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Abstract
The formation of long-lived T-cell immunological memory is a critical goal of vaccines against
intracellular pathogens like Mycobacterium tuberculosis (M. tuberculosis). In this study, to verify the
adjuvant effect of the metabolic regulator on T-cell memory induced by the tuberculosis subunit vaccine,
we treated the mice with rapamycin, metformin and aspirin during the course of vaccination and then
monitored the vaccine-speci�c long-term memory T cell responses and protective ability against
mycobacterial organism. Compared with the mice that received the vaccine alone, rapamycin and
metformin treatments enhanced the vaccine-speci�c long-term T-cell memory responses, and the
potentiating effect of rapamycin is better than metformin. In particular, we found that a long duration of
low-dose rapamycin treatment promoted the development of more TCM like cells and enhanced the
vaccine’s long-term protective e�cacy, which resulted in a better decline of 0.89-log10 CFU of
mycobacterial organisms in lungs. These �ndings might have important implications for developing new
vaccination strategies for the TB subunit vaccine.

1. Introduction
Tuberculosis (TB) is now the second most deadly infectious disease in humans, only ranking below
coronavirus (COVID-19) infection[1]. Unfortunately, because of the reduced access to TB diagnosis and
treatment, the COVID-19 pandemic increased TB deaths globally[1]. The only currently licensed vaccine
against TB disease is the Bacille Calmette-Guérin (BCG) vaccine, but BCG confers a limited period of
protection for just 10–15 years[2, 3]. From this, BCG vaccination protects children from disseminated
miliary and meningeal forms of TB, but fails to prevent common pulmonary TB in adults [3, 4]. It has
been reported that BCG protection declines mainly because it is unable to establish long-lived
immunological protection conferred by T-cell memory [5].

The formation of long-lived T-cell immunological memory is a critical goal of vaccines against
intracellular pathogens like Mycobacterium tuberculosis (M. tuberculosis)[6]. In response to vaccination
or primary infection, antigen-speci�c T cells undergo an initial phase of clonal expansion, followed by
phases of contraction and memory maintenance[7]. Memory T cells are separated into at least two major
populations including central memory T cells (TCM) and effector memory T cells (TEM)[8]. Among them,
TEM displays immediate effector function to antigenic stimulation and gradually declines over time[9, 10].
However, TCM represents memory stem-like cells, which have little or no effector function, but readily
proliferate and differentiate to TEM and effector cells upon re-stimulation with antigens and survive for
long periods[9, 10]. Accordingly, long-term maintenance of immunological protection would be dependent
on TCM rather than TEM cells[6, 11, 12]. This proposition is supported by the �ndings that BCG provides
limited period of protection because its vaccination induces the production of TEM cells[5]. It is therefore
of interest to develop vaccine adjuvants that favor the generation of TCM cells, so as to generate long-
lived immune protection.
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Several strategies have been deployed to modulate the formation of vaccine induced TCM cells, including
the study of speci�c prime-boost regimens, antigen dosage, and cytokines[13–15]. However, these
strategies often showed limited success. Recently, it has been reported that metabolism can control
memory T-cell generation and stemness. As a result, the other line of research includes exploiting
metabolic features of memory T cells to generate more TCM cells using metabolic modulators or
adjuvants[16]. For example, rapamycin, an immunosuppressive drug used in clinical practice, was
reported to stimulate the generation and differentiation of memory CD8+T cells during both expansion
and contraction phases of T cells by inhibiting the mTOR (mammalian target of rapamycin) complex[17];
Metformin, a critical frontline anti-diabetes drug, was also reported to facilitate memory CD8+ T-cell
development by activating AMP-activated protein kinase (AMPK) and sirtuin (SIRT)[18].

