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Abstract

Objective: This study investigated whether rapamycin could modulate the polarisation of
CD4+ T cells towards TH1, TH2, TH17, and Treg cells using peripheral blood mononuclear
cell (PBMC) obtained from patients with granulomatosis with polyangiitis and microscopic
polyangiitis (GPA/MPA). Methods: Twenty patients with GPA/MPA were included in this
study. Their stored PBMCs were cultured and stimulated with anti-CD3 and anti-CD28
antibodies for 72 h in the presence or absence of rapamycin (10 nM). The cells were stained
for surface markers with anti-CD4-FITC and anti-CD25-APC, followed by intracellular
staining using anti-interferon (IFN)-γ-PE, anti-IL-4-PerCP-Cy5, anti-IL17A-APC, and anti-
Foxp3-PE. The stained cells were analysed using a flow cytometer. Results: The median
age of the 20 GPA/MPA patients (10 men and 10 women) was 65.5 years. Rapamycin
treatment significantly modulated the polarisation of CD4+IFN-γ+ T (TH1) cells compared
to no treatment among GPA/MPA patients. In addition, the polarisation of CD4+IFN-γ+ T
(TH1) cells was also significantly reduced in rapamycin-treated PBMC obtained from active
patients compared to untreated PBMC from the same patients; however, these alterations
were not observed in inactive patients. Conversely, rapamycin treatment did not affect
the polarisation of CD4+IL-4+ T (TH2), CD4+IL-17+ T (TH17), or CD4+FoxP3+CD25+ T
(Treg) cells, regardless of GPA/MPA activity. Conclusions: This study was the first pilot
study to demonstrate that rapamycin modulates the polarisation of CD4+ T cells towards
CD4+IFN-γ+ T cells in active GPA/MPA.

Keywords: rapamycin; microscopic polyangiitis; granulomatosis with polyangiitis; helper
T cells; polarisation

1. Introduction
The mammalian target of rapamycin (mTOR) is a conserved serine/threonine protein

kinase and a member of the phosphoinositide 3-kinase (PI3K) family. mTOR regulates cell
growth, division, differentiation, metabolism, survival, and death by intracellular signal
transduction initiated by diverse extracellular stimuli and transferred via the PI3K-protein
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kinase B pathway [1]. mTOR exists in two complex forms: mTOR complex 1 (mTORC1) and
mTORC2. mTORC1 is sensitive to rapamycin and is primarily involved in cell growth and
metabolism. Meanwhile, mTORC2 is relatively less sensitive to rapamycin and participates
in cell survival and division [2]. In terms of T helper (TH) cells, mTOR plays a critical
role in T cell differentiation and function. In particular, mTORC1 induces and promotes
the differentiation of TH1 cells together with interleukin (IL)-12, and that of TH17 cells
alongside transforming growth factor-β and IL-6 [2].

Granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA) are
subtypes of antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV),
which is histopathologically characterised by fibrinoid necrotising vasculitis with no or
few immune complexes in small vessels [3]. In terms of T cell immunology, the relatively
dominant TH1 cell-mediated immune responses and the polarisation towards TH17 cells
and impaired Treg cell function are major features of the pathogenesis of GPA/MPA [4,5].
Therefore, we can infer that rapamycin alters and modulates CD4+ T cell subset populations,
leading to the alleviation of GPA/MPA activity. However, no studies have assessed the
role of rapamycin in altering T cell subset populations in GPA/MPA patients. Hence, to
estimate the clinical significance of rapamycin in GPA/MPA, this study used peripheral
blood mononuclear cells (PBMC) obtained from GPA/MPA patients [6] and investigated
whether rapamycin can modulate the polarisation of CD4+ T cells towards TH1, TH2, TH17,
and Treg cells.

