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Abstract
The immunogenicity and safety of vaccines against coronavirus disease 2019 (COVID-19) remain unknown in patients 
with a history of pulmonary tuberculosis (OPTB). Therefore, the safety and effectiveness of inactivated vaccines against 
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) were assessed in patients with a history of PTB. The 
study cohort included 106 healthy controls and 93 adult patients with OPTB who received a two-dose vaccination. The 
study period was 21 to 105 days. Concentrations of antibodies (Abs) against receptor-binding domain (RBD) IgG and 
SARS-CoV-2 neutralizing Abs (NAbs) were measured, in addition to the frequencies of SARS-CoV-2-specific B and a 
portion T cells. The incidence of adverse events was similar between the OPTB patients and healthy controls. No severe 
adverse events occurred. Concentrations of Abs against RBD-IgG and CoV-2 neutralizing Abs in addition to the frequen-
cies of RBD-specific memory B cells proportions were lower in OPTB patients than the healthy controls (all, p < 0.05), 
while the frequencies of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4+) cells were higher (p = 0.023). There 
was no obvious correlation between age and blood concentrations of Abs against RBD-IgG and CoV-2 neutralizing Abs, 
while immune responses were similar in the fibrosis and calcification groups. The period of time following full-course 
vaccination and lymphocyte counts were associated to anti-RBD-IgG responses. Inactivated COVID-19 vaccinations were 
well tolerated in OPTB patients, although immunogenicity was limited in this population. This study has been registered 
at ClinicalTrials.gov (NCT05043246).
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection and the ensuing coronavirus disease 2019 
(COVID-19) pandemic continues to pose severe impacts to 
human health worldwide and is especially detrimental to 

patients with a history of pulmonary tuberculosis (OPTB), as 
demonstrated by the particularly high morbidity rate [1–4]. 
Vaccination is crucial to prevent SARS-CoV-2 infection 
and is especially useful to reduce the incidences of severe 
symptoms and death [5–7]. B cells are crucial for vaccine-
mediated immunity and memory B cells (MBCs), in particu-
lar, are necessary for the generation of antibodies (Abs). T 
cells, meanwhile, have unique receptors to identify specific 
pathogens [8–10]. Regulatory T cells (Tregs), a subpopula-
tion of T cells that maintain immune homeostasis, have been 
linked to the regulation of PTB-specific immune responses 
[11]. Previous studies have reported decreased proportions 
of naïve B cells and MBCs in PTB patients with increased 
proportions of atypical B cells [12–14]. In addition, the 
ability of vaccines to induce an immune response against 
SARS-CoV-2 in OPTB patients remains unknown. There-
fore, the aim of the present study was to assess the safety and 
effectiveness of inactivated vaccines against SARS-CoV-2 
in patients with a history of PTB.
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Materials and methods

Recruitment and clinical sample collection

The study cohort consisted of 106 healthy adults and 93 
adults with a history of PTB who were recruited from the 
Second Affiliated Hospital of Chongqing Medical Univer-
sity between July 15, 2021, and December 3, 2021. The 
diagnosis of OPTB was based on established guidelines. 
The inclusion criteria were (i) a full course of vaccination 
with BBIBP-CorV (China National Pharmaceutical Group 
Co., Ltd., Beijing, China) or CoronaVac (Sinovac Biotech 
Ltd., Beijing, China), (ii) age ≥ 18 years, (iii) no previous 
SARS‐CoV‐2 infection, and (iv) normal immune function. 
Pregnant women were excluded from the study.

Peripheral blood samples from participants were arbi-
trarily taken one or more at intervals of at least 21 days 
(21–105 days) following the whole course of vaccina-
tion in order to test for Abs against RBD-IgG, SARS-
CoV-2 neutralizing antibodies, and RBD-specific B cells 
and a portion of T cells. In this study, 21–45 days after 
immunization was defined as “1 month,” 46–75 days as 
“2 months,” and 76–105 days as “3 months.”

The OPTB patients were assigned to the calcification 
group (n = 54, calcification of nodules and lymph nodes 
as determined by low-dose spiral computed tomography 
[CT]) or the fibrosis group (n = 51, presence of fibrosis 
as determined by low-dose spiral CT). The two groups 
were then divided into four subgroups based on age (≥ 55 
and < 55 years).

Monitoring of adverse events (AEs)

AEs were assessed using a questionnaire at 7–30 days after 
vaccination and categorized in accordance with the guide-
lines established by the China Medical and Drug Admin-
istration (2019 edition).