Both rapamycin and metformin have historically been used in clinic, there will be little safety concerns
about using them as vaccine adjuvants. This has generated considerable interest in the use of rapamycin
and metformin as adjuvants for shaping vaccine-induced memory T cell response. It was reported that
rapamycin enhanced the protective e�cacy of live vaccine (BCG)[19], RNA vaccine[20] and recombinant
poxvirus vaccine[21]. However, the effect of rapamycin on subunit vaccines has not been assessed until
now. Moreover, it is essential to determine the optimal dose and duration of rapamycin treatment for the
subunit vaccine by careful animal studies prior to further exploration in clinic. The adjuvant effect of
metformin on vaccine has not been accessed so far. In addition, aspirin is an anti-in�ammatory drug and
also has the effect to activate AMPK, but its role on memory T cell development has not been veri�ed.

Previously, we constructed two multistage TB subunit vaccines LT69 and LT70 consisting of antigens
ESAT6, Ag85B, Mtb8.4, epitope MPT64190 − 198 (the 190–198 peptide of MPT64), and HspX (for LT69) or
Rv2626c (LT70). Both fusion protein vaccines showed strong immunogenicity and high protective effect
against M. tuberculosis [15, 22]. In this study, we intend to investigate whether rapamycin, metformin and
aspirin treatments could improve the formation of long-lived memory T cell response induced by
LT69/LT70 vaccination and hence enhance the vaccine’s long-term protective e�cacy.

2. Materials And Methods

2.1 Animals
Animal experiments were performed in compliance with the ARRIVE guidelines. Six to eight weeks old
C57BL/6 female mice were purchased from Lanzhou University (Lanzhou, China) and were kept under
special pathogen-free conditions. Mice received free access to water and standard mouse chow
throughout the study. Animal experiments were performed in compliance with the guidelines of China
Council on Animal Care and Use. The protocols were approved by the Institutional Animal Care and Use
Committee of Lanzhou University.

2.2 Subunit vaccines and mycobacterial antigens
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The fusion proteins LT69 and LT70 were puri�ed as previously reported[15, 22], and were suspended in
phosphate-buffered saline (PBS) (0.2 mg/mL). The puri�ed LT69 or LT70 (10 µg/dose) was emulsi�ed in
an adjuvant composed of N, N'-dimethyl-N, N'-dioctadecylammonium bromide (DDA) (250 µg/dose)
(Xiamen Pioneer Technology Co., Ltd., China) and polyinosinic-polycytidylic acid [Poly(I:C)] (50 µg/dose)
(Kaiping Genuine Biochemical pharmaceutical co., Ltd, China) to construct subunit vaccine. Recombinant
mycobacterial antigen Ag85B, ESAT6 and HspX were produced as previously indicated[15, 22].

2.3 The procedures of vaccine immunization and drug
treatment
Mice were injected with subunit vaccines (LT69 or LT70) subcutaneously for three times at the 0, 14th
and 28th day separately. In the meantime, the mice were treated with rapamycin, metformin or aspirin
(Sigma-Aldrich, Poole, UK) additionally for a total of 53 days as below: (1) at the T cell expansion phase
during vaccination (the �rst 9 days post �rst vaccine immunization, from day − 1 prior to injection to day
8; the second 8 days after the second vaccine immunization, from day 14 to 22; the third 8 days, from day
28 to 36); (2) at the T cell contraction phase after the last immunization (from day 36 to 54). Rapamycin
was delivered by intraperitoneal injection and the daily dose was 75 µg/kg. Metformin was delivered by
intragastric gavage and the daily dose was 250 mg/kg. Aspirin was delivered by intraperitoneal injection
and the daily dose was 100 mg/kg. The mice injected with the vaccine alone or PBS were the controls.

2.4 ELISA of spleen cell culture supernatants for IFN-γ and
IL-2 release
Freshly isolated spleen cells from the mice were plated in duplicate in 24-well plates at 2.5×106 cell per
well in 500µl of RPMI 1640 (HyClone, Logan, UT, USA) supplemented with penicillin, streptomycin, and
10% fetal calf serum (HyClone) and stimulated with Ag85B (5 µg/mL) for 60 hours at 37℃, 5% CO2. Cell
culture supernatants were harvested from lymphocyte cultures, mouse IFN-γ or IL-2 ELISA kits (Dakewe
Biotech Company Ltd., Shenzhen, China) were used to detect the concentrations of IFN-γ and IL-2
according to the manual instructions. Plates were read at 450nm and the data were analyzed with Curve
Expert software.

