

[image: image1]
MMF/MPA Is the Main Mediator of a Delayed Humoral Response With Reduced Antibody Decline in Kidney Transplant Recipients After SARS-CoV-2 mRNA Vaccination
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Kidney transplant recipients (KTR) show significantly lower seroconversion rates after SARS-CoV-2 mRNA vaccination compared to dialysis patients (DP). Mycophenolate mofetil or mycophenolic acid (MMF/MPA) in particular has been identified as a risk factor for seroconversion failure. While the majority of all KTR worldwide receive MMF/MPA for immunosuppressive therapy, its impact on antibody decline in seroconverted KTR still remains unclear. In an observational study (NCT04799808), we investigated whether 132 seroconverted KTR (anti-spike S1 IgG or IgA positive after 2 vaccinations) show a more rapid antibody decline with MMF/MPA than those without this medication. A total of 2 months after mRNA vaccination, average anti-spike S1 IgG levels of KTR with MMF/MPA were lower than without (p = 0.001), while no differences between these two groups were observed after 6 months (p = 0.366). Similar results were obtained for anti-RBD IgG antibodies (T2 p = 0.003 and T3 p = 0.135). The probability of severe IgG decline with MMF/MPA was three times lower than without (p = 0.003, OR 0.236, 95% CI 0.091–0.609). In the multivariate analysis, neither immunosuppressants, such as calcineurin inhibitors, mTOR inhibitors (mTOR-I; mechanistic target of rapamycin), glucocorticoids, nor vaccine type, sex, or age showed a significant influence on IgG titer decline between 2 and 6 months. For the decision on additional booster vaccinations, we consider immunosurveillance to be needed as an integral part of renal transplant follow-up after SARS-CoV-2 mRNA vaccination. Not only the lack of seroconversion but also the peak and titer decline of the specific IgG and RBD IgG antibody formation after two mRNA vaccinations is significantly influenced by MMF/MPA.
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INTRODUCTION

Immunosuppressive therapy in kidney transplant recipients (KTR) is the main determinant for highly impaired seroconversion rates compared to the normal population after SARS-CoV-2 mRNA vaccination (1–3). Hereby, studies including our Dia-Vacc study identified the anti-metabolite MMF/MPA (besides belatacept) as the critical immunosuppressive drug type being associated with seroconversion failure at 2 months after SARS-CoV-2 vaccination in KTR (1–3). During 6 months of follow-up investigations, seroconverted KTR [compared to medical personnel (MP)] were at risk for a strong decline in IgG and RBD-IgG antibodies but neither IgA antibodies nor cellular immunity (4). Hereby, antibody titers of KTR peaked at a lower level, and pronounced antibody decline was mixed with an increasing IgG or RBD-IgG response in at least 15% of patients. Despite MMF/MPA being given to the majority of all organ transplant recipients worldwide, its influence on antibody decline in seroconverted transplant recipients after SARS-CoV-2 mRNA vaccination is unclear. According to the pre-existing data on the impact of MMF/MPA on vaccination-related seroconversion and antibody formation, we hypothesized that MMF/MPA treatment may also lead to a pronounced antibody decline within additional 4 months of follow-up after seroconversion at the 8-week time point after mRNA vaccination starts in 132 KTR of the DIA-Vacc cohort.