Detection of Abs against SARS‑CoV‑2

Serum levels of Abs against S-RBD-IgG were meas-
ured with an automatic chemiluminescence analyzer 
(MAGLUMI 2000; Snibe Co., Ltd., Shenzhen, China). 
The critical value of anti-RBD-IgG was set at 1 AU/mL, 
while the critical value of neutralizing Abs was 0.15 µg/
mL in accordance with the manufacturer’s instructions. 
A positive Ab result indicates that the test results were 
greater than the associated critical value, while a negative 
Ab result indicates that the test results were either less 
than or equal to the crucial value.

Detection of SARS‑CoV‑2‑specific B cells by flow 
cytometry

Stained peripheral blood mononuclear cells were assessed by 
flow cytometry (Beckman Coulter, Inc., Brea, CA, USA). The 
antigen probe was a combination of the biotinylated SARS-
CoV-2 Spike RBD protein (40,592-V08H2-B; Sino Biological, 
Inc., Beijing, China) and streptavidin-BV421 (405,225; BioLe-
gend, San Diego, CA, USA) at a molar ratio of 4:1. The periph-
eral blood mononuclear cells were isolated by density gradi-
ent centrifugation using Histopaque® density gradient media 
(Sigma-Aldrich Corporation, St. Louis, MO, USA). After stain-
ing with buffered saline solution with 2% fetal bovine serum, 
the cells were washed and then probed with Abs (all purchased 
from BioLegend) against IgG Fc, IgM, cluster of differentiation 
(CD) 3, CD19, CD21, and CD27 for 30 min at 4 °C in the dark. 
The resulting data were analyzed with FlowJo™ software (ver-
sion 10.0.7; BD Biosciences, San Jose, CA, USA).

Detection of Tregs by flow cytometry

Similarly, Tregs were analyzed by flow cytometry with fluo-
rescent Abs (all purchased from BioLegend and diluted to 
1:50) against CD233 (lymphocyte activation gene 3, LAG-
3), CD152 (cytotoxic T-lymphocyte-associated protein 4, 
CTLA-4), CD279 (programmed cell death protein 1, PD-1), 
CD39, CD4, CD25, CD45RA, CD3, CD127 (interleukin-7 
receptor subunit alpha, IL7R-α), and CD134 (tumor necrosis 
factor receptor superfamily member 4, OX40).

Cells positive for interferon-γ (IFN-γ) and tumor necro-
sis factor-α (TNF-α) were detected with FluoroSpot test kits 
(Mabtech AB, Nacka Strand, Sweden). Briefly, the plates 
were pre-coated with monoclonal Abs against IFN-γ and 
TNF-α (1-D1K and MT25C5, respectively), washed three 
times with sterile phosphate-buffered saline (PBS; 200 μL/
well), and incubated with 10% FBS (100 μL/well; ExCell 
Biotech Co., Ltd., Shanghai, China) at room temperature 
for 30 min. After removal of the medium, unstimulated 
cells as a control group (100 μL/well) and cells stimulated 
with the SARS-CoV-2 spike protein (1 μL/well; Sino Bio-
logical, Inc.) and Abs against CD28 (0.1 μL/well; dilution, 
1:1000; Life Technologies, Carlsbad, CA, USA) were added 
to the appropriate wells. As positive controls, cells were 
stimulated with Abs (dilution, 1:50; BioLegend) against 
CD28 and CD3 (0.1 μL/well). The plates were incubated at 
37 °C for 24 h under an atmosphere of 5%  CO2/95% air. All 
experiments were performed in duplicate. After washing the 
plates five times with PBS, monoclonal Abs (Mabtech AB) 
against IFN-γ (dilution, 1:200) and TNF-α (dilution, 1:250) 
were added to the wells and the plate was incubated for 
2 h at room temperature, then washed five times again with 
PBS, followed by the addition of secondary Abs (BMA-490 
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and SA-550; dilution, 1:200; Mabtech AB). Finally the 
results were interpreted with an automated FluoroSpot 
reader (Elispot Reader; Autoimmun Diagnostika GmbH, 
Strassberg, Germany).

Statistical analysis

The chi-square and Fisher’s exact tests were used for com-
parisons of categorical variables, while the Student t-test and 
Mann–Whitney U test were used for comparisons of continu-
ous variables with normal and non-normal distributions, respec-
tively. Comparisons of three or more groups were conducted 
with the Kruskal–Wallis test followed by the Bonferroni post 
hoc test. Factors that significantly impacted Ab titers were 
identified by univariate and multivariate ordinal linear regres-
sion analyses. Statistical analysis was performed using IBM 
SPSS Statistics for Windows, version 26.0 (IBM Corporation, 
Armonk, NY, USA) and figures were generated with GraphPad 
Prism software version 9.2.0 (GraphPad Software, Inc., San 
Diego, CA, USA). A probability (p) value < 0.05 was consid-
ered statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001.