2.5 Immunoassay for the detection of T-cell long-term
immunological memory response
Previously, cultured ELISPOT assay was used to measure the long-term immunological memory response
in vitro [22]. However, for this assay, isolated lymphocytes were stimulated with antigens in vitro, which
requires strict experimental condition for cell culture [23]. In this study, we used a new immunoassay for
long-term memory response following the principle of cultured ELISPOT [24], which detects IFN-γ
secretion by �ow cytometry following twice-stimulation with antigens in vivo and in vitro respectively.
First, mice were injected with BCG (1×106 CFU/mice) by intraperitoneal injection to stimulate the TCM to
differentiate into effector memory T cells or effector T cells in vivo. Nine days later, the spleen cells were
isolated and stimulated for 4h with mixed antigens of Ag85B, ESAT-6 (2 µg/ml of each protein) and PPD
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(4 µg/ml) in vitro, during that time the TEM would develop into Teff and secrete cytokine IFN-γ. Finally, the
number of IFN-γ positive T cells was determined by intracellular cytokine analysis. The results of the
intracellular IFN-γ assay re�ect the quality and function of original TCM.

2.6 BCG challenge and enumeration of CFU for protective
e�cacy assay
The mice received vaccine immunization and rapamycin treatment as described above. For the protective
e�cacy evaluation, 30 weeks after the last vaccination, mice were challenged with BCG (1×106

CFU/mice) by caudal vein. Three weeks later, the CFUs of bacteria in infected lungs were assayed as
follows. Lungs were homogenized in PBS and plated at 10-fold serial dilutions on Middlebrook 7H11 agar
(BD, NJ, USA) supplemented with OADC. CFU was enumerated after 3 weeks of incubation at 37°C.

2.7 Statistical analysis
The results were expressed as means ± SD. Data were compared using analysis of one-way ANOVA and
SPSS13.0 software. Values of p < 0.05 were considered as statistically signi�cant.

3. Results

3.1 Rapamycin and metformin enhanced the vaccine
induced long-term T-cell immune response
Naive mice received subunit vaccine LT70 immunizations at weeks 0, 2 and 4 and followed by rapamycin,
metformin or aspirin treatment during both the T cell expansion and contraction phases for a total of 53
days separately. Recall responses were assessed twice separately, at the 12th (8 weeks post
immunization) and 32th week (28 weeks post immunization) by detecting mycobacterial antigen Ag85B-
speci�c IFN-γ and IL-2 productions ex vivo.

At 12th week (8 weeks post vaccination), all the mice received LT70 plus rapamycin, metformin or aspirin
and the mice vaccinated LT70 alone produced high levels of IFN-γ and IL-2 releasing in splenocytes
following Ag85B stimulation in vitro, but there was no obvious difference between them. However, at the
32th week (28 weeks post vaccination), the mice received LT70-rapamycin and LT70-metformin
generated signi�cantly higher levels of IFN-γ and IL-2 than the mice that received LT70 alone (p < 0.05),
the mice that received LT70-aspirin produced the same levels of IFN-γ and IL-2 to the mice receiving LT70
alone (Fig. 1). These results indicated that rapamycin and metformin treatment, but not aspirin, enhanced
the vaccine-speci�c long-term immunological IFN-γ and IL-2 recall responses against antigen stimulation.

Moreover, from the 12th to 32th week, the releases of IFN-γ and IL-2 from the mice vaccinated LT70 alone
decreased, with IFN-γ decreasing from 3426 pg/mL to 2567 pg/mL per 2.5×106 cells and IL-2 decreased
from 406 pg/mL to 190 pg/mL per 2.5×106 cells (Fig. 1), which showed that the vaccine speci�c T-cell
immune response waned over time. Conversely, during the same time frame, the secretions of IFN-γ and
IL-2 in the mice administrated with LT70-rapamycin or LT70-metformin increased, as IFN-γ increased from
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3503 pg/mL to 5912 pg/mL per 2.5×106 cells and IL-2 increased from 448 pg/mL to 1337 pg/mL per
2.5×106 cells in the mice that received LT70-rapamycin (Fig. 1). The time-dependent changes in the IFN-γ
and IL-2 secretions indicated that rapamycin and metformin treatments enhanced the vaccine induced
long-term T-cellular immune responses, which rely on the formation of TCM rather than TEM.