METHODS


Study Design

In the 2- (T2) and 6-month (T3) evaluation (Supplementary Figure 1) of the prospective DIA-Vacc (1) observational study (NCT04799808), we analyzed the specific cellular (interferon-γ release assay) and humoral immune responses after 2x SARS-CoV-2 mRNA without a third vaccination in 112 out of 132 KTR (see Supplementary Table 1) with seroconversion (de novo IgA or IgG antibody positivity by ELISA (enzyme-linked immunosorbent assay), KTR112). In addition, 26 out of 132 KTR with seroconversion represent a separate group of IgA de novo positive only, but IgG negative KTRIgA at T2 (Figure 1, also referred to as “weakly seroconverted”). In 20 out of 26 cases of this KTRIgA group by unanticipated, individual decision of the dialysis centers (procedure legally permitted in Germany), an additional third vaccination was done at 4.2 ± 1 months. At T0 (start of vaccination), T2, and T3, SARS-CoV-2-specific IgG or IgA antibody responses to Spike S1 protein and antibodies to the receptor binding domain (RBD-IgG) at T2 orT3 were assessed in all study participants (1). Titer levels and changes were classified differently depending on what was being looked at. For the assessment and comparison of subcohorts defined by a response of comparable expression (i.e., titer decrease to comparable absolute values), levels and corresponding limits were defined (see 2.4 Interval classification in levels). For the overall assessment and comparisons with regard to relative changes defined as increasing, equal, or decreasing titers, ranges were formed. For the latter, a range of 20% for the T3 compared to T2 change of antibody and interferon-γ release assay (IGRA) titers/values (increased or equal or decreased) was used and the percentage of patients within each range was calculated (Table 1). In addition, the antibody time course was analyzed on the interval scale. The detectable ranges of anti-spike S1-IgG and RBD-IgG antibody values were categorized into five intervals, labeled from 0 to 4 (referred to as “levels” in the data analysis), and the change in levels, varying from −4 to +4, was calculated for each patient. Level decreases from T2 to T3 by at least two units were defined as a strong decline (1).
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FIGURE 1. KTRIgA group. KTR, Kidney Transplant Recipients; MMF, mycophenolate mofetil or mycophenolic acid.



Table 1. Immune response rates 6 months after vaccination (T3) compared to T2 in the seroconverted Kidney transplant recipients (KTR)112 cohort.
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Background Study Design

In the original investigator-driven, non-interventional, prospective, observational DIA-Vacc study (1), the first 26 out of all 36 regional nephrology centers were recruited. Further centers could not be considered due to funding restrictions. A total of 3,101 participants were enrolled to explore the time course of a specific cellular response or/and humoral seroconversion to disease and/or SARS-CoV-2 vaccination in MP, DP, and 368 KTR (see Figure 1). To report clean humoral seroconversion rates, as reported here, a “pure vaccination cohort” was created excluding retrospectively all symptomatically and asymptomatically COVID-19 infected or deceased participants before, during, and after vaccination (up to T2). For further description, see elsewhere (1). Another cohort called the “clinical vaccination cohort” consists of the “pure vaccination” cohort but includes all participants who experienced symptomatic or asymptomatic COVID-19 disease (or death) strictly during or after vaccination to assess the clinical outcome of vaccination. The study start (T0) was immediately before the first vaccination. Further monitoring of time points is described elsewhere (1). By vaccine availability, initially, only the first four dialysis centers were assigned to the vaccination campaign and received BNT162b2 mRNA, while all other following dialysis centers received the mRNA-1273 vaccine for both vaccinations. Neither any dialysis center nor any patient or MP or the study center (Dresden) had a choice or influence regarding the type of vaccine. All dialysis centers were informed via simultaneous email from the central vaccination institute, about the start of the vaccination campaign. In all study participants (eligibility if >18 years old and signed informed consent) at T0, T2, and T3, the above-mentioned antibody measurements were done, using Euroimmun ELISAs on Euroimmun analyzers (5–9). To explore the cellular SARS-CoV-2 immune response in subgroups, a SARS-CoV-2 specific interferon-γ release assay (Euroimmun-SARS-CoV-2-IGRA for research use only ET 2606-3003 & EQ 6841-96011,2) was applied (10). The sub-group for the IGRA was formed as follows: the analysis of T cells requires vivid cells. To reach high viability in IGRA samples, the procession should start at <24 h (established at <6 h) after collection. To ensure this high sample quality, four centers in the vicinity of the study coordination center were asked to participate in this sub-group analysis. The selection took into account that the centers treated a sufficient number of transplanted patients and that both vaccines were represented. The exact procedure and analysis are further described elsewhere (1).



Statistical Analysis

In the descriptive analysis of the main study endpoints, categorical variables were summarized as absolute frequencies or percentages, and continuous variables were summarized using the mean and SD or median and interquartile range (IQR). Time trends in IgG and RBD-IgG responses and between-group differences were analyzed either by the Wilcoxon signed-rank test or the chi-squared test, as appropriate. The analysis of risk factors of patients with a strong antibody decline was carried out using multiple logistic regression. For hypothesis testing, a significance level of 5% (two-sided) was chosen. A Bonferroni correction was applied during post hoc testing of group effects. Data analysis was implemented in the R Environment for Statistical Computing (11), version 4.0.4.