Results

The characteristics of the study participants after full-
course vaccination are shown in Table 1. There were no sig-
nificant differences in the median age, median body mass 

index (BMI), and proportions of males between the OPTB 
patients and healthy controls. The median period for vaccine 
immunogenicity after inoculation of the OPTB patients and 
healthy controls was 56 (range, 21–103) days and 57 (range, 
21–105) days, respectively. White blood cell, platelet, hemo-
globin, lymphocyte, total protein, aspartate transaminase, 
alanine aminotransferase, creatinine, and uric acid levels 
were similar between the OPTB patients and controls, while 
albumin levels were lower in OPTB patients. The charac-
teristics of the study participants at 1, 2, and 3 months after 
full-course vaccination are shown in Supplementary Table 1.

AEs associated with vaccination against COVID-19 are 
shown in Table 2. The overall incidence of AEs within 7 days 
after vaccination was similar between the OPTB patients and 
healthy controls (10.7% vs. 11.3%, respectively, p = 0.899). 
Injection site pain was the most common local AE, occurring 
in 3.2% of OPTB patients and 4.7% of healthy controls. All 
AEs were uncommon, affecting < 5% of the OPTB patients 
and healthy controls, mild (grades 1 and 2), and resolved spon-
taneously within 7 days. There were no severe AEs (grade 
3/4), such as severe thromboembolism and myocarditis. After 
30 days, two of the healthy controls reported mild AEs (one 
case each of injection site pain and abdominal pain).

Humoral immune response to inactivated 
SARS‑CoV‑2 vaccines in OPTB

As compared to healthy controls, the seropositivity rates of 
OPTB patients were significantly decreased for Abs against 

Table 1  Characteristics of 
participants after full-course 
vaccination

# Presented as median (range). The chi-square test was used for comparisons of categorical variables and 
the Mann–Whitney U test was used for comparisons of continuous variables. Abbreviations: ALB, albumin; 
ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; Cr, creatinine; HB, 
hemoglobin; Lc, lymphocyte; PLT, platelet; TP, total protein; UA, uric acid; WBC, white blood cell

Variables 0PTB patients (n = 93) Healthy controls (n = 106) p

Age (years)
18–40, n (%)
 ≥ 40, n (%)

64.0 (20–84) 63.0 (32–89) 0.947
6 (6.5%)
87 (93.5%)

16 (15.1%)
90 (84.9%)

0.052

Gender (male, n (%)) 52.7% (49/93) 46.2% (49/106) 0.363
BMI (kg/m2) 23.23 (16.60–33.98) 23.47 (17.04–34.05) 0.948
Days after 2nd dose vaccina-

tion, median (range)
46.5 (21–103) 50 (21–105) 0.590

WBC  (109/L) 6.05 (2.67–12.54) 6.05 (3.52–11.47) 0.708
HB (g/L) 136 (89–171) 139 (93–171) 0.050
LC  (109/L) 1.65 (0.64–5.91) 1.77 (0.75–3.64) 0.088
PLT  (109/L) 192 (94–638) 199.5 (113–366) 0.468
AST (IU/L) 18 (1–42) 19.5 (8–118) 0.373
ALT (IU/L) 20 (8–37) 21 (11–76) 0.261
Cr (µmol/L) 68.9 (35.8–1328.3) 66 (34.7–1423.7) 0.149
UA# (µmol/L) 330.1 (143–613.1) 326.5 (187–629) 0.865
TP# (g/L) 71.1 (46.0–83.4) 70.9 (58.6–85.9) 0.520
ALB# (g/L) 42.5 (22.7–49.8) 44.5 (32.1–50.8) 0.001
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RBD-IgG (70.9% vs. 90.6%, respectively, p = 0.010) and 
SARS-CoV-2 neutralizing Abs (61.3% vs. 84.9%, respec-
tively, p < 0.001). Likewise, concentrations of Abs against 
RBD IgG were significantly lower for PTB patients than 
the healthy controls (median [IQR]: 2.15 [0.85–4.71] vs. 
4.19 [1.76–7.01], respectively, p = 0.001), as well as con-
centrations of CoV-2 neutralizing Abs (median [IQR]: 
0.195 [0.117–0.308] vs. 0.284 [0.175–0.404], respectively, 
p < 0.001) (Fig. 1a–d).