2. Materials and Methods
2.1. Patients

This study retrospectively reviewed the medical records of 20 patients with AAV
(4 GPA and 16 MPA patients) arbitrarily selected from the Severance Hospital ANCA-
associated Vasculitides (SHAVE) cohort, an observational cohort of Korean patients with
AAV. The inclusion criteria for the SHAVE cohort were as follows: (i) classification of
GPA/MPA according to the 2007 European Medicine Agency algorithm, and the revised
2012 Chapel Hill Consensus Conference for vasculitides nomenclature [3,7], (ii) fulfilment of
the 2022 new classification criteria for GPA/MPA [8,9], (iii) first classification of GPA/MPA
at this hospital; (iv) sufficient medical records collected at diagnosis, and (v) consent for
blood collection. This study was approved by the Institutional Review Board (IRB) of
Severance Hospital, Seoul, Republic of Korea (IRB number 4-2016-0901, approval date
11 November 2016). Written informed consent was obtained from patients at the time of
blood sampling. The IRB waived the requirement of written informed consent when it had
been previously obtained at the time of enrolment in the SHAVE cohort.

2.2. Clinical Data at Blood Sampling (at Diagnosis)

Age and sex were collected as demographic data. AAV subtypes, ANCA type and
positivity, the Birmingham Vasculitis Activity Score (BVAS), and the Korean version of the
Short-Form 36-Item Health Survey Physical and Mental Component Summaries (SF-36 PCS
and MCS) were collected as AAV-specific indices [10,11]. Epidemiological data, including
age and sex, and laboratory results, including erythrocyte sedimentation rate and C-reactive
protein levels, were also recorded.

2.3. Definition of Active AAV

In this study, we tentatively defined active AAV as BVAS > 5, as it was performed and
described in our previous study [6].
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2.4. PBMC Isolation and Storage (at Diagnosis)

Whole blood was obtained from GPA/MPA patients on consent and collected in
EDTA tubes. PBMCs were isolated from the EDTA tube samples by Ficoll density-gradient
centrifugation, stored at −80 ◦C in a freezing isopropanol container for 24 h, and transferred
into the vapour phase of a liquid nitrogen tank.

2.5. PBMC Culture and Rapamycin Treatment

Stored PBMCs from 10 patients with AAV exhibiting high disease activity (BVAS > 5)
and 10 patients with low disease activity (BVAS ≤ 5) were cultured and stimulated with
anti-CD3 and anti-CD28 antibodies for 72 h, in the presence or absence of rapamycin
(10 nM) [12].

2.6. Fluorescence-Activated Cell Sorting (FACS)

Prior to FACS staining, the cells were restimulated with phorbol 12-myristate
13-acetate, ionomycin, and Golgi inhibitors for 5 h. Subsequently, the cells were stained for
surface markers with anti-CD4-FITC and anti-CD25-APC (BioLegend, San Diego, CA, USA),
followed by intracellular staining using anti-IFN-γ-PE (BioLegend), anti-IL-4-PerCP-Cy5
(BD Biosciences, Oxford, UK), anti-IL-17A-APC (eBioscience, San Diego, CA, USA), and
anti-Foxp3-PE (Invitrogen, Carlsbad, CA, USA). The stained cells were analysed using a
FACSVerse flow cytometer and FlowJo v10 software.

2.7. Statistical Analyses

All statistical analyses were performed using SPSS version 26 (IBM Corporation,
Armonk, NY, USA) for Windows (Microsoft Corporation, Redmond, WA, USA). Continuous
and categorical variables were expressed as medians (interquartile ranges [IQR]) and
numbers (percentages). Significant differences between the two categorical variables were
analysed using the Chi-square and Fisher’s exact tests. Significant differences between two
continuous variables were compared using the Mann–Whitney U test. p-value < 0.05 was
considered to be statistically significant.

