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HYPOTHESIS AND THEORY

Possible effects of sirolimus treatment on the long-term
efficacy of COVID-19 vaccination in patients with
-thalassemia: A theoretical perspective
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Abstract. The pandemic caused by the severe acute respiratory
syndrome coronavirus (SARS-CoV-2), responsible for corona-
virus disease 2019 (COVID-19) has posed a major challenge for
global health. In order to successfully combat SARS-CoV-2,
the development of effective COVID-19 vaccines is crucial. In
this context, recent studies have highlighted a high COVID-19
mortality rate in patients affected by [3-thalassemia, probably
due to their co-existent immune deficiencies. In addition to
a role in the severity of SARS-CoV-2 infection and in the
mortality rate of COVID-19-infected patients with thalas-
semia, immunosuppression is expected to deeply affect the
effectivity of anti-COVID-19 vaccines. In the context of the
interplay between thalassemia-associated immunosuppression
and the effectiveness of COVID-19 vaccines, the employ-
ment of immunomodulatory molecules is hypothesized. For
instance, short-term treatment with mammalian target of
rapamycin inhibitors (such as everolimus and sirolimus) has
been found to improve responses to influenza vaccination in
adults, with benefits possibly persisting for a year following
treatment. Recently, sirolimus has been considered for the
therapy of hemoglobinopathies (including p-thalassemia).
Sirolimus induces the expression of fetal hemoglobin (and this
may contribute to the amelioration of the clinical parameters
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of patients with 3-thalassemia) and induces autophagy (thereby
reducing the excessive levels of a-globin). It may also finally
contribute to the mobilization of erythroid cells from the bone
marrow (thereby reducing anemia). In the present study, the
authors present the hypothesis that sirolimus treatment, in
addition to its beneficial effects on erythroid-related param-
eters, may play a crucial role in sustaining the effects of
COVID-19 vaccination in patients with B-thalassemia. This
hypothesis is based on several publications demonstrating the
effects of sirolimus treatment on the immune system.

Introduction

The dramatic pandemic caused by the severe acute respira-
tory syndrome coronavirus (SARS-CoV-2), responsible for
coronavirus disease 2019 (COVID-19) has posed a major
new challenge for human health worldwide (1,2). The rapidly
increasing amounts of research on COVID-19 has allowed for
the understanding of several aspects of the pathophysiology
of SARS-CoV-2, including the key steps of infection, the
hyper-inflammatory state (termed ‘cytokine storm’) leading to
acute respiratory distress syndrome (ARDS), and the fact that
severe forms of this disease are more frequently observed in
elderly patients, particularly when associated with underlying
comorbidities, such as hypertension, diabetes, obesity, isch-
emic heart disease (IHD) and chronic obstructive pulmonary
disease (COPD) (2,3). Moreover, the mortality rate caused
by COVID-19 has been found to increase exponentially with
age, even considering the very high variability in the reported
mortality rates by studies employed on very different testing
strategies and therapeutic interventions (4-6).

Recent research has highlighted a high COVID-19
mortality rate in patients with -thalassemia (7), probably due
to co-existent immune deficiencies (8). Immune dysfunctions
characterizing patients with thalassemia include changes in
lymphocyte subsets, such as the accumulation of suppressor
T-cells and the reduced proliferative capacity and numbers of
T-helper cells, as well as the defective activity of natural killer
(NK) cells. Similarly, an altered humoral immunity has been
found in patients with -thalassemia (9). Subjects presenting
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with similar immune system defects (i.e., the elderly) exhibit
a marked susceptibility to severe COVID-19-related symp-
toms (4-6,10). This suggests that $-thalassemia-associated
immunosuppression should be actively targeted to protect
these patients.