The frequencies of  RBD+ atypical MBCs were greater 
in all OPTB patients than healthy controls, while the fre-
quencies of RBD-specific MBCs and  RBD+ resting MBCs 
were lower (median [IQR]: 29.6 [21.23–46.30] vs. 22.0 
[16.95–29.10], p < 0.001, 35.0 [27.15–40.03] vs. 41.70 
[33.95–52.35], p = 0.006, and 12.25 [4.04–21.125] vs. 21.10 
[15.40–26.10], p < 0.001, respectively) (Fig. 1e).

Humoral immune response to inactivated 
SARS‑CoV‑2 vaccines at 1, 2, and 3 months

As compared to the healthy controls, the OPTB patients 
had lower seropositivity rates at 1 month for Abs against 

RBD-IgG (84.1% vs. 97.8%, respectively, p = 0.028) and 
SARS-CoV-2 neutralizing Abs (70.5% vs. 97.8%, respectively 
p < 0.001), in addition to concentrations Abs against RBD-
IgG (median [IQR], 2.71 [1.71–5.51] vs. 5.58 [4.21–11.01], 
p < 0.001) and SARS-CoV-2 neutralizing Abs(median [IQR], 
0.21 [0.11–0.39] vs. 0.36 [0.26–0.47], p = 0.001) (Fig. 2a–d). 
The seropositivity rates and concentrations of both Abs were 
somewhat lower in OPTB patients than healthy controls at 2 
and 3 months, although these differences were not statistically 
significant (Supplementary Fig. 1).

At 1 month, the frequencies of RBD-specific MBCs and 
 RBD+ resting MBCs were lower in OPTB patients than 
healthy controls (median [IQR], 35.0 [24.90–51.30] vs. 43.5 
[35.60–54.23], p = 0.024, and 11.95 [1.78–19.70] vs. 20.10 
[14.70–25.95], p = 0.002, respectively), while the frequen-
cies of  RBD+ atypical MBCs were higher (median [IQR], 
33.35 [18.33–59.03] vs. 23.10 [17.93–31.35], respectively, 
p = 0.020). At 3  months, the frequencies of  RBD+ rest-
ing MBCs were lower and the frequencies of RBD-specific 
MBCs  IgM+, and  RBD+ atypical MBCs were greater in OPTB 
patients than healthy controls (13.22 [95% CI = 9.72–16.73] 
vs. 21.53 [95% CI = 18.09–24.97], p = 0.001, 27.45 [95% 
CI = 22.23–32.69] vs. 20.78 [95% CI = 16.79–24.77], 
p = 0.040, and 31.78 [95% CI = 26.04–37.52] vs. 21.98 [95% 
CI = 18.29–25.67], p = 0.004, respectively) (Fig. 2e–f).

Humoral immune responses to inactivated 
SARS‑CoV‑2 vaccines in OPTB subgroups

The seropositivity rates of Abs against RBD-IgG and SARS-
CoV-2 neutralizing Abs were similar in the OPTB patient 
groups with fibrosis and calcification (66.7% vs. 72.2%, 
p = 0.970, and 62.7% vs. 63.0%, p = 0.982, respectively), as 
were the Ab concentrations against RBD-IgG (median [IQR]: 
2.41 (0.80–5.52) vs. 1.96 (0.88–4.59), respectively, p = 0.513) 
and SARS-CoV-2 neutralizing Abs (0.21 [0.11–0.31] vs. 0.19 
[0.13–0.30], respectively, p = 0.788) (Fig. 3a–d).

Furthermore, the frequencies of B cells, RBD-specific B 
cells,  RBD+ resting MBCs,  RBD+ activated MBCs,  RBD+ 
atypical MBCs,  RBD+ intermediate MBCs, RBD-specific 
MBCs, RBD-specific MBCs  IgG+, and RBD-specific 
MBCs  IgM+ were similar between the fibrosis and calcifi-
cation subgroups (median [IQR], 6.16 [3.61–9.92] vs. 20.60 
[14.45–23.20], p = 0.631, 19.35 [95% CI = 17.64–21.07] vs. 
19.79 [95% CI = 18.08–21.50], p = 0.717, 12.30 [3.21–18.45] 
vs. 20.10 [13.65–30.05], p = 0.458, 19.30 [14.90–31.05] 
vs. 28.80 [21.60–45.40], p = 876, 33.30 [21.50–50.75] vs. 
29.60 [5.00–43.85], p = 0.539, 28.70 [4.15–36.95] vs. 35.00 
[29.80–48.15], p = 0.493, 35.00 [26.10–50.40] vs. 16.60 
[12.60–19.90], p = 0.624, 17.20 [14.00–20.15] vs. 22.70 
[14.40–35.60], p = 0.458, and 23.60 [95% CI = 19.89–27.31] 
vs. 23.67 [95% CI = 19.84–27.50], p = 0.980, respectively) 
(Supplementary Fig. 3a).