3. Results
3.1. Patients’ Characteristics and Comparison Between Patients with Active Disease and Those
with Inactive Disease

The median age of the 20 GPA/MPA patients (10 men and 10 women) was 65.5 years.
MPO-ANCA (or P-ANCA) and PR3-ANCA (or C-ANCA) were detected in 17 and 3 patients,
respectively. The median BVAS, SF-36 PCS, and SF-36 MCS were 8.0, 52.5, and 49.3, re-
spectively. When comparing variables based on GPA/MPA activity, active patients were
older than inactive patients (71.0 vs. 57.5 years, p = 0.023). Additionally, active patients
exhibited significantly higher serum creatinine levels than inactive patients (1.7 mg/dL
vs. 0.7 mg/dL, p < 0.001) (Table 1). On the other hand, the clinical phenotypes and target
organs of the 20 patients with AAV are presented in Supplementary Table S1.

Table 1. Patients’ characteristics and comparison between patients with active disease and those with
inactive disease.

Variables Total Patients
(N = 20)

Active Patients
(N = 10)

Inactive Patients
(N = 10) p-Values

Demographic data
Age (years) 65.5 (50.8–71.0) 71.0 (59.8–75.5) 57.5 (43.3–68.3) 0.023
Female sex (N, (%)) 10 (50.0) 5 (50.0) 5 (50.0) 1.000
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Table 1. Cont.

Variables Total Patients
(N = 20)

Active Patients
(N = 10)

Inactive Patients
(N = 10) p-Values

AAV subtype (N, (%))
MPA 16 (80.0) 10 (100.0) 6 (60.0) 0.087
GPA 4 (20.0) 0 (0) 4 (40.0)

ANCA type and positivity (N, (%))
MPO-ANCA (or P-ANCA) 17 (85.0) 10 (100.0) 7 (70.0) 0.211

PR3-ANCA (or C-ANCA) 3 (15.0) 1 (10.0) 2 (20.0) 1.000
AAV-specific indices

BVAS 8.0 (4.0–14.8) 14.5 (13.5–16.5) 4.0 (2.75–4.25) <0.001
SF-36 PCS 52.5 (24.3–67.0) 51.4 (12.2–66.1) 55.6 (38.7–71.2) 0.315
SF-36 MCS 49.3 (42.3–62.3) 46.9 (40.7–66.3) 55.6 (40.7–61.0) 0.739

Laboratory results

White blood cell count (/mm3)
7545.0
(6990.0–10,857.5)

9085.0
(7265.0–13,500.0)

7230.0
(6550.0–9230.0) 0.075

Neutrophil count (/mm3)
5570.0
(4440.0–8912.5)

6430.0
(4912.5–10,807.5)

4960.0
(3622.5–6532.5) 0.075

Serum creatinine (mg/dL) 1.1 (0.7–1.8) 1.7 (1.3–2.9) 0.7 (0.7–1.0) <0.001
ESR (mm/hr) 68.0 (16.0–105.5) 74.0 (41.8–110.3) 32.0 (11.0–84.8) 0.247

CRP (mg/L) 11.0 (1.4–65.6) 25.7 (6.7–97.4) 1.8 (1.2–20.1) 0.105
Values are expressed as a median (25–75 percentile) or N (%). BVAS: Birmingham Vasculitis Activity Score; AAV:
ANCA-associated vasculitis; ANCA: antineutrophil cytoplasmic antibody; MPA: microscopic polyangiitis; GPA:
granulomatosis with polyangiitis; MPO: myeloperoxidase; P: perinuclear; PR3: proteinase 3; C: cytoplasmic; SF-36:
Short-Form 36-Item Health Survey; PCS: physical component summary; MCS: mental component summary; ENT:
ear, nose, and throat; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein.

3.2. Comparison of the Populations of T Cell Subsets According to Rapamycin Treatment

Among CD4+ T cell subsets, rapamycin-treated PBMC exhibited a significantly re-
duced population of CD4+IFN-γ+ T (TH1) cells compared to untreated PBMC. However, no
significant differences in the populations of CD4+IL-4+ T (TH2) cells, CD4+IL-17+ T (TH17)
cells, or CD4+FoxP3+CD25+ T (Treg) cells were observed between rapamycin-treated and
untreated PBMC (Figure 1). Therefore, we tentatively conclude that rapamycin treatment
may modulate the polarisation of (naive) CD4+ T cells towards TH1 cells in PBMCs obtained
from GPA/MPA patients.