Interval Classification in Levels

In the proposed interval classification, level 0 is assigned to IgG and RBD values below the corresponding positivity threshold [35.2 Binding Antibody Units/ml (BAU/ml) and 35%, respectively], and the remaining values are divided into four intervals of approximately equal length (Supplementary Table 2). These intervals can be used to quantify the change in IgG or RBD-IgG between T2 and T3, where, for example, a positive change corresponds to an increase in IgG or RBD-IgG, respectively, with a change of 4 being the maximum increase. Based on this definition, we referred to any decrease of more than one level (at least two) as a “strong declining response.” The distributions of IgG and RBD-IgG levels at T2 and T3 and their change between T2 and T3 are summarized in Supplementary Figures S2A–F and separately dependent on the use of MMF/MPA.



Multivariate Analysis

Besides gender, age, and vaccine type, the association between different immunosuppressive drug types of drugs such as calcineurin inhibitors, corticosteroids, mTOR-inhibitors, and MMF/MPA, and strong declining IgG response was explored using a penalized logistic regression model estimated using the elastic net approach (12). Supplementary Figure 3 illustrates a stepwise model selection procedure in which predictors (immunosuppressive 4 drug types) are added to a regression model one at a time, to maximize the goodness-of-fit, assessed from the deviance, given the current number of predictors. The slope of each path in Supplementary Figure 3 changes as a new immunosuppressive drug enters the model. According to this plot, MMF/MPA has the strongest explanatory ability as a single predictor.



Definition of KTRIgA Group

The KTRIgA group (n = 26) is defined as a seroconversion group with de novo IgA positivity without a positive IgG response at T2 after 2x mRNA vaccination (< 35.2 BAU/ml according to manufacturer definition, see also Figure 1). In this group, 24 of 26 (92%) KTR were treated with MMF/MPA since most (20/26) of these had to be excluded due to an unanticipated third vaccination by the dialysis centers despite formal seroconversion. Nineteen of 24 of the MMF/MPA treated KTRIgA group received an additional mRNA vaccine booster between T2 and T3. In contrast, 5 of 24 KTRIgA patients with MMF/MPA were not vaccinated a third time.




RESULTS

Kidney transplant recipients112 group: separation of all 112 KTR in two groups with MMF/MPA (n = 61) and without MMF/MPA (n = 51) demonstrates that with the exception of immunosuppressive drug types both groups are well matched for patient characteristics (Supplementary Table 1). Multivariate analysis of the KTR112 group revealed that MMF/MPA but no other immunosuppressive drug such as calcineurin inhibitors, mTOR-inhibitors, or glucocorticoids significantly influenced vaccination-related IgG anti-spike S1 protein antibody titers and decline between 2 and 6 months (Table 2). While at 2 months, IgG levels of KTR112 with MMF/MPA were on average lower than those of KTR112 without MMF (p = 0.001), at 6 months no differences between these two groups were observed (p = 0.366) (Table 3, Figures 2A/B). As it can be observed in Supplementary Figure 3, there is a negative association between taking MMF/MPA and strong IgG decline, that is, patients taking MMF/MPA have a lower chance to experience a strong decline than patients taking other immunosuppressive. An overall decreasing trend occurred in both groups, but KTR112 with MMF/MPA were three times less likely to show a strong IgG decline than KTR112 without MMF/MPA (p = 0.003). A comparable difference for KTR112 with and without MMF/MPA was also observed for RBD-IgG: lower values for MMF at T2 (p = 0.003) and no significant difference at T3 (p = 0.135).