Table 2  AEs associated with vaccination against COVID-19

Data are presented as n (%). The chi-square and Fisher’s exact tests 
were used for comparisons.

Variable OPTB patients Healthy controls p

Overall AEs within 7 days 10 (10.7%) 12 (11.3%) 0.899
Overall AEs within 

30 days
9 (9.6%) 14 (13.2%) 0.437

Local AEs
  Pain 3 (3.2%) 5 (4.7%) 0.863
  Swelling 1 (1.1%) 3 (2.8%) 0.708
  Redness / 2 (1.9%) 1.000
  Pruritus 1 (1.1%) 2 (1.9%) 1.000
  Numbness / 1 (0.9%) 1.000

Systemic AEs
  Fatigue 1 (1.1%) 3 (2.8%) 0.708
  Drowsiness 2 (2.2%) 2 (1.9%) 1.000
  Dizziness 1 (1.1%) 1 (0.9%) 0.909
  Flu-like symptoms / 1 (0.9%) 1.000
  Fever 2 (2.2%) / 1.000
  Cough / 1 (0.9%) 1.000
  Gastro spasm 1 (1.1%) / 1.000
  Abdominal pain / 1 (0.9%) 1.000
  Shoulder pain / 1 (0.9%) 1.000
  Decreased hemoglobin / / 1.000
  Decreased platelet 

count
/ / 1.000

  Decreased albumin / / 1.000
  Elevated liver enzymes / / 1.000
  Grade 3/4 AEs / / 1.000
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Humoral immune response to inactivated 
SARS‑CoV‑2 vaccines in OPTB subgroups < 55 
and ≥ 55 years

There were no differences in serum concentrations of the 
two Abs between the fibrosis and calcification subgroups of 
OPTB patients aged < 55 and ≥ 55 years (6.66 [0.89–13.07] 
vs. 2.28 [0.56–4.66] vs. 1.22 [0.65–2.30], p = 0.059, and 0.38 
[0.12–0.49] vs. 0.20 [0.11–0.30] vs. 0.18 [0.12–0.23], p = 0.262, 
respectively). Based on age (≥ 55 and < 55 years), there was no 

significant difference in the seropositivity rates for the two Abs 
between the calcification and fibrosis subgroups (75% vs. 69.2% 
vs. 55.6% vs. 80.6%, p = 0.284, and 66.7% vs. 61.5% vs. 55.6% 
vs. 66.7%, p = 0.864, respectively) (Supplementary Fig. 4a–d).

Based on age (≥ 55 and < 55 years), there were differ-
ences in the frequencies of B cells and  RBD+ intermedi-
ate MBCs between the fibrosis and calcification subgroups 
(6.77 [2.94–9.99] vs. 5.45 [4.00–9.15] vs. 9.15 [7.36–12.75], 
p = 0.016, and 2.63 [0.82–32.00] vs. 31.10 [15.40–41.13] 
vs. 23.90 [1.23–36.63], p = 0.042, respectively) (Fig. 4a, b).

Fig. 1  a–d Antibody responses 
to inactivated SARS-CoV-2 
vaccines in OPTB. The 
seropositivity rates (b, d) and 
concentrations of (a, c) Abs 
against RBD-IgG and SARS-
CoV-2 neutralizing Abs in all 
OPTB patients and healthy 
controls, respectively. Chi-
square test, Fisher’s exact test, 
and Mann–Whitney U test 
(interquartile range, IQR) were 
used for two-group comparison 
(healthy controls and OPTB 
patients). The limit of detec-
tion range of concentrations of 
anti-RBD-IgG{0.375–1000AU/
mL}, the limit of detection 
range of concentrations of 
CoV-2 NAb{0.05–30ug/mL}. 
The p-values represented in this 
figure are all adjusted p-values. 
e  RBD+-specific B cells 
responses to inactivated SARS-
CoV-2 vaccines in OPTB. 
The frequencies of e B cells, 
RBD-specific B cells,  RBD+ 
resting MBCs,  RBD+ activated 
MBCs,  RBD+ atypical MBCs, 
 RBD+ intermediate MBCs, 
RBD-specific memory B cells 
(MBCs), RBD-specific MBCs 
 IgG+, and RBD-specific MBCs 
 IgM+ in all OPTB patients and 
healthy controls. Mann–Whit-
ney U test (interquartile range, 
IQR) was used for two-group 
comparison (healthy controls 
and OPTB patients). The 
p-values represented in this 
figure are all adjusted p-values. 
MBC, memory B cell
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T cell responses to inactivated SARS‑CoV‑2 vaccines

The frequencies of CTLA-4+ cells were higher in OPTB 
patients than healthy controls (p = 0.023), while there were 
no difference in the frequencies of T lymphocytes,  CD3+T 
lymphocytes,  CD4+ T lymphocytes, and Tregs, in addition 
to cells positive for OX40, LAG-3, and PD-1 (Fig. 5a).