Figure 1. Populations of T cell subsets according to rapamycin treatment (UT N = 20, RT N = 20). IFN:
interferon; UT: untreated PBMC; RT: rapamycin-treated PBMC; PBMC: peripheral blood mononuclear
cell. ** p < 0.01.
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3.3. Comparison of the Populations of T Cell Subsets According to Rapamycin Treatment and
GPA/MPA Activity

Among CD4+ T cell subsets, rapamycin-treated PBMC obtained from active GPA/MPA
patients exhibited a significantly lower population of CD4+IFN-γ+ T cells than untreated
PBMC obtained from the same patients, which was similar to the results of Figure 1.
Meanwhile, among PBMC obtained from inactive GPA/MPA patients, the population of
CD4+IFN-γ+ T cells in rapamycin-treated PBMC tended to be decreased compared to
untreated PBMC; however, no statistically significant difference was found. The remaining
T cell subset populations did not show significant differences in PBMC regardless of
rapamycin treatment or AAV activity (Figure 2). Therefore, we tentatively conclude that
rapamycin treatment may modulate the polarisation of (naive) CD4+ T cells towards TH1
cells in PBMCs obtained from active GPA/MPA patients but not from inactive patients.

Figure 2. Populations of T cell subsets according to rapamycin treatment and GPA/MPA activity (A-
UT N = 10, A-RT N = 10, IA-UT N = 10, IA-RT N = 10). GPA: granulomatosis with polyangiitis; MPA:
microscopic polyangiitis; IFN: interferon; A-UT: untreated PBMC obtained from active GPA/MPA
patients; A-RT: rapamycin-treated PBMC obtained from active GPA/MPA patients; IA-UT: untreated
PBMC obtained from inactive GPA/MPA patients; IA-RT: rapamycin-treated PBMC obtained from
inactive GPA/MPA patients; PBMC: peripheral blood mononuclear cell. * p < 0.05.

4. Discussion
In this study, to estimate the clinical efficacy of rapamycin in GPA/MPA, we inves-

tigated whether rapamycin treatment can affect the polarisation of T cell subsets among
PBMCs of GPA/MPA patients and obtained several findings. First, rapamycin treatment
significantly modulated the polarisation of CD4+IFN-γ+ T cells compared to no treatment
among GPA/MPA patients. Second, the polarisation of CD4+IFN-γ+ T cells was also
significantly reduced in rapamycin-treated PBMC obtained from active patients compared
to untreated PBMC from the same patients; however, these significant differences were
found among inactive patients. Third, rapamycin treatment did not affect the polarisation
of CD4+IL-4+ T cells, CD4+IL-17+ T cells, or CD4+FoxP3+CD25+ T cells, regardless of
GPA/MPA activity. Therefore, based on these results, we conclude that among the T
cell subsets of PBMCs obtained from GPA/MPA patients, rapamycin may significantly
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suppress the polarisation of CD4+ T cells towards CD4+IFN-γ+ T (TH1) cells with high
vasculitic activity.

In addition to an increase in the population of CD4+IFN-γ+ T (TH1) cells, the popula-
tion of CD4+IL-4+ T (TH2) cells tended to be decreased under rapamycin treatment, despite
statistical significance. Based on these findings, we made the hypotheses on the effects
of rapamycin on the polarisation of CD4+ T cells towards CD4+IFN-γ+ T (TH1) cells and
CD4+IL-4+ T (TH2) cells in PBMCs of GPA/MPA patients. First, in terms of CD4+IFN-γ+
T cells, the ligands that stimulate their receptors may promote TH1 cell activation and
differentiation through STAT4. In this process, mTORC1 can indirectly drive the role of
STAT4 by interfering with the inhibitory effect of SOCS3 on STAT4 signalling. Rapamycin
can block the inhibitory effect of mTORC1 on SOCS3, thereby enhancing the inhibitory
effect of SOCS3 on STAT4 signalling. Accordingly, rapamycin can theoretically inhibit the
activation and differentiation of CD4+IFN-γ+ T cells [2]. In this study, rapamycin treat-
ment significantly suppressed the polarisation of CD4+IFN-γ+ T cells in PBMCs obtained
from patients with active GPA/MPA, which was consistent with the above hypothesis
(Figures 1 and 2).