3.2 Rapamycin treatment promoted the development of
TCM like cells
To assess the in�uence of rapamycin and metformin treatments on the development of vaccine-speci�c
TCM cells, we did a new immunoassay for long-term memory response following the principle of cultured

ELISPOT. At 28 weeks after LT70 immunization, mice were stimulated �rst with BCG (1×106 CFU) in vivo,
to stimulate the TCM to differentiate into effector memory T cells or effector T cells. Then, mice were
sacri�ced and their lymphocytes were isolated and re-stimulated with antigens Ag85B, ESAT-6 and PPD in
vitro. Finally, IFN-γ recall response of lymphocytes following twice stimulations that re�ect the quality and
function of original TCM was determined by �ow cytometry. We found that frequencies of both IFN-γ+

CD4+ T cells (p < 0.01) and IFN-γ+ CD8+ T cells (p < 0.05) in the rapamycin treated mice were signi�cantly
higher than that in the un-treated mice (Fig. 2). Metformin treatment also increased the IFN-γ secretion to
some extent, but there was no statistical difference compared to the untreated mice. These �ndings
showed that rapamycin treatment promoted the development of more TCM like cells than the untreated
mice.

3.3 Long-duration of low-dose rapamycin treatment
generated stronger vaccine-speci�c memory T cell
responses than short-duration
To evaluate the impact of rapamycin treatment period on vaccination-induced memory T cell response,
we developed two regimens of rapamycin treatment in combination with the LT69 vaccine. Mice were
inoculated with LT69 at day 0, 14 and 28 and during the process of LT69 vaccination, we used a short-
duration of rapamycin treatment (total 25 days) and a long-duration of rapamycin treatment (total 53
days) to the mice (Fig. 3A). As for the short-duration treatment, the mice received rapamycin only at the T
cell expansion phase after three times of vaccinations (day − 1–8, day 14–22 and day 28–36). The long
duration treatment was carried out at both the T cell expansion phase as described above and the T cell
contraction phase (day 36–54). At the 28th week, 24 weeks after the last immunization, the frequency of
antigen-speci�c IFN-γ secreting cells was determined by ELISPOT. With the stimulation of mycobacterial
antigens, the mice that received long-duration rapamycin treatment generated higher frequency of
lymphocytes secreting IFN-γ than those receiving short-duration of rapamycin treatment (p < 0.01) and
those immunized with LT69 alone (p < 0.05) (Fig. 3B). These �ndings illustrate that long-duration of low-
dose rapamycin treatment generated stronger vaccine-speci�c memory T cell response than short-
duration.
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3.4 Rapamycin treatment enhanced the vaccine’s long-term
protective e�cacy
On the basis of our observation above, we reasoned that rapamycin treatment in combination with
vaccine would favor the generation of vaccine-speci�c TCM-like cells. To determine whether the
rapamycin treatment enhanced the subunit vaccine’s long-term protective e�cacy by improving the
vaccine-speci�c long-lived memory T cell responses, we challenged the treated mice with Mycobacterium
bovis BCG by tail vein injection 30 weeks after vaccination. We found that, during the process of
vaccination, long-duration (53 days) of rapamycin treatment resulted in 5.30 ± 0.67 log10 CFU remaining
and short-duration (25 days) of rapamycin treatment had 5.40 ± 0.14 log10 CFU remaining in lungs, better
than LT69 vaccination alone which had 6.19 ± 0.32 log10 CFU remaining (p < 0.01) (Fig. 4). However, the
difference between the two regimens of rapamycin treatment was not signi�cant. These results showed
that the both regimens of rapamycin treatment during vaccination enhanced the vaccine’s long-term
protective e�cacy to eliminate mycobacterial organisms, resulting in 0.8 ~ 0.9-log10 CFU better decline in
the number of mycobacterial organisms in lungs than that without rapamycin treatment.