As shown in Table 3, the time interval after full-course 
vaccination was the essential factor related to the poor 
response of Abs against RBD-IgG, while the counts of lym-
phocyte were a protective factor for Abs against RBD-IgG.

Discussion

More than 10 million new cases of PTB are reported each 
year, mostly in developing nations, such as China, which 
continues to rank third (8.4%) among the 30 nations with 
the highest incidence rate of PTB as of 2019 with 58 cases 
for every 10,000 persons (World Health Organization, 2019) 
[15]. Although considerable progress in lowering the inci-
dence of PTB has been achieved in recent years, the disease 
has not yet been eliminated in China.

A prospective observational trial that examined the 
immunological response in this population found that 

Fig. 2  a–d Antibody responses 
to inactivated SARS-CoV-2 
vaccines at 1 month. The 
seropositivity rates (b, d) and 
concentrations of (a, c) Abs 
against RBD-IgG and SARS-
CoV-2 neutralizing Abs in 
OPTB patients and healthy con-
trols at 1 month, respectively. 
Chi-square test, Fisher’s exact 
test, and Mann–Whitney U test 
(interquartile range, IQR) were 
used for two-group comparison 
(healthy controls and OPTB 
patients). The limit of detec-
tion range of concentrations of 
anti-RBD-IgG{0.375–1000AU/
mL}, the limit of detection 
range of concentrations of 
CoV-2 NAb{0.05–30ug/mL}. 
The p-values represented in this 
figure are all adjusted p-values. 
e–h  RBD+-specific B cells 
responses to inactivated SARS-
CoV-2 vaccines at 1, 2, and 
3 months. The frequencies of e 
 RBD+ resting MBCs, f  RBD+ 
atypical MBCs, g RBD-specific 
memory B cells (MBCs), and 
h RBD-specific MBCs  IgM+ 
in OPTB patients and healthy 
controls at 1, 2, and 3 months. 
Student’s t-test (confidence 
interval, CI) and Mann–Whit-
ney U test (interquartile range, 
IQR) were used for two-group 
comparison (healthy controls 
and OPTB patients). The 
p-values represented in this 
figure are all adjusted p-values. 
MBC, memory B cell
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inactivated SARS-CoV-2 vaccines were safe and effective 
against OPTB. The overall incidence of AEs within 7 days of 
vaccination was similar between OPTB patients and healthy 
controls at 10.7% for OPTB patients, which was comparable 
to healthy controls (11.3%), but lower than the phase I trial 
of the BNT162b2 mRNA COVID-19 vaccine (26.67%) and 
a phase II trial conducted by the National Institute of Allergy 
and Infectious Diseases of mRNA-1273 (27.33%) [16].

The results of the present study found that serum levels 
of Abs against RBG-IgG and SARS-CoV-2 neutralizing 
Abs following a full course of vaccination were significantly 
reduced in OPTB patients, consistent with the findings of a 
prior study [17]. In addition, seroconversion rates were reduced 
in OPTB patients. Approximately 26.88% of OPTB patients, 
as opposed to 13.21% of the healthy controls, failed to produce 
a sufficient immune response following immunization. These 

findings revealed that inactivated SARS-CoV-2 vaccinations 
had a limited immunogenic effect in OPTB patients.

MBCs are terminally developed immune cells that 
develop after exposure to an antigen [18, 19]. MBCs dif-
ferentiate into Ab-secreting cells in response to subsequent 
infections [20, 21]. The frequencies of  RBD+ atypical MBCs 
were increased during chronic inflammation and numerous 
investigations have shown a negative correlation between 
these proportions and the quantity of blood Abs [22, 23]. 
The frequencies of RBD-specific MBCs are reduced in 
response to various immunodeficiency disorders, suggest-
ing positive correlations with Ab levels [24]. In contrast 
to the healthy controls, the frequencies of  RBD+ atypical 
MBCs were increased in OPTB patients, while the frequen-
cies of RBD-specific MBCs were decreased, suggesting that 
immune reactivation may be impaired in OPTB patients.