In terms of CD4+IL-4+ T (TH2) cells, when the ligands bind to their receptors, they may
promote TH2 cell activation and differentiation through STAT6. In this process, mTORC1
can directly inhibit STAT6 signalling. Conversely, mTORC2 can indirectly increase the role
of STAT6 by interfering with the inhibitory effect of SOCS5 on STAT6 signalling. Rapamycin
can promote STAT6 signalling by directly having a negative influence on mTORC1. Accord-
ingly, rapamycin can theoretically enhance the activation and differentiation of CD4+IL-4+
T cells. By contrast, rapamycin can switch off the inhibitory effect of mTORC2 on SOCS5,
thereby accelerating the inhibitory effect of SOCS5 on STAT6 signalling. Accordingly,
rapamycin can theoretically reduce the activation and differentiation of CD4+IL-4+ T
cells [2]. In this study, despite no statistical significance, rapamycin treatment tended to
suppress the polarisation of CD4+IFN-γ+ T cells in PBMCs obtained from patients with
active GPA/MPA (Figures 1 and 2). We inferred that in the pathogenesis of GPA/MPA,
rapamycin may predominantly affect mTORC2 compared to mTORC1 in CD4+IL-4+ T
cells and thus may suppress CD4+IL-4+ T cell activation and differentiation by interfering
with the inhibitory effect of SOCS5 on STAT6 signalling.

In terms of CD4+IL-17+ T (TH17) and CD4+FoxP3+CD25+ T (Treg) cells, an increase
in TH17 cells and a decrease in Treg cells were expected. This is because rapamycin can
block the inhibitory effect of mTORC1 on SOCS3, thereby enhancing the inhibitory effect
of SOCS3 on STAT3 signalling, and can directly block the inhibitory effect of mTORC1
on SMAD3 and SMAD4 signalling, resulting in a decrease in CD4+IL-17+ T cells and
an increase in CD4+FoxP3+CD25+ T cells [2,13]. However, in this study, no significant
alteration in the polarisation of CD4+IL-17+ T cells and CD4+FoxP3+CD25+ T cells under
rapamycin treatment, regardless of activity (Figures 1 and 2). Based on these results, we
inferred that rapamycin may selectively act on mTORC1 and mTORC2 of TH1 and TH2 T
cells but not TH17 and Treg cells.

On the other hand, to investigate the alterations in TH1 cell populations in response
to rapamycin according to ANCA type and positivity, and AAV subtype. We divided
patients into two groups according to MPO-ANCA positivity and PR3-ANCA positivity
and compared the populations of TH1 cells in both UT and RT. When based on MPO-
ANCA positivity, no differences in TH1 cell populations in both UT and RT were observed.
When based on PR3-ANCA positivity, there were no gaps in TH1 cell populations, either.
Also, when patients were divided into two groups according to AAV subtype, MPA and
GPA, and compared, TH1 cell populations in UT as well as RT turned out not to differ
significantly. Additionally, we evaluated the correlation of TH1 cell populations in UT and
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RT with AAV-specific indices and acute-phase reactants; however, no statistically significant
correlations among them were found. Therefore, in this study, we could infer that the
extent of response of TH1 cells to rapamycin may not be remarkably associated with ANCA
type, AAV subtype, disease activity, and inflammatory burden.