4. Discussion
In this study, to verify the immunomodulatory effect of rapamycin, metformin and aspirin on TB subunit
vaccine, we treated the mice with rapamycin, metformin and aspirin separately during the course of
subunit vaccine LT69/LT70 immunization and then monitored the vaccine-speci�c memory T cell
responses and long-term protective ability against mycobacterial organism. It was found that rapamycin
and metformin treatments enhanced the vaccine-speci�c T-cellular immune memory responses, and the
potentiating effect of rapamycin is better than metformin, while aspirin had no effect. Especially, we
found that rapamycin treatment promoted the development of more TCM like cells and enhanced the
vaccine’s long-term protective e�cacy.

At the 32th week, 28 weeks following immunization, the mice that received LT70 and rapamycin
generated signi�cantly higher levels of IFN-γ and IL-2 than the mice received LT70 alone (Fig. 1), whereas
the difference was not observed 8 weeks post immunization. The reason might be that rapamycin
treatment promoted the formation of vaccine-speci�c TCM cells which could survive for a long period of
time, and their anamnestic response is quick and strong[23]. As a result, the late-secretions of IFN-γ and
IL-2 in the mice that received rapamycin maintain a high level. On the contrary, the mice that only received
LT70 did not produce enough TCM cells, so that the late-secretions of IFN-γ and IL-2 was low along with
the contraction of effector T cells or TEM cells.

In the immunoassay for the detection of the long-term TCM-like response, we observed that the

frequencies of IFN-γ+ CD4+ T cells (p < 0.01) and IFN-γ+ CD8+ T cells (p < 0.05) following twice stimulation
in the rapamycin treated mice were signi�cantly higher than that in the un-treated mice (Fig. 2). These
�ndings lend the notion that rapamycin treatment during the course of subunit vaccine vaccination
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indeed favored the generation of vaccine-speci�c TCM-like cells. In addition, 30 weeks post vaccination,
rapamycin treatment in combination with the vaccine resulted in a 0.8 ~ 0.9-log10 CFU better decline in
the number of mycobacterial organisms in the lungs than those that received vaccine alone. These
results suggest that the mice that received rapamycin plus vaccine conferred superior long-term
protective e�cacy against infection, which is consistent with the results of the TCM-like cell response. The
correlation between TCM and long-term protective immunity against infection also has been shown in
other studies [6, 8, 24]. This study also has its limitation that, due to biosafety facility limitations, as we
performed M. bovis BCG challenge instead of M. tuberculosis to evaluate protective e�cacy. Future
studies are needed to further con�rm the protective e�cacy by M. tuberculosis challenge.

Rapamycin has been reported to increase the quantity and quality of memory CD8+ T cells by promoting
the generation of memory precursors at expansion phase and accelerating the effector to memory cell
transition at contraction phase[17]. In this study, long-duration of rapamycin treatment (total 53 days)
generated stronger vaccine-speci�c memory response than short-duration treatment (total 25 days)
(Fig. 3). The reason might be that the long-duration of rapamycin treatment covered both the expansion
and contraction phases of T cell response during vaccination. However, we did not �nd the difference of
protective e�cacy between the long-duration and the short-duration treatment 30 weeks post vaccination
(Fig. 4). The reason might be that at 30 weeks post vaccination to evaluate the protective ability of TCM

cells was not long enough.

Metformin treatments during vaccination enhanced the TB subunit vaccine-speci�c long-term
immunological IFN-γ rather than IL-2 recall response against antigen stimulation, but its enhancement
was less than rapamycin (Fig. 1). Moreover, metformin did not promote the long-term TCM-like cell
response (Fig. 2). The results indicate that metformin plus TB subunit vaccine only established limited T-
cell immune memory response. The results between the mice that received LT70-aspirin and LT70 alone
had none difference (Fig. 1, 2), which suggests that aspirin has no improvement on the T-cell immune
memory response for the subunit vaccine.