Fig. 3  a–d Antibody responses 
to inactivated SARS-CoV-2 
vaccines in OPTB subgroups. 
The seropositivity rates (b, d) 
and concentrations of Abs (a, c) 
against RBD-IgG and SARS-
CoV-2 neutralizing Abs in fibro-
sis (CT) group (n = 51) and cal-
cification (CT) group (n = 54), 
respectively. Chi-square test 
and Mann–Whitney U test 
(interquartile range, IQR) were 
used for comparisons OPTB 
subgroups. The limit of detec-
tion range of concentrations of 
anti-RBD-IgG{0.375–1000AU/
mL}, the limit of detection 
range of concentrations of 
CoV-2 NAb{0.05–30ug/mL}. 
The p-values represented in this 
figure are all adjusted p-values. 
CT, computed tomography
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Fig. 4  a–b  RBD+-specific B cells responses to inactivated SARS-
CoV-2 vaccines in OPTB subgroups < 55 and ≥ 55  years. Specific 
memory B cells (MBCs) responses to inactivated SARS-CoV-2 vac-
cines in fibrosis (CT) < 55  years (n = 12), fibrosis (CT) ≥ 55  years 
(n = 39), calcification (CT) < 55  years (n = 18), and calcification 

(CT) ≥ 55  years (n = 36). The frequencies of a B cells and b  RBD+ 
intermediate MBCs. Kruskal–Wallis test was used for comparisons 
OPTB subgroups, and the results were corrected by Bonferroni. The 
p-values represented in this figure are all adjusted p-values. CT, com-
puted tomograghy; MBCs, memory B cells
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Inhibition of the immunoregulatory function of T cells 
is the principal negative regulator of T lymphocytes and 

CTLA-4+ cells, which are mostly generated by  CD4+ 
CD25hi Tregs [25, 26]. Previous studies have reported that 
individuals with PTB produce significant amounts of  CD4+ 
CD25hi Tregs at 8 weeks and 6 months after treatment [27, 
28]. In addition, a prior study [29] revealed that the fre-
quencies of total MBCs and transformed MBCs were sig-
nificantly lower in the CTLA-4-Ig subgroup of rheumatoid 
arthritis patients than the control group and the peripheral 
blood concentrations of anti-RBD-IgG Abs were also signifi-
cantly lower at 6 months after inoculation with SARS-CoV-2 
vaccines, demonstrating that CTLA-4 indirectly lowers the 
generation of MBCs by directly suppressing T cell activ-
ity, which in turn impacts Ab concentrations. In the present 
study, OPTB patients had higher peripheral blood levels of 
CTLA-4 than the control group, which may be related to 
immunosuppression by Tregs.

The results of a previous clinical trial showed that immu-
nogenicity was comparatively lower in older as compared 
to younger individuals after receiving the COVID-19 
BNT162b2 vaccination, as evidenced by the Ab response 
[30]. In another study [31], the overall immune response was 
limited in individuals aged > 55 years following two doses of 
the inactivated CoronaVac vaccine. Intriguingly, a clinical 

L
c

C
D
3
+
T

C
D
3
+
C
D
4
+
T

T
re
g

C
D
1
3
4
O
X
4
0
E
C
D
-A
+

C
D
1
5
2
C
T
L
-4
V
io
le
t7
8
0
-A
+

C
D
2
3
3
L
A
G
-3
P
E
-A
+

P
D
-1
C
D
2
7
9
P
C
7
-A
+

0

20

40

60

80

100

c
e
l
l
s
(
%
)

OPTB

HC

P=0.383

P=0.315

P=0.417

P=0.156

P=0.873

P=0.517

P=0.141

Fig. 5  a T cell responses to inactivated SARS-CoV-2 vaccines. 
The frequencies (a) of Lc (T lymphocyte),  CD3+T,  CD4+T, Treg, 
OX40,  CTLA-4+, LAG-3, and PD-1 in OPTB patients and healthy 
controls. Student’s t-test (confidence interval, CI)/Mann–Whitney U 
test (interquartile range, IQR) were used for two-group comparison 
(healthy controls and OPTB patients). The p-values represented in 
this figure are all adjusted p-values

Table 3  Univariate and 
multivariate analyses of Abs 
against RBD-IgG associated 
with OPTB

Abbreviations: ALB, albumin; ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body 
mass index; CI, confidential interval; Cr, creatinine; HB, hemoglobin; Lc, lymphocyte; MBC, memory B 
cell; OR, odds ratio; PLT, platelet; RBD, receptor binding domain; TP, total protein; UA, uric acid; WBC, 
white blood cell