Table 2. Multivariate analysis of IgG antibody decline between T2 and T3 in kidney transplant recipients after seroconversion [kidney transplant recipients (KTR)112 cohort].
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Table 3. Antibody and interferon-γ release assay (IGRA) titers 2 (T2) and 6 months (T3) after vaccination in the seroconverted kidney transplant recipients (KTR)112 cohort with and without mycophenolate mofetil or mycophenolic acid (MMF/MPA).
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Figure 2A. Time course of anti-SARS-CoV-2 IgG antibodies in seroconverted kidney transplant recipients (KTR) without (green) or with (orange) mycophenolate mofetil or mycophenolic acid (MMF/MPA) treatment. Each thin line corresponds to the anti-spike S1 protein IgG antibody values (QuantiVac, Euroimmun) of a study participant from T0 (vaccination start) via T2 (8 weeks after vaccination start) to T3 (6 months after vaccination start). KTR being treated without MMF/MPA are represented in green and KTR exposed to MMF/MPA treatment are shown in orange. Only patients with successful de novo seroconversion at T2 (IgA or IgG antibody positivity against the SARS-CoV-2 S1 protein) after 2x mRNA vaccination and without SARS-CoV-2 nucleocapsid (NCP) antibodies were considered. The area shaded gray designates IgG borderline range below positivity level. The vertical axis is depicted on log10 scale with the corresponding unit BAU/ml.
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Figure 2B. Time course of anti-SARS-CoV-2 RBD-IgG antibodies in seroconverted kidney transplant recipients (KTR) without (green) or with (orange) mycophenolate mofetil or mycophenolic acid (MMF/MPA) treatment. Each thin line corresponds to the anti-spike S1 protein RBD-IgG antibody values (Euroimmun) of a study participant from T2 (8 weeks after vaccination start) to T3 (6 months after vaccination start). KTR being treated without MMF/MPA are represented in green and KTR exposed to MMF/MPA treatment are shown in orange. Only patients with successful de novo seroconversion at T2 (IgA or IgG antibody positivity against the SARS-CoV-2 S1 protein) after 2x mRNA vaccination and without SARS-CoV-2 nucleocapsid (NCP) antibodies were considered. The area shaded gray designates RBD-IgG borderline range below positivity level. The vertical axis is depicted on log10 scale with corresponding unit % inhibition.


Using 20% as a margin, only 48% or 48% of patients with MMF/MPA but 69% or 62% of KTR without MMF showed decreased anti-spike S1 IgG or RBD-IgG antibody titers at T3, respectively (Table 1, Figures 2A/B). A total of 25% or 20% of KTR112 with MMF/MPA but only 4% or 2% of KTR without MMF/MPA showed IgG or RBD-IgG antibody increases up to T3. This delayed antibody response/increase in patients with MMF/MPA is also reflected by 9% of seroconverted KTR112, who are characterized by de novo RBD-IgG positivity at T3.

In contrast, anti-spike S1 IgA protein antibody and cellular immunity rates were independent of MMF/MPA use (Table 1).

Only one KTR developed asymptomatic COVID-19 disease with anti-nucleocapsid antibody (NCP) seroconversion.


Kidney Transplant RecipientsIgA Group

Most (20/26) of the “anti-spike S1 IgA antibody seroconverting only” KTRIgA group (IgA but no IgG seroconversion) had to be excluded from the above evaluation due to an unanticipated third vaccination by the dialysis centers despite formal seroconversion. In this subgroup, 24 of 26 (92%) KTR were treated with MMF/MPA further supporting the general MMF/MPA-dependent IgG antibody results of our study. Nineteen of 24 of the MMF/MPA treated KTRIgA patients received an additional mRNA vaccine booster at 4.2 ± 1 month demonstrating a marked IgG (Supplementary Table 3, Supplementary Figure 4) and RBD-IgG (Supplementary Table 3) increases in almost all patients between T2 and T3, respectively. In contrast, 5 of 24 KTRIgA patients with MMF/MPA were not vaccinated a third time and remained at a much lower level of antibody titers T3. Nevertheless, two out of five of these “IgA only seroconverted” patients with MMF/MPA showed a delayed de novo positivity of IgG antibodies at T3 without any booster vaccination (Supplementary Figure 4).