Additionally, in this study, active patients exhibited a significantly higher age at
diagnosis than inactive patients (71.0 years vs. 57.5 years). Given that the TH1 cell popula-
tion/differentiation and response are more intact and efficient in young patients compared
to old patients [14], at first, it could be inferred that relatively younger inactive patients
would have exhibited a higher TH1 cell population and a subsequently higher TH1 cell
response amplitude to rapamycin. Conversely, however, the results regarding TH1 cell
patterns were actually more pronounced in the group of older active patients compared to
the opposite group. Based on these results and the age-related (or age-dependent) TH1 cell
population/differentiation and response, it was believed that the significant difference in
age at diagnosis might not have negatively affected the major results of this study. Instead,
this implied that AAV activity primarily contributed to TH1 cell population/differentiation
and its response to rapamycin.

The strength of this study is that it is the first pilot study to demonstrate that rapamycin
significantly modulates the polarisation of CD4+IFN-γ+ T (TH1) cells among T cell subsets
in PBMC obtained from patients with active GPA/MPA. Meanwhile, this study has several
limitations. The first limitation is that the number of patients donating PBMCs was not
sufficiently large. The significantly older age in the active group and the absence of healthy
controls included in this study may also represent an additional limitation of this study. The
second critical limitation is the lack of additional information on the mTORC1/mTORC2-
related intracellular signalling pathways of CD4+ T cells. We acknowledge that direct
assessment of mTOR pathway activity, phenotypic alteration in T cell subsets, and further,
phosphorylated or total phosphatidylinositol 3-kinases levels in patient-derived T cells
would be essential to substantiate our interpretation; however, due to the limitations of
this study as a pilot study, we plan to evaluate these issues in future work. Finally, the
role of mTOR in the pathogenesis of AAV has not been clearly elucidated; however, the
association between mTOR and the CD4+ T cell subsets was demonstrated. Therefore, this
study indirectly investigated the role of mTOR in the pathogenesis of AAV by unveiling
the relationship between mTOR and AAV through rapamycin, but could not prove a direct
role of mTOR in AAV pathogenesis.

Nevertheless, we believe that this study has clinical significance as a pilot study in
that it can serve as a cornerstone for further research. Further in vivo studies using animal
models for autoimmune experimental vasculitis will provide more reliable and dynamic
therapeutic potential of rapamycin in patients with GPA/MPA.

5. Conclusions
To our knowledge, this study was the first pilot study to demonstrate that ra-

pamycin modulates the polarisation of CD4+ T cells towards CD4+IFN-γ+ T cells in
active GPA/MPA.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcm14248720/s1; Table S1: Detailed clinical manifestations of
20 patients based on individual BVAS Items.

Author Contributions: Conceptualization, J.W.H., T.Y. and S.-W.L.; methodology, J.W.H., T.Y., O.C.K.
and S.-W.L.; software, J.W.H., T.Y., O.C.K. and S.-W.L.; validation, Y.-B.P.; formal analysis, J.W.H.,
T.Y., O.C.K. and S.-W.L.; investigation, J.W.H., T.Y., O.C.K. and S.-W.L.; resources, S.-W.L.; data
curation, J.W.H., T.Y., O.C.K. and S.-W.L.; writing—original draft preparation, J.W.H., T.Y. and S.-W.L.;

https://www.mdpi.com/article/10.3390/jcm14248720/s1
https://www.mdpi.com/article/10.3390/jcm14248720/s1


J. Clin. Med. 2025, 14, 8720 8 of 9

writing—review and editing, J.W.H., T.Y., O.C.K., Y.-B.P. and S.-W.L.; visualization, J.W.H., T.Y. and
S.-W.L.; supervision, S.-W.L.; project administration, S.-W.L.; funding acquisition, S.-W.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by a faculty research grant of Yonsei University College of
Medicine (6-2023-0155), Eisai Korea Inc., Seoul, Republic of Korea (4-2024-0700), and Yuhan Corpo-
ration, Seoul, Republic of Korea, as part of their “2024 Investigator Initiated Translation Research
Program” (4-2025-0044). The funder was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article, or the decision to submit it for publication.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
(IRB) of Severance Hospital, Seoul, Republic of Korea (IRB number 4-2016-0901, approval date
11 November 2016). Written informed consent was obtained from patients at the time of blood sampling.

