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Objective

This is the first systematic review and meta-analysis to determine the factors that contribute to poor antibody response in organ transplant recipients after receiving the 2-dose severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine.



Method

Data was obtained from Embase, PubMed, Web of Science, Cochrane Library, China National Knowledge Infrastructure (CNKI), and Chinese Biomedical Literature Database (CBM). Studies reporting factors associated with antibody responses to the 2-dose SARS-CoV-2 vaccine in solid organ transplant recipients were included in our study based on the inclusion and exclusion criteria. Two researchers completed the literature search, screening, and data extraction. Randomized models were used to obtain results. Egger’s test was performed to determine publication bias. Sensitivity analysis was performed to determine the stability of the result. The heterogeneity was determined using the Galbraith plot and subgroup analysis.



Results

A total of 29 studies were included in the present study. The factors included living donor, BNT162b2, tacrolimus, cyclosporine, antimetabolite, mycophenolic acid (MPA) or mycophenolate mofetil (MMF), azathioprine, corticosteroids, high-dose corticosteroids, belatacept, mammalian target of rapamycin (mTOR) inhibitor, tritherapy, age, estimated glomerular filtration rate (eGFR), hemoglobin, and tacrolimus level were significantly different. Multivariate analysis showed significant differences in age, diabetes mellitus, MPA or MMF, high-dose corticosteroids, tritherapy, and eGFR.



Conclusion

The possible independent risk factors for negative antibody response in patients with organ transplants who received the 2-dose SARS-CoV-2 vaccine include age, diabetes mellitus, low eGFR, MPA or MMF, high-dose corticosteroids, and triple immunosuppression therapy. mTOR inhibitor can be a protective factor against weak antibody response.



Systematic Review Registration

PROSPERO, identifier CRD42021257965.
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Introduction

During the coronavirus disease (COVID-19) pandemic, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination became important prophylaxis. The antibody response produced by the immunization can protect the body against SARS-CoV-2 (1–3). Previous studies have reported decreased antibody response after the administration of the SARS-CoV-2 vaccine in solid organ transplant recipients compared with that in healthy vaccinators (4, 5) who had a worse prognosis after infection (6–8). Identifying the risk factors associated with weak antibody response after vaccination can help further measures to increase the benefit of vaccination in solid organ transplant recipients. The present study focused on identifying factors that can affect the antibody response to the 2-dose SARS-CoV-2 vaccine in adults with solid organ transplants.



Method


Registration

The protocol of this systematic review and meta-analysis had been reported on the PROSPERO (registration no. CRD42021257965).



Search Strategy

Electronic Databases used for searching included Embase, PubMed, Web of Science, Cochrane Library, China National Knowledge Infrastructure (CNKI), and Chinese Biomedical Literature Database (CBM). Few records were obtained from other sources (Studies were found to potentially meet the inclusion criteria before conducting the systematic search). The search strategy was conducted by combining subject terms with free words. Two investigators designed the search strategy collaboratively.



Eligibility Criteria and Study Selection

Cohort studies, case-control studies, and case series were included in this study. The included population was defined as adult solid organ transplant recipients who received a standard dose of the SARS-CoV-2 vaccine. The inclusion criteria were as follows (1): study type: case-control, cohort studies, and case series (2); population: adult solid organ transplant recipients (3); intervention: 2-dose SARS-CoV-2 vaccine (4) outcome: the serologic results. The exclusion criteria were as follows (1): articles not published in Chinese or English language (2); no relevant factors reported (3); studies including the same population unless different outcomes were reported (4); recipients with a history of COVID19 (5); data not available to conduct the meta-analysis. Two examiners performed the study selection independently, with contradictions decided by negotiating with a third examiner.



Data Collection and Extraction

Two researchers extracted the data separately, and different branches reached the decision together through discussion with a third researcher. Data were extracted from the general information about the study, population characteristics, the intervention method, serological assays, and potential influencing factors. Data that were believed to contain errors were not extracted and included. EndNote X9 was used for reference.



Risk of Bias

Study quality was independently reviewed by two evaluators using the Newcastle Ottawa Scale (NOS), containing 3 main elements: selection, comparability, and outcome. The study quality was defined as follows: 0–3 points indicating low quality; 4–6 points indicating medium quality; 7–9 points indicating high quality. The Egger’s test was applied to assess publication bias, with P < 0.05 representing publication bias.