Rapamycin administration has been reported to enhance the long-term protective e�cacy of BCG vaccine
and tumor vaccines[19–21]. In this study, we observed that rapamycin treatment promoted the
development of TCM like cells and hence enhanced the long-term protective e�cacy of TB subunit
vaccine. Therefore, rapamycin might be used in designing vaccine regimens or as potential adjuvant to
enhance vaccine-induced memory response and to prolong the longevity of vaccine’s protective e�cacy.
Also, repurposing rapamycin as an adjuvant in vaccination can avoid the vast majority of drug
development costs. Nonetheless, rapamycin administration is fraught with side effect, such as
immunosuppressive effect[25]. Therefore, further studies are required to optimize the delivery system,
dosage and timing of rapamycin treatment.

In summary, our �ndings demonstrate that rapamycin has better effect than metformin on the regulation
of T-cellular long-term immune memory responses for TB subunit vaccine. A long duration of low-dose
rapamycin treatment promoted the generation and persistence of subunit vaccine-induced TCM-like cells
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that led to long-term T-cell memory and high protection. These �ndings might have important
implications for developing new vaccination strategies for TB subunit vaccines.
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Figures

Figure 1
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The short-term and long-term T-cellular immune responses following stimulation with antigen Ag85B.(A)
The secretion of Ag85B-speci�c IFN-γ. (B) The secretion of Ag85B-speci�c IL-2. Naïve mice were
vaccinated with LT70 at day 0, 14 and 28. At both T cell expansion and contraction phases during
vaccination, the mice were treated with rapamycin (75 μg/kg/day) by intraperitoneal injection, metformin
(250 mg/kg/day) by intragastric gavage or aspirin (100 mg/kg/day) by intraperitoneal injection for 53
days respectively. At the 12th week (8 weeks post vaccination) or the 32th week (28 weeks post
vaccination), the Ag85B-speci�c IFN-γ and IL-2 secretions in lymphocytes were determined by ELISA.
Results are presented as means ± SD from groups of four mice. *p<0.05, relative to LT70
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Figure 2

IFN-γ secretions following twice stimulation with BCG in vivo and Ag85B in vitro twice. At 28 weeks after
LT70 vaccine immunization, mice were stimulated with BCG (1×106 CFU/mice) by
intraperitoneal injection for 9 days. Then, mice were sacri�ced and their lymphocytes were isolated and
stimulated with mixed protein antigens Ag85B, ESAT6 and PPD in vitro. IFN-γ producing lymphocytes
were determined by �ow cytometry. (A)IFN-γ producing CD4+ lymphocytes. (B)The representative results
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out of three mice. Results are presented as means ± SD from groups of three mice. *p<0.05, relative to
LT70; **p<0.01, relative to LT70

Figure 3

Effect of the duration of rapamycin treatment on vaccination-induced T cell responses. During the
process of LT69 vaccination, we used a short duration of rapamycin treatment (total 25 days) and a long
duration of rapamycin treatment (total 53 days) to the mice. Daily administration of rapamycin (75
μg/kg/day) was given intraperitoneally during the treatment periods. At 28th week, 24 weeks after the last
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LT69 vaccine immunization, the antigen speci�c IFN-γ expression was determined. (A)Two regimens of
rapamycin treatment. As for the short duration of rapamycin treatment, the mice received rapamycin only
at the T cell expansion phase after three times vaccination (day -1-8, day 14-22 and day 28-36). The long
duration of rapamycin treatment was carried out at both the T cell expansion phase as described above
and the T cell contraction phase (day 36-54) during the course of vaccination. (B)The level of antigen
speci�c IFN-γ. Results are presented as means ± SD from groups of four mice. 

Figure 4

Rapamycin treatment during LT69 vaccination enhanced the vaccine-induced long-term protective
e�cacy. During the process of LT69 vaccination, we used both the long duration and the short duration of
rapamycin treatment. At the 34th week, 30 weeks after the last time vaccination, the mice were challenged
with Mycobacterium bovis BCG by tail vein injection. The CFUs of bacteria in infected lungs were assayed
3 weeks later. Results are presented as means ± SD from groups of four mice.