Informed Consent Statement: The IRB waived the requirement of written informed consent when it
had been previously obtained at the time of enrolment in the SHAVE cohort.

Data Availability Statement: The data used to support the findings of this study are included within
the article and the Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest that influence the representation or
interpretation of the reported research results.

References
1. Powell, J.D.; Delgoffe, G.M. The mammalian target of rapamycin: Linking T cell differentiation, function, and metabolism.

Immunity 2010, 33, 301–311. [CrossRef] [PubMed]
2. Chi, H. Regulation and function of mTOR signalling in T cell fate decisions. Nat. Rev. Immunol. 2012, 12, 325–338. [CrossRef]

[PubMed]
3. Jennette, J.C.; Falk, R.J.; Bacon, P.A.; Basu, N.; Cid, M.C.; Ferrario, F.; Flores-Suarez, L.F.; Gross, W.L.; Guillevin, L.; Hagen, E.C.;

et al. 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides. Arthritis Rheum. 2013, 65, 1–11.
[CrossRef] [PubMed]

4. Lamprecht, P. Off balance: T-cells in antineutrophil cytoplasmic antibody (ANCA)-associated vasculitides. Clin. Exp. Immunol.
2005, 141, 201–210. [CrossRef] [PubMed]

5. Abdulahad, W.H.; Lamprecht, P.; Kallenberg, C.G. T-helper cells as new players in ANCA-associated vasculitides. Arthritis Res.
Ther. 2011, 13, 236. [CrossRef] [PubMed]

6. Yoon, T.; Ahn, S.S.; Ko, E.; Song, J.J.; Park, Y.B.; Lee, S.W. IL-6 Receptor Expression on the Surface of T Cells and Serum Soluble
IL-6 Receptor Levels in Patients with Microscopic Polyangiitis and Granulomatosis with Polyangiitis. J. Clin. Med. 2023, 12, 7059.
[CrossRef] [PubMed]

7. Watts, R.; Lane, S.; Hanslik, T.; Hauser, T.; Hellmich, B.; Koldingsnes, W.; Mahr, A.; Segelmark, M.; Cohen-Tervaert, J.W.; Scott,
D. Development and validation of a consensus methodology for the classification of the ANCA-associated vasculitides and
polyarteritis nodosa for epidemiological studies. Ann. Rheum. Dis. 2007, 66, 222–227. [CrossRef] [PubMed]

8. Robson, J.C.; Grayson, P.C.; Ponte, C.; Suppiah, R.; Craven, A.; Judge, A.; Khalid, S.; Hutchings, A.; Watts, R.A.; Merkel, P.A.;
et al. 2022 American College of Rheumatology/European Alliance of Associations for Rheumatology classification criteria for
granulomatosis with polyangiitis. Ann. Rheum. Dis. 2022, 81, 315–320. [CrossRef] [PubMed]

9. Suppiah, R.; Robson, J.C.; Grayson, P.C.; Ponte, C.; Craven, A.; Khalid, S.; Judge, A.; Hutchings, A.; Merkel, P.A.; Luqmani, R.A.;
et al. 2022 American College of Rheumatology/European Alliance of Associations for Rheumatology classification criteria for
microscopic polyangiitis. Ann. Rheum. Dis. 2022, 81, 321–326. [CrossRef] [PubMed]

10. Mukhtyar, C.; Lee, R.; Brown, D.; Carruthers, D.; Dasgupta, B.; Dubey, S.; Flossmann, O.; Hall, C.; Hollywood, J.; Jayne, D.; et al.
Modification and validation of the Birmingham Vasculitis Activity Score (version 3). Ann. Rheum. Dis. 2009, 68, 1827–1832.
[CrossRef] [PubMed]