Data Synthesis

Following the past protocol, a random-effect meta-analysis model was applied irrespective of heterogeneity. Standardized mean difference (SMD) with 95% confidence intervals was calculated for continuous variables, and odds ratio (OR) with 95% confidence intervals was applied for the dichotomous variables. Heterogeneity was evaluated using the Cochran Q test and I-squared, with I² > 50% or P < 0.1 considered to indicate high heterogeneity. Sensitivity analysis based on individual studies was conducted to examine the stability of the results. Subgroup analysis was conducted to explore the source of heterogeneity, which included the country, population, vaccine, and antibody for testing. Studies found to infer heterogeneity according to the Galbraith plot were excluded and then reanalyzed. OR originally reported by multivariate analysis was included in the analysis, but heterogeneity analysis and publication bias assessment was limited. The primary statistical analysis was performed by the StataSE 16 software.




Results


Literature Search and Study Characteristics

The last literature search was performed on October 8, 2021. A total of 1129 records were obtained from electronic databases and other sources. The detailed search strategy is included in Supplementary Material. A total of 64 studies were included in the full-text review after initial screening and excluding duplicate studies. A total of 29 cohort studies (9–37) were finally included in the present study (Figure 1). Among the included studies, heart transplant recipients (HTR), liver transplant recipients (LTR), kidney transplant recipients (KTR), pulmonary transplant recipients (PTR), and other solid organ transplant recipients (SOTR) were involved, wherein KTR predominated. These individuals belonged from 11 different countries and received vaccination with four types of SARS-CoV-2 vaccines. Eventually, a total of 16 dichotomous variables, 11 continuous variables, and 10 OR values obtained from the multivariate analysis were combined in the analysis. The detailed study information and NOS score are present in the Supplemental Material.




Figure 1 | Flow chart depicting the study inclusion and exclusion processes. CNKI, China National Knowledge Infrastructure; CBM, Chinese Biomedical Literature Database; other sources, literature collected in other ways before conducting the systemic search.





Data Analysis and Publication Bias

A negative antibody response was defined as an outcome event. The results of the dichotomous variables and the continuous variables are shown in Figures 2 and 3, respectively. The results of risk factors obtained from multivariate logistic regression analysis are shown in Figure 4. Significant differences were found among the dichotomous variables for twelve factors, which included living donor, BNT162b2, tacrolimus, cyclosporine, antimetabolite, mycophenolic acid (MPA)/mycophenolate mofetil (MMF), azathioprine (AZA), corticosteroids (CS), high-dose CS, belatacept, mammalian target of rapamycin (mTOR) inhibitor, and tritherapy. Significant heterogeneity was found in MPA/MMF, CS, mTOR inhibitor, and tritherapy. Egger’s test suggested publication bias for high-dose CS. Significant differences were found for the four continuous factors, which included age, estimated glomerular filtration rate (eGFR), hemoglobin, and tacrolimus level. Nevertheless, significant heterogeneity was found in age, time from transplantation, eGFR, creatinine, and lymphocyte count. Publication bias in body mass index (BMI) was determined by Egger’s test. The combined result from multivariate analysis associated with a negative response, age, diabetes mellitus, MPA/MMF, high-dose CS, and tritherapy showed significant differences. Significant heterogeneity was found in the female gender, age of the patient, and MPA/MMF. The only significant difference was in eGFR for factors associated with the positive response. Both age and time from transplantation showed significant heterogeneity.




Figure 2 | Forest plots of dichotomous factors. The event was a negative antibody response after vaccination. N, The number of studies; DM, diabetes mellitus; HBP, hypertension; CNI, calcineurin inhibitor; MPA/MMF, mycophenolic acid or mycophenolate mofetil; AZA, azathioprine; CS, low-dose corticosteroids; mTOR inhibitor, mammalian target of rapamycin inhibitor; Tritherapy, triple immunosuppressive therapy. NA indicates missing Egger's test.






Figure 3 | Forest plots of continuous factors.The event was a negative antibody response after vaccination. N, The number of studies; BMI, body mass index; eGFR, estimated glomerular filtration rate; WBC, white blood cells. NA indicates missing Egger's test.






Figure 4 | Forest plots of multivariate analysis. (A) Factors associated with a negative antibody response; (B) Factors associated with positive antibody response. N, number of studies; DM, diabetes mellitus; MPA/MMF, mycophenolic acid or mycophenolate mofetil; CS, corticosteroids; tritherapy, triple immunosuppressive therapy; eGFR, estimated glomerular filtration rate.