Univariate OR (95% CI) p Multivariate OR (95% CI) p

Age (years) 1.019 (0.983–1.056) 0.3020 0.980 (0.923–1.037) 0.4985
Proportion of males, n (range) 3.645 (1.407–10.386) 0.0103 3.939 (1.001–18.065) 0.0571
BMI (kg/m2) 0.875 (0.735–1.028) 0.1123
Days after 2nd vaccination 0.983 (0.965–0.999) 0.0390 0.966 (0.939–0.989) 0.0071
WBC  (109/L) 0.732 (0.539–0.966) 0.0323 1.042 (0.655–1.648) 0.8577
HB (g/L) 1.006 (0.972–1.040) 0.7310
LC  (109/L) 0.404 (0.155–0.873) 0.0422 0.151 (0.024–0.754) 0.0287
PLT  (109/L) 0.996 (0.989–1.002) 0.1904
AST (IU/L) 0.972 (0.917–1.027) 0.3139
ALT (IU/L) 0.958 (0.889–1.030) 0.2502
ALB (g/L) 1.042 (0.955–1.140) 0.3500
Cr (µmol/L) 0.998 (0.995–0.999) 0.0250 0.997 (0.993–1.000) 0.0876
UA (µmol/L) 0.999 (0.994–1.005) 0.8160
TP (g/L) 1.002 (0.942–1.063) 0.9530
B cells (%) 0.939 (0.846–1.014) 0.1635
RBD-specific B cells (%) 0.992 (0.918–1.071) 0.8380
RBD+ resting MBCs (%) 1.055 (1.007–1.112) 0.0344 0.691 (0.001–2.945) 0.7788
RBD+ activated MBCs (%) 0.952 (0.916–0.983) 0.0060 0.656 (0.012–2.765) 0.7483
RBD+ atypical MBCs (%) 0.987 (0.964–1.010) 0.2617 0.473 (0.011–1.298) 0.5581
RBD+ intermediate MBCs (%) 1.036 (1.010–1.065) 0.0089 0.477 (0.013–1.322) 0.5624
RBD-specific MBCs (%) 0.977 (0.949–1.004) 0.0950 0.717 (0.120–4.096) 0.7055
RBD-specific MBCs  IgG+(%) 1.032 (0.965–1.113) 0.3770 1.048 (0.942–1.172) 0.3897
RBD-specific MBCs  IgM+(%) 0.970 (0.934–1.005) 0.9280 0.981 (0.927–1.037) 0.5015
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trial of the mRNA-1273 COVID-19 vaccine found compa-
rable immunological responses in older and younger indi-
viduals [32], while the ChAdOx1nCoV-19 vaccine induced 
comparable immune responses in younger and older patients 
[33, 34]. However, empirical data are required to evaluate 
the potential link between age and Ab responses to inacti-
vated COVID-19 vaccines, as age may be not related to Ab 
responses.

The effect of the proportion of lymphocytes on the 
responses of Abs against RBD-IgG remains unclear, as 
two past studies found positive correlations between the 
responses of Abs against RBD-IgG and lymphocyte counts 
[35, 36], while another found no relationship [37]. In the 
present study, levels of Abs against RBD-IgG were linked 
with the lymphocyte counts. In addition, the length of time 
following complete vaccination was associated with the 
magnitude of the anti-RBD-IgG Ab response, which is in 
agreement with previous research [24, 38].

The strengths of this study are as follows: Notably, this 
was the first study to assess the safety and immunogenic-
ity of SARS-CoV-2 vaccines in OPTB patients to provide 
evidence for clinical practice. Second, responses of two 
Abs were comprehensively analyzed to assess humoral and 
cellular immunity to vaccine. Third, the results confirmed 
that poor immune responses to Abs against RBD-IgG were 
related to the time interval after complete vaccination. How-
ever, there were several limitations to this study. First, this 
study only included data of up to 105 days post-vaccination. 
Second, T cells responses were measured in only a subset 
of participants. Thus, follow-up studies are needed. Third, 
travel restrictions due to intermittent local outbreaks of 
COVID-19 at 6 months after full immunization prohibited 
longitudinal investigations. Fourth, the sample size is rather 
small. Fifth, the results might not be generalizable to other 
vaccines, settings, or ethnicities.

In conclusion, this study comprehensively analyzed the 
safety and immunogenicity of COVID-19 inactivated vac-
cines for OPTB. The inactivated SARS-CoV-2 vaccine was 
well tolerated by OPTB patients and no severe AEs were 
reported. However, the humoral immune responses were 
weaker in OPTB patients.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10096- 023- 04566-0.
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