11. Han, C.W.; Lee, E.J.; Iwaya, T.; Kataoka, H.; Kohzuki, M. Development of the Korean version of Short-Form 36-Item Health
Survey: Health related QOL of healthy elderly people and elderly patients in Korea. Tohoku J. Exp. Med. 2004, 203, 189–194.
[CrossRef] [PubMed]

12. Hester, J.; Schiopu, A.; Nadig, S.N.; Wood, K.J. Low-dose rapamycin treatment increases the ability of human regulatory T cells to
inhibit transplant arteriosclerosis in vivo. Am. J. Transplant. 2012, 12, 2008–2016. [CrossRef] [PubMed]

https://doi.org/10.1016/j.immuni.2010.09.002
https://www.ncbi.nlm.nih.gov/pubmed/20870173
https://doi.org/10.1038/nri3198
https://www.ncbi.nlm.nih.gov/pubmed/22517423
https://doi.org/10.1002/art.37715
https://www.ncbi.nlm.nih.gov/pubmed/23045170
https://doi.org/10.1111/j.1365-2249.2005.02808.x
https://www.ncbi.nlm.nih.gov/pubmed/15996183
https://doi.org/10.1186/ar3362
https://www.ncbi.nlm.nih.gov/pubmed/21888687
https://doi.org/10.3390/jcm12227059
https://www.ncbi.nlm.nih.gov/pubmed/38002672
https://doi.org/10.1136/ard.2006.054593
https://www.ncbi.nlm.nih.gov/pubmed/16901958
https://doi.org/10.1136/annrheumdis-2021-221795
https://www.ncbi.nlm.nih.gov/pubmed/35110333
https://doi.org/10.1136/annrheumdis-2021-221796
https://www.ncbi.nlm.nih.gov/pubmed/35110332
https://doi.org/10.1136/ard.2008.101279
https://www.ncbi.nlm.nih.gov/pubmed/19054820
https://doi.org/10.1620/tjem.203.189
https://www.ncbi.nlm.nih.gov/pubmed/15240928
https://doi.org/10.1111/j.1600-6143.2012.04065.x
https://www.ncbi.nlm.nih.gov/pubmed/22500984


J. Clin. Med. 2025, 14, 8720 9 of 9

13. Luo, Y.; Guo, J.; Zhang, P.; Cheuk, Y.C.; Jiang, Y.; Wang, J.; Xu, S.; Rong, R. Mesenchymal Stem Cell Protects Injured Renal Tubular
Epithelial Cells by Regulating mTOR-Mediated Th17/Treg Axis. Front. Immunol. 2021, 12, 684197. [CrossRef] [PubMed]

14. Han, S.; Georgiev, P.; Ringel, A.E.; Sharpe, A.H.; Haigis, M.C. Age-associated remodeling of T cell immunity and metabolism. Cell
Metab. 2023, 35, 36–55. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2021.684197
https://www.ncbi.nlm.nih.gov/pubmed/34122446
https://doi.org/10.1016/j.cmet.2022.11.005
https://www.ncbi.nlm.nih.gov/pubmed/36473467

	Introduction 
	Materials and Methods 
	Patients 
	Clinical Data at Blood Sampling (at Diagnosis) 
	Definition of Active AAV 
	PBMC Isolation and Storage (at Diagnosis) 
	PBMC Culture and Rapamycin Treatment 
	Fluorescence-Activated Cell Sorting (FACS) 
	Statistical Analyses 

	Results 
	Patients’ Characteristics and Comparison Between Patients with Active Disease and Those with Inactive Disease 
	Comparison of the Populations of T Cell Subsets According to Rapamycin Treatment 
	Comparison of the Populations of T Cell Subsets According to Rapamycin Treatment and GPA/MPA Activity 

	Discussion 
	Conclusions 
	References