Heterogeneity and Exclusion Criteria

We performed subgroup analyses and Galbraith plots to determine the sources of heterogeneity for dichotomous and continuous variables. In the present study, we found that I² >50% or P <0.1 was necessary for significant heterogeneity. The subgroup analysis based on country, population, vaccine, and antibody is shown in the Supplemental Material. Studies that can cause heterogeneity in results found by the Galbraith plot were excluded. The remaining studies were reanalyzed. Taking the factor MPA/MMF as an example, the results of the Galbraith plot and reanalysis are shown in Figure 5. The summary reanalysis results are shown in Figure 6. The studies that were excluded based on the Galbraith plot were as follows: MPA/MMF = 3 (28, 29, 33), CS = 1 (16), mTOR inhibitor = 3 (13, 15, 17), tritherapy = 1 (28), age = 3 (12, 18, 26), time from transplantation = 5 (11, 17, 21, 28, 35), eGFR = 2 (28, 31), creatinine = 2 (28, 30), and lymphocyte = 1 (34). Subgroup analyses and the Galbraith plot of other factors with significant heterogeneity, which included CS, mTOR inhibitor, tritherapy, age, time from transplantation, eGFR, creatinine, and lymphocyte, are shown in the Supplemental Material.




Figure 5 | Heterogeneity exploring of MPA/MMF. (A) In the Galbraith plot of MPA/MMF for heterogeneity exploration, hollow circles outside the parallel reference line represent studies that were considered possible sources of heterogeneity. (B) Reanalysis of MPA/MMF after the removal of possible sources of heterogeneity. The event was a negative antibody response after vaccination. N, the number of studies; KTR, kidney transplant recipients; LTR, liver transplant recipients; HTR, heart transplant recipients; anti-S, anti-spike protein antibody; anti-N, anti-nucleocapsid protein antibody; anti-RBD, anti-receptor-binding domain antibody; Nab, neutralizing antibody.






Figure 6 | Forest plots of reanalysis. (A) reanalysis of dichotomous factors. (B) reanalysis of continuous factors. The event was a negative antibody response after vaccination. MPA/MMF, mycophenolic acid or mycophenolate mofetil; CS, corticosteroids; mTOR inhibitor, mammalian target of rapamycin inhibitor; Tritherapy, triple immunosuppressive therapy; eG.





Sensitivity Analysis

Sensitivity analysis of each factor showed that no individual studies changed the final results. The factors associated with multivariate analysis were not included in sensitivity analyses for a few included studies. The sensitivity analysis results are shown in the Supplemental Material.




Discussion

To the best of our knowledge, this is the first systemic review and meta-analysis to determine the risk factors of negative antibody response to the 2-dose SARS-CoV-2 vaccine in adult recipients of solid organs. The significant risk factors associated with negative antibody response included age, diabetes mellitus, MPA or MMF, high-dose corticosteroids, and triple immunosuppression therapy.

The use of immunosuppressants is one of the most important reasons for anergy to vaccination. Our results showed that MPA/MMF, as a representative among antimetabolites, is an independent risk factor for negative antibody response after immunization. The study showed that the administration of MPA/MMF in patients with systemic lupus erythematosus (SLE) reduced the serologic response to the SARS-CoV-2 vaccine (38), which indicated that MMF/MPA weakened the humoral response after vaccination regardless of the receiver. Furthermore, in liver transplant recipients, mycophenolate not only resulted in a poor prognosis of COVID19 but also increased the risk of severe COVID-19 (39). These results implied that MMF/MPA should be used with caution during the COVID-19 pandemic. Corticosteroids are another widely used immunosuppressant that can reduce the antibody response after vaccination in solid organ transplant recipients with high doses versus low doses. Even though the result of dichotomous variables was different from the results of multivariate analysis, we believe that low-dose CS cannot increase the risk of nonresponse to vaccination because of the reliability of the multivariate analysis. Although reduced vaccine response with triple immunosuppressive therapy is dangerous, it is difficult to balance the immunostability and immune response when solid organ transplant recipients take triple immunosuppressants to keep their immune system silent.

Surprisingly, our study suggested another immunosuppressant, mTOR inhibitor, which did not increase the risk of vaccine ineffectiveness. This result was consistent with the multiple-logistic-regression results of Stumpf et al. and Ducloux et al. (17, 19). However, these results are difficult to synthesize. According to our results, dichotomous variables showed risk factors, whereas the opposite was found for cyclosporine. The results of the dichotomous variables (tacrolimus) were consistent with the continuous variables (tacrolimus level), which implied that tacrolimus can be negatively correlated with humoral immune response. The results show that belatacept can be associated with negative antibody response. Terrec et al. reported studies on COVID-19 infection and vaccine response after belatacept conversion in renal transplant recipients and concluded that renal transplant recipients receiving belatacept have a poorer response to the SARS-CoV-2 vaccine. This is consistent with our results, which suggested a delay in belatacept conversion because it can increase the risk of opportunistic infections (40).

