27 secreted proteins (interleukins, chemokines, growth fac-
tors).53 In fact, it is well-known that cytokines and their signalling 
pathways exert potent effects on T-cell metabolism, activation and 
differentiation.57 In particular, several Th1, Th2, pro-inflammatory 
and anti-inflammatory cytokines were measured. The complete set 
of data obtained are included in Figure S3, while Figure 7 reports 
the plasma content of the protein exhibiting the most significant 
differences comparing plasma collected before and at least 90 days 
after treatment (IL-1β, IL-13, G-CSF, IP-10) and MCP1(MCAF). 
A significant decrease of plasma content (pg/ml) of Monocyte 
Chemoattractant Protein-1 (MCP-1), of the Th2 cytokine IL-13 and 
of Granulocyte colony-stimulating factor (G-CSF) was observed 
after Sirolimus treatment. Interestingly, G-CSF is a strong immune 
regulator that inhibits CD8+ responses and promotes Th2 differenti-
ation.58 Moreover, patients displayed, after Sirolimus treatment, sig-
nificant lower levels of the pro-inflammatory chemokine interferon 
gamma-induced protein 10 (IP-10) but increased amounts of IL-1β. 

Importantly, IL-1β was the only pro-inflammatory cytokine whose 
levels were augmented by Sirolimus (see for instance the unaltered 
levels of MIP-1α or TNF-α, reported in Figure S3), suggesting a re-
version of immunosuppression rather than the induction of a low-
grade inflammatory state.

Together, these data suggest that Sirolimus could systemically 
restore the cytokine milieu of β-Thalassemia patients dampening 
Th2 responses and immune suppression environments without pro-
voking excessive inflammation levels.

4  |  DISCUSSION

The main results of the present study are that treatment of β-
Thalassemia patients with Sirolimus has a positive impact on the 
biological activity of memory CD4+ and CD8+ T cells. This conclu-
sion is outlined by the data depicted in Figures 5 and 6, that indicate 
increased number of epitope-specific CD4+ and of CD8+ memory 
T cells releasing IFN-γ following stimulation with antigenic stimuli 
present in immunological memory. These data are to our knowl-
edge novel and of great interest in consideration of the fact that β-
Thalassemia patients are considered prone to immune deficiency.47

Immune dysfunctions characterizing thalassemia patients in-
clude changes in lymphocyte subsets, such as the accumulation of 

F I G U R E  6  CD8+ memory T cells 
IFN-γ release after stimulation with 
CEF peptide in PBMCs isolated before 
to start Sirolimus administration and 
after three or more months of therapy. 
Data are presented as absolute values 
(A) or relatively to the starting point 
of each singular patient before drug 
administration (B). (Day 0 N = 6, ≥90 Days 
N = 6). *p < .05, **p < .01

F I G U R E  7  Content of IL-1β (A), IL-13 (B), G-CSF (C), IP-10 (D) and MCP-1(MCAF) (E) in plasma samples isolated at Day 0 and after 90 or 
more days from the beginning of sirolimus intake by treated patients. (A) N = 7; (B) N = 5; (C and D) N = 9; (E) N = 7. The Bioplex method 
and the complete set of the analysed proteins related to this Figure can be found in the Supplementary Materials (SM1 and Figure S3, 
respectively). *p < .05, **p < .01
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suppressor T cells and the reduced proliferative capacity and num-
bers of T helper cells, as well as the defective activity of natural 
killer (NK) cells. Similarly, an altered humoral immunity has been 
shown in patients with β-Thalassemia.48 Accordingly, β-Thalassemia-
associated immunosuppression should be actively targeted to pro-
tect these patients.

In this context, our results are in line with several obser-
vations reporting that mTOR inhibitors (such as Sirolimus) are 
Immunomodulatory molecules of great interest in the context of 
vaccination, since they might have an effect on the cellular mem-
ory response, possibly enhancing long-term effects of vaccines. 
Accordingly, Sirolimus were found by Mannick et al. to improve re-
sponses to influenza vaccination in adults, with benefits possibly 
persisting for a year after treatment.59,60

This is an important issue of the vaccination campaign against 
the severe acute respiratory syndrome coronavirus (SARS-CoV-2), 
causing the dramatic COVID-19 (coronavirus disease 2019) pan-
demic.61 In this respect, one of the great concerns about COVID-19 
vaccination is the length of time this approach will protect the vac-
cinated population from infection by SARS-CoV-2 and from the 
development of severe COVID-19 associated symptoms. In the con-
text of the possible effects of immunomodulatory molecules on the 
effectiveness of vaccines, mTOR inhibitors (such as Everolimus and 
Sirolimus) are of great interest, and a possible use of Sirolimus to 
improve response to SARS-CoV-2 vaccination has been proposed by 
our group.62

In this context, Netti et al.63 published a very interesting obser-
vation demonstrating that mTOR inhibitors were able to increase 
SARS-CoV-2-specific T cell-derived IFN-γ release in kidney trans-
plant recipient (KTR) taking the mRNA BNT162b2 (Pfizer-BioNTech) 
vaccine. The conclusion of this study suggested that the presence 
of mTOR inhibitors is associated with a better immune response 
to COVID-19 vaccine in transplanted patient compared to therapy 
lacking mTOR inhibitors. These findings are consistent with a po-
tential beneficial role of mTOR inhibitors as modulators of immune 
response to COVID-19 vaccine.

Our present study confirms the possible beneficial role of the 
mTOR inhibitor Sirolimus on the biological activity of memory T 
cells in β-Thalassemia patients. The results obtained demonstrate 
that Sirolimus preserves and enhances the number and activity of 
epitope-specific CD4+ and CD8+ T cells without depleting the naive 
subset. Other possible positive effects observed during Sirolimus 
treatment included CD8+ T cells and EM and EMRA CD4+ T cells 
percentage increase respect to before starting therapy.