In addition to a role in the severity of SARS-CoV-2 infec-
tion and in the mortality of the COVID-19-infected patients
with thalassemia, immunosuppression is expected to greatly
affect the effectiveness of anti-COVID-19 vaccines. This is
a key issue, since it is widely accepted that the development
of effective COVID-19 vaccination is crucial in order to
successfully combat SARS-CoV-2 (11-13). In this context, the
need for prospective immunosurveillance studies in order to
estimate the duration of immunity is of utmost importance
and impact (11-14). Effective and long-lasting COVID-19
vaccination will require interventions that generate potent
humoral and cellular responses against SARS-CoV-2 anti-
gens (12,13). In this respect, one of the unanswered issues
regarding COVID-19 vaccination is the length of time this
approach will protect the vaccinated population from infec-
tion by SARS-CoV-2 and from the development of severe
COVID-19-associated symptoms (12,13).

In the context of the interplay between thalassemia-associ-
ated immunosuppression and the effectiveness of COVID-19
vaccines, the employment of immunomodulatory molecules
has been considered. For instance, short-term treatment with
mammalian target of rapamycin (mTOR) inhibitors (such
as everolimus and sirolimus) has been found to improve
responses to influenza vaccination in adults, with benefits
possibly persisting for a year following treatment (15,16). Such
drugs suppress excess inflammation, while also improving
innate immunity.

Sirolimus has been considered for the therapy of hemo-
globinopathies (for example f-thalassemia and sickle-cell
disease) (17-22). Two clinical trials based on the employ-
ment of sirolimus for thalassemia have been activated,
NCTO03877809 (A Personalized Medicine Approach for
B-thalassemia Transfusion Dependent Patients: Testing
Sirolimus in a First Pilot Clinical Trial) and NCT04247750
(Treatment of B-thalassemia Patients with Rapamycin: From
Pre-clinical Research to a Clinical Trial), both using low
doses of sirolimus for a 12-month period. The rationale of
these two trials is that sirolimus may be of interest for use
in P-thalassemia, since it induces the expression of fetal
hemoglobin (and this may contribute to ameliorate the clinical
parameters of these patients), induces autophagy (thereby
reducing the excess of a-globin) and, finally, may contribute
to mobilization of erythroid cell from the bone marrow
(thereby reducing anemia). In addition to these positive
effects on the hematopoietic system, sirolimus may improve
the immune system of these patients. This may be a crucial
issue, particularly considering that the majority of patients
with B-thalassemia who are currently being vaccinated against
COVID-19 are in the 45-60 age category. Moreover, it should
be underlined that sirolimus and sirolimus analogs (such as
everolimus) are extensively used in routine therapy and in
clinical studies for the treatment of other diseases, such as
renal, cardiac and liver transplantation (23-26), systemic lupus
erythematosus (27), lymphangioleiomyomatosis (28), tuberous
sclerosis complex (29), recurrent meningioma (30), pancreatic

neuroendocrine tumors (31), advanced differentiated thyroid
cancers (32), advanced breast cancer (33), diffuse large B-cell
lymphomas (34), metastatic renal cell carcinoma (35).

The hypothesis

The working hypothesis is that use of sirolimus can sustain
the effectiveness of COVID-19 vaccination in patients with
[B-thalassemia (Fig. 1) (36). This hypothesis is based on several
publications demonstrating the effects of sirolimus on the
immune system, as well as on the growing interest for immuno-
modulators functioning through metabolic manipulation (37).
For instance, Amiel et al (38) demonstrated that sirolimus
promoted dendritic cell (DC) activation and enhanced thera-
peutic autologous vaccination in mice. These findings define
mTOR as a molecular target for augmenting DC survival and
activation, and document a novel pharmacologic approach for
enhancing the efficacy of therapeutic autologous DC vacci-
nation. In addition, Araki et al (39) proposed that sirolimus
improved both the quantity and quality of memory CD8*
T-cells induced by viral infection and vaccination, demon-
strating that mTOR is also a major regulator of memory CDS8*
T-cell differentiation. These discoveries have implications for
the development of novel vaccine regimens, and sirolimus
can thus have potential for use in improving vaccine efficacy.
Notably, the timing of treatment may be of utmost importance.
Indeed, mTOR activity is required for B- and T-cell priming,
thus arguing against a concomitant use of sirolimus together
with vaccination (40,41). Conversely, mTOR inhibition may be
crucial for the maintenance of memory lymphocytes (39,42),
thus potentially prolonging vaccine immunogenicity. It
was thus hypothesized that sirolimus may be tested for
possible administration during the early memory phases; i.e.,
30-60 days following vaccination.