DISCUSSION

The predominantly used immunosuppressive anti-metabolite MMF/MPA impairs both seroconversion rate and IgG and RBD-IgG titers in organ transplant recipients 2 months after SARS-CoV-2 mRNA vaccination (1–3). Our study data unexpectedly demonstrate that antibody decline in MMF/MPA treated, seroconverted patients, is reduced leading to equivalent seropositivity rates and titers after 6 months of follow-up compared to KTR without MMF/MPA. Our data suggest that MMF/MPA is responsible for a delayed humoral IgG immune response with a different time course specifically of IgG antibody development and decline compared to transplant recipients with immunosuppressive therapy without MMF/MPA, in which 35% were treated with mTOR-I. Almost all KTR with an increasing or de novo IgG or RBD-IgG antibody reaction between 2 and 6 months were found in the MMF/MPA group, where this occurred in about a quarter of patients. Interestingly, these MMF/MPA effects were not seen regarding a vaccination-related IgA- or T-cellular response. Whether these results represent an MMF/MPA-mediated problem of a delayed IgM/IgG but not IgA switch remains elusive. A similar delayed immune response in KTR was shown by others after COVID-19 disease (13). Here, an early anti-SARS-CoV-2 IgA and IgM response occurred in KTR, whereas the IgG response appeared delayed compared with immunocompetent individuals. While MMF/MPA similar to other anti-metabolites, such as azathioprine or mTOR-I, exerts a wide array of inhibitory effects on B-, T-, dendritic cells, macrophages, and endothelial cells (14), reduced IgG levels (15) and distinct effects on differential immunoglobulin classes (16), severe differences between MMF/MPA and mTOR-I have been demonstrated in KTR being exposed to either immunocyanin, pneumococcal polysaccharide (PPS), or tetanus toxoid (TT) (17). Hereby, only MMF/MPA severely reduced B-cell numbers and completely disturbed primary and secondary humoral responses, while treatment with the mTOR-I everolimus allowed primary immune responses and boosting of T-cell-dependent and -independent secondary humoral responses to the above vaccines. Nevertheless, vaccination-motivated stop or reduction of MMF/MPA dose and exposure or replacement by mTOR-I need to be balanced with rejection risk. While some transplant centers already consider a temporary stop of MMF/MPA treatment to achieve seroconversion in non-seroconverting KTR, our data demonstrate an MMF/MPA-mediated shift in the antibody time course associated with a decreased risk of decline suggests that this approach is not necessary for seroconverting KTR. In this context, it is interesting that the seroconverted KTRIgA group with IgA but not IgG seroconversion was dominated by MMF/MPA treatment. Within this patient group, mRNA booster (third) vaccinations still led to marked IgG and RBD-IgG titer increases in almost all patients indicating the value of IgA antibody measurements. Nevertheless, despite no clinical consequence of this delayed immune response being visible in our study population, this situation may change dependent on regional pandemic conditions, where timely and strong protection may be required.

Considering the frequency and consequences of insufficient protection in the vulnerable population of transplant recipients, immune monitoring should be an integral part of patient care and used for the timing of additional booster vaccinations. Hereby, MMF/MPA seems to be the most critical drug changing not only the chance of seroconversion but also the peak level and time course of specific IgG and RBD-IgG antibody formation and decline after successful SARS-CoV-2 vaccination.
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Risk factor OR 95% CI P-value

Age 1,034 0996, 1.075) 0.083
Sex (Ref. = female) 1284 0504, 3.270) 0.600
Vaccine type (Ref. = mRNA-1273) 1.817 0655, 5.041) 0251
Steroids (Ref. = none) 2.150 0845, 5.467) 0.108
ONI (Ref. = none) 1338 0.395, 4.533) 0640
MMF/MPA (Ref. = none) 0236 0.091,0.609) 0.003
mTOR (Ref. = none) 0.459 0.139, 1517) 0202

mRNA-1273 represents Spikevax also called Moderna COVID-19 vaccine; the second vaccine (compared to) is BNT162b2-mRNA which stands for Comimaty also known
as Pfizer-BioNTech COVID-19 vaccine; CNI means calcineurin inhibitors; KTR, Kidney Transplant Recipient; MMF/MPA, mycophenolate mofetil or mycophenolic acid; mTOR-!
‘means mTOR-inhibitors.
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Variable Group Category KTR without MMF/MPA KTR with MMF/MPA p-value

Humoral responses

1gA-Ab spike S1 ] Median (interquartie range) 43(2.4-9) 52(1.9-9) 0827
IgA-Ab spike S1 T3 Megdian (interquartile range) 1.7(0.6-3.9) 1.9(0.8-4.2) 0568
1gG-Ab spike S1 ] Median (interquartie range) 384 (215.4-384) 167.8 (84.2-384) 0.001
19G-Ab spike S1 ] Median (interquartie range) 1496 (51.2-375.3) 106.1 (61.1-263.4) 0.366
RBD-IgG-Ab spike S1 T2 Median (interquartie range) 84.8(55.0-97.9) 59.1(25.0-88.7) 0.003
RBD-IgG-Ab spike S1 ] Median (interquartie range) 469 (30.7-81.5) 37.9(17.8-69.3) 0.135
T-cellular response