Although the levels of autophagy measured in CD4 and CD8 
memory subpopulations tended to rise, it remains unclear if Sirolimus 
dosage adopted in this study is sufficient to promote autophagy in T 
cells and if this is directly related to the biological effect of enhanc-
ing memory T-cell releasing IFN-γ following stimulation; future ex-
periments might consider using Chloroquine or Bafilomycin in order 
to better detect autophagic flux,64 and future clinical trials might 
consider increasing Sirolimus dosage to determine whether higher 
levels of autophagy are obtained in memory T cells.

Our data do not clarify mitochondrial overall activity, metabolism 
and possible activation of mitophagy in CD4+ and CD8+ memory 
T-cell subpopulations from Sirolimus-treated patients, as reported 
in elsewhere published studies.65–67 However, the results obtained 
by Bioplex analysis of cytokines, chemokines and growth factors 
demonstrated that Sirolimus treatment leads to significant changes 
in the content of IL-1β, G-CSF, IL-13 and IP-10, all involved in regu-
lating T-cell metabolism and function57,68–70 (Figure 7 and Figure S3). 
The increase of IL-1β (Figure 7A, p = .028) is of interest, considering 
the fact that IL-1β is required for antigen-specific T-cell activation. In 
fact, analysis of in vivo gene expression in CD4+ T cells stimulated 
with IL-1β revealed that IL-1β caused gene expression changes con-
sistent with the up-regulation of pathways involved in cell replica-
tion, cell survival and enhanced energy metabolism.71 Interestingly, 
effector memory CD4+ T cells are among T-cell subsets more sus-
ceptible to the effects of IL-1β,72 which includes increased periph-
eral survival and recall memory responses. This would be consistent 
with the increased levels of EM CD4+ T cells and augmented CD4 
responses to memory antigens after Sirolimus treatment. Moreover, 
IL-1β is crucial for CD8+ T-cell activation and antigen-specific 
responses.73

Of interest is also the decrease of IL-13 (Figure 7B, p = .043) and 
IP-10 (Figure 7D, p = .008) in Sirolimus-treated patients. Concerning 
IL-13, it has been reported that blocking IL-13 enhances the ther-
apeutic effect of antigen-specific immunotherapy by enforcing the 
activity of CD41 T cells.69 Concerning IP-10, it is established that 
high levels of this protein decrease T-cell function.70 The inhibitory 
effects of Sirolimus on IL13 and IP-10 sustain the concept that this 
mTOR inhibitor might divert helper cells towards Th1, rather than 
Th2, polarization and enhance T-cell function, as indicated by the 
experiments reported in Figures 5 and 6.

Finally, a remarkable decrease of G-CSF was observed (Figure 7C, 
p = .008). Interestingly, G-CSF has been demonstrated to be a strong 
immune regulator of T cells, being C-CSF treatment able to potently 
reduce reactivity of T cells and imbalance the Th1/Th2 ratio.58 This 
exploratory experimental plan should stimulate further studies on 
the effects of Sirolimus on immunomodulation, especially consider-
ing the pro-inflammatory status of β-Thalassemia patients.74

Our data do not clarify whether the effect of Sirolimus was medi-
ated directly on memory T cells or indirectly on APC. This cannot be 
in theory excluded, as it is known that autophagy processes regulate 
peptide presentation in professional antigen-presenting cells, which 
mediate thymocyte selection.67 Nonetheless, our secretome data 
tend to suggest that Sirolimus can impact on the cytokine milieu, 
and this translates in increased levels of EM CD4+ T cells and of Th1 
CD4 and CD8 recall responses.

In any case, and whatever being the mechanism of action, the 
beneficial effect of Sirolimus treatment on COVID-19 vaccination 
might be of great interest for managing β-Thalassemia, as an in-
creased mortality risk from COVID-19 was observed in Italian pa-
tients affected by hemoglobinopathies, including β-Thalassemia.75 
A further issue in β-Thalassemia is premature ageing of the im-
mune system, that has been suggested to affect the response to 
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SARS-CoV-2 mRNA vaccine.76 Considering that autophagy and mi-
tophagy in T cells decrease with age,10 the induction/potentiation of 
these biological processes in elderly should be considered of great 
importance.

It must be noted that in addition to possible boosting effects on 
vaccination efficacy/duration, mTOR inhibition is under investiga-
tion also as a new therapeutic option in the management of SARS-
CoV-2 infection.77 The study of the possible effects of Sirolimus on 
immune response to COVID-19 vaccine is at present ongoing within 
the clinical trial NCT04247750 (Treatment of β-Thalassemia Patients 
with Rapamycin: From Pre-clinical Research to a Clinical Trial), that 
has recruited patients vaccinated against SARS-CoV-2 using the 
mRNA BNT162b2 (Pfizer-BioNTech) or mRNA-1273 (Moderna) vac-
cines and started Sirolimus treatment after completing the vacci-
nation procedure. The impact of our study on the management of 
β-Thalassemia patients is relevant for the following considerations: 
(a) an increased susceptibility to infections (including SARS-CoV-2 
infection) has been described in unvaccinated β-thalassemia het-
erozygous subjects, highlighting the importance of vaccination and 
boosting the protective effects of vaccines in TM patients43; (b) 
sirolimus has been suggested to ameliorate haematological param-
eters in treated β-thalassemia subjects, including the decreases of 
the excess of free α-globin chains, possibly caused by activation of 
autophagy.40,78
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