The information on the possible effects of sirolimus on
vaccines is also of great interest considering that sirolimus
is extensively used in routine therapy and in clinical studies
for other diseases. In addition, the campaign for COVID-19
vaccination is ongoing and will include patients presently
being treated with sirolimus.

This hypothesis is sustained by preliminary results
obtained in the concluded NCT038778009 trial, indicating that
treatment with sirolimus did not lead to a major alteration of
the immunophenotype. In particular, the in vivo treatment of
patients with B-thalassemia with a daily administration of
0.5 mg of sirolimus does not affect the CD8" T-lymphocyte
population over the period of 180 days of therapy. This conclu-
sion was achieved by flow cytometric analysis of peripheral
blood mononuclear cells (PBMCs) aimed at assessing the pres-
ervation of different immune cell subsets (B-cells, regulatory
and conventional CD4* T-cells, CD8* T-cells and monocytes)
(unpublished data).

Possible experimental evaluation of the hypothesis

In order to verify whether sirolimus treatment affects
COVID-19 vaccine immune memory maintenance, two study
groups are required, both undergoing COVID-19 vaccina-
tion: The first vaccinated cohort can be treated daily with
0.5-2 mg sirolimus for 6 months, that will generate a blood
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Figure 1. Possible effects of sirolimus on memory T-cells following
COVID-19 vaccination. APCs present the vaccine-produced viral antigens to
naive T-cells, initiating a program of clonal expansion (expansion phase) and
differentiation into effector T-cells. The functions of these cells include the
secretion of pro-inflammatory cytokines (such as TNF-a, IFN-y and IL-2)
and cytotoxic molecules (such as perforin and granzymes). The contraction
phase follows vaccine clearance and is characterized by the apoptosis of an
important proportion of T-cells. In the memory phase (that can persist for
years), memory T-cells remain present in the host and can rapidly expand
and acquire effector functions in the case of a secondary exposure to the
same vaccine or after infection by the virus against which the vaccine has
been developed (36). The hypothesis is that sirolimus treatment after the
expansion phase may provide a higher quantity/quality of memory T-cells
during the contraction and memory phases. APCs, antigen-presenting cells;
COVID-19, coronavirus disease 2019.

concentration ranging between 2-2.5 ng/ml in these patients.
The second (control) vaccinated cohort will not be treated
with sirolimus. Blood sampling for PBMCs and plasma isola-
tion can be performed in both cohorts, at 1-2 months after the
second dose of the vaccine and before commencing treatment
with sirolimus; the subsequent samplings will be performed
after 90, 180 and 360 days.

Concerning general/non-specific sirolimus-mediated
effects on immune-cell subsets, longitudinal immunopheno-
typic analyses of PBMCs are necessary to assess any eventual
fluctuation in the proportion of myeloid and lymphoid cells
as well as of specific T- and B-lymphocyte subsets (naive,
memory and suppressor cells). This will allow the study of
possible modulations of immune cells in the cohort of patients
being treated with sirolimus after vaccination compared to
those who are only vaccinated, with particular interest in some
subpopulations that may be altered in patients with thalassemia
and/or be positively modulated by sirolimus (for example NK
cells, DCs and memory CD8* T-lymphocytes).

To assess whether sirolimus improves vaccine-specific
memory cellular immunity, the frequency of SARS-CoV-2-
specific CD4* and CD8* memory T-cells should be measured
at different time points. In this respect, several approaches
have been envisaged, spanning from the use of tetramers [for
defined human leukocyte antigen (HLA)-haplotypes] to the
use of pools of overlapping peptides covering different HLA
alleles (43,44) or of specific epitopes restricted for specific
HLAs (45). As it may be speculated that sirolimus may exert
effects on all the memory T-cell compartments, the assess-
ment of recall responses towards other previous encountered
antigens could also be performed, e.g., through the use of HLA
class I- and Il-presented peptide pools containing various
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antigenic stimuli (Epstein-Barr virus, cytomegalovirus,
tetanus and flu). This approach could help to elucidate whether
sirolimus limits the normal decline in function that is expected
in the passage of time.