IGRA T2 Median (nterquartile range) 113.3 (13.5-289.6) 79.7 (14.3-454.3) 0.897
IGRA iE) Median (interquartie range) 75.6 (14.4-176.1) 25.9(16.1-169.6) 0876

KTR, Kidney Transplant Recipient; MMF/MPA, mycophenolate mofetil or mycophenolic acid; Interferon-y release assay = IGRA.
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Variable
Patient number

Humoral responses
1gG-Ab or IgA-Ab Spike S1 positive
IgA-Ab Spike S1 positive

1gA-Ab Spike S1 increasing

IgA-Ab Spike S1 equal

1gA-Ab Spike S1 decreasing
1gG-Ab Spike S1 positive

1gG-Ab Spike S1 increasing
19G-Ab Spike S1 equal

1gG-Ab Spike S1 decreasing
RBD-IgG positive

RBD-IgG increasing

RBD-IgG equal

RBD-IgG decreasing

RBD-IgG de novo

Category

nof total n (%)
n of total n (%)
nof total n (%)
n of total n (%)
nof total n (%)
n of total n (%)
nof total n (%)
nof total n (%)
nof total n (%)
nof total n (%)
nof total n (%)
nof total n (%)
nof total n (%)
nof total n (%)

Interferon-y release assay (IGRA}- T-cellular response

IGRA positive
IGRA increasing
IGRA equal
IGRA decreasing

n of total n (%)
nof total n (%)
nof total n (%)
nof total n (%)

MMF/MPA, mycophenolate mofetil or mycophenolic acid.
In Table 1 using 20% as & margin, the time course of antibody or IGRA titers at T3 compared to T2 time point were categorized into increased (>20%), equal (within 20% range), and
decreased (<20%). De novo positivity on T3 means that despite overall seroconversion on T2 (for either lgA or lgG antibodies), the value for RBD-IgG wes negative on T2 but positive
on T3 Humoral vaccination responses were assessed as positive when de novo production of the antibody to the Spike S1 (IgA or IgG) protein or RBD (IgG) subunit was above the
positiviy level. A positive T-celluler response {o vaccination as assessed by interferon-y release assay (IGRA) tured from a negative result on T to positive on T3, respectively (2100
miU/m, as being recommended by the manufacturers).

For this evaluation, all participants with asymptomatic* or documented symptomatic** COVID-19 disease before and during vaccination up to T3 (6 months) were excluded.

KTR without MMF/MPA

51

45/51(88.2%)
29/51 (56.8 %)
2/51(89%)
0/51(0%)
49/51(96.1 %)
42751 (82.4 %)
2/5189%)
14/51(275%)
35/51(68.6%)
35/51(68.6%)
1/50(2.0%)
18750 (36.0 %)
31750 (62.0%)
1/50 (2.0 %)

8/20 (40.0 %)
6/18(33.3%)
1/18(5.6 %)
11718 (61.1%)

KTR with MMF/MPA

61

53/61(869%)
37/61(60.7 %)
2/6183%)
2/6133%)
57/61(93.4%)
52/61(85.3 %)
15/61 (24.6 %)
17/61@7.9%)
29/61(47.6%)
31/61(508 %)
11756 (19.6 %)
18756 (32.1%)
27/56 (48.2 %)
5/56 (8.9%)

7/22(31.8%)
6/17 (35.3 %)
0/170%)

11717 (64.7 %)

p-value

0.831

0.556
0.845
0.875
0.006

0.04
0.086
0.011
0.831
0.219
0.263

0818

*Asymptomatic COVID-19 disease definition—neither knowledge nor symptoms of COVID-19 disease, but lgG-antibody reaction to nucleocapsid (T0, T2, or T3) or to the Spike protein
subunit ST (only T0) of the SARS-CoV-2 virus is positive.
**Symptomatic COVID-19 disease definition—SARS-CoV-2 PCR positive patients with clinical symptoms.
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