The general characteristics of solid organ transplant recipients help to identify the high-risk population. Age is a risk factor for negative antibody response to SARS-CoV-2 vaccination. Many studies reported a late and weak response to the vaccine in elderly vaccinees than in younger vaccinees (41, 42), which is consistent with our results. However, we did not find a significant result for age in the multivariate analysis associated with positive antibody response. Diabetes mellitus is considered to be associated with negative antibody response because the multivariate analysis is more reliable. Moreover, meta-analysis results also indicated a negative correlation between diabetes mellitus prevalence and humoral response rate to the SARS-CoV-2 vaccine in other populations (43). Hypertension, another prevalent disease, was not a significant risk factor in our results. Living donors can be a protective factor for negative antibody responses, whereas administration of the BNT162b2 vaccine (compared to mRNA-1273) can be a risk factor. The result of multiple logistic regression also showed that BNT162b2 was an essential factor responsible for the failure of the antibody response in a previous study (19). The gender (female), BMI, and time from transplantation were not significant factors, which implied that they did not affect the antibody response.

The laboratory results from our study suggested that eGFR correlated with vaccine antibody response, which was shown by continuous variables and multivariate analyses. This indicated that patients with better renal function can react to the SARS-CoV-2 vaccine better. Unexpectedly, the results shown by hemoglobin indicated that it can be positively correlated with the antibody response. The reanalysis for creatinine showed a significant difference. However, we considered that the evidence for its correlation with the vaccine-antibody response was insufficient without the support of multivariate analysis (12, 32). However, according to our results, white blood cell (WBC) count, neutrophils count, lymphocytes count, and albumin did not show significance.

For heterogeneity determination, the subgroup analysis was unable to identify the causes of heterogeneity, which suggested that such subgroupings such as country, type of vaccine, antibody response, and type of transplantation may not be appropriate, and heterogeneity was because of a combination of multiple factors. After excluding the studies that caused heterogeneity found by the Galbraith plot, the heterogeneity of many factors became non-significant, and the results were also unchanged. However, the heterogeneity of several factors, such as mTOR inhibitor, time from transplantation, and creatinine levels, were significant after reanalysis, and the creatinine results changed, which suggested further investigating.



Limitations

We did not limit the graft type of the included population because of the similarity of immune status and immunosuppressive agents in solid organ transplant recipients and also to include more studies to expand the conclusions. This led to heterogeneity. We selected the 2-dose-vaccine studies for intervention. However, studies have been performed to show that an increased dose can improve the immune response in solid organ transplant recipients. This was not included in our study (44, 45). We only considered the outcomes of antibody responses to the vaccine. We did not include cellular immune responses in the study; however, studies have reported that cellular immune responses were an equally important factor (46, 47). Among the factors included in the analysis, when constitutional ratios were not available, we considered calcineurin inhibitor (CNI) and antimetabolites, a class of drugs in general, as a variable. This can also contribute to the difficulty in interpreting some of our results.

Certain factors, such as eGFR and belatacept, were almost exclusively reported in renal transplantation studies. Some of the studies that fulfilled the inclusion criteria contained brief methods or process descriptions, which can increase the risk of errors. When potentially incorrect data were found, we excluded those parts of the data rather than the entire study. While determining heterogeneity, we identified that the study by Kantauskaite et al. was a source of heterogeneity in more than one factor. Therefore, we possibly had unreasonable inclusion and exclusion criteria for the study.



Conclusions

Old age, diabetes mellitus, MPA or mycophenolate, high-dose corticosteroids, and triple immunosuppression therapy are important risk factors for negative antibody response in solid organ transplant recipients administered with a 2-dose SARS-CoV-2 vaccine. BNT162b2, antimetabolites, belatacept, and tacrolimus can be associated with weak antibody responses to the SARS-CoV-2 vaccine in solid organ transplant recipients, whereas the factor living donors showed opposite results. The administration of low-dose CS and mTOR inhibitor do not increase the risk of negative humoral response in solid organ transplant recipients receiving a 2-dose SARS-CoV-2 vaccine. In general, during the COVID-19 pandemic, MMF/MPA, high-dose CS, and triple immunosuppressants should be limited. For the population with risk factors, such as diabetes mellitus, old age, and low eGFR, the SARS-CoV-2 vaccine should be enhanced and more attention should be paid to preventing COVID-19 infection while keeping the vaccine safe. Compared with BNT162b2, the mRNA-1273 vaccine can be a better choice for solid organ transplant recipients. More advanced and comprehensive studies are required in the future.
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