To evaluate whether the intake of sirolimus improves
vaccine-specific memory humoral immunity, the titers of
binding and/or neutralizing specific antibodies against the
SARS-CoV-2 spike protein induced by vaccination should
be measured longitudinally. This analysis, in addition to
verifying the immunomodulatory effect of sirolimus, may
provide an estimate of how effective COVID-19 vaccines are
over time.

Patients with thalassemia exhibit several immune altera-
tions which may severely affect vaccine effectiveness or in
general, the susceptibly to antigenic challenges. Thus, beyond
the effects of sirolimus on COVID-19 vaccine responsive-
ness, its use may be envisaged to restore these immunological
abnormalities. For instance, DC maturation is reduced in
patients with thalassemia. Therefore, its induction from
monocytes in patients before and after treatment could be
assessed. In addition, patients with thalassemia present with an
increased number and functionality of suppressor T-cells and
reduced T-helper cell proliferation. Thus, taking advantage of
the proposed research, it can be eventually estimated whether
sirolimus can restore the balance and functionality within the
T-cell subsets.

Additionally, to ensure the safety profile of sirolimus treat-
ment and since the patient's inflammatory state may influence
the vaccine response (46), a qualitative-quantitative analysis
of the cytokines involved in adaptive immunity and inflam-
mation in the plasma of patients treated or not with sirolimus
may be appropriate.

Conclusions and future perspectives

The expected outcomes of the research activity finalized to
examine the effects of in vivo treatment with sirolimus in
patients with p-thalassemia vaccinated against SARS-CoV-2
are several and crucial. A first point is related to the detec-
tion of SARS-CoV-2-specific IgG in the plasma of treated
patients and the evaluation of the effects of sirolimus. A
second point is the quantification and determinations of the
biological activity of SARS-CoV-2-specific memory T-cells
in patients with B-thalassemia vaccinated against COVID-19.
This point is crucial since molecules potentiating vaccination
may be of great interest in a pandemic period in which the
administration of a third dose of anti-SARS-CoV-2 vaccines is
ongoing in several countries. In this respect, the overall effects
of sirolimus treatment on the immune defects of patients with
p-thalassemia is a key factor for determining whether this
treatment may be proposed.

It should be noted that the impact of this research activity is
not limited the sirolimus-treated patients with f-thalassemia.
In fact, considering that mTOR inhibitors, such as sirolimus
are employed in the treatment of a large variety of patholo-
gies (23-36), the number of patients taking advantages in the
case this hypothesis will be confirmed, is relevant. Moreover,
it can be envisaged that sirolimus treatment could be used to
improve COVID-19 vaccine responses in other populations as
well, such as the elderly where similar approaches have already
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been shown to improve the efficacy of the flu vaccine (47,48).
On the other hand, it should be emphasized that the impor-
tance of testing geroprotective drugs (such as sirolimus) will
extend far beyond the COVID-19 pandemic to improve overall
health resilience of aged populations (46,49,50).

Finally, mTOR inhibitors (such as sirolimus and metformin)
are at present undergoing clinical trials as anti-COVID-19
drugs (NCT04461340 and NCT04510194) (51), also consid-
ering their effects on activation of autophagy, that is deeply
down-regulated during SARS-CoV-2 infection (52). In
consideration of the multiple biochemical and cellular effects
of sirolimus against SARS-CoV2, it can be considered as a
repurposed drug for anti-COVID-19 therapy (53).

In conclusion, the proposed approaches may lead to
the development of protocols for sustaining the effects of
COVID-19 vaccines in fragile subjects. This is a major issue
in the management of patients with COVID-19 in the future
and in planning mass immunization strategies finalized in
reaching the herd immunity in short period of time.
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