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Solid organ transplant recipients (SOTRs) are on lifelong immunosuppression, which 
may interfere with adaptive immunity to COVID- 19. The data on dynamics and 
 duration of antibody response in SOTRs are limited. This longitudinal study examined 
the longevity of both anti- spike (S)-  and anti- nucleocapsid (N)- specific IgG antibodies 
after COVID- 19 in SOTRs compared to matched immunocompetent persons. SOTRs 
(n = 65) were matched with controls (n = 65) for COVID- 19 disease severity, age, and 
sex in order of priority. Serum- IgG antibodies against N and S antigens of SARS- CoV- 2 
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1  |  INTRODUC TION

Almost 2 years into the COVID- 19 pandemic, several studies indicate 
that solid organ transplant recipients (SOTRs) with COVID- 19 may 
have an increased risk of mortality.1- 3 Studies from the general 
population have reported seroconversion in most subjects after 
SARS- CoV- 2 infection.4,5 Previous reports have shown a waning of 
antibody levels over time after natural infection, both in the general 
population6 and in SOTRs.7 Increased disease severity is associated 
with higher antibody levels,5,8 and the risk for severe COVID- 19 is 
related to factors such as age, male sex, and several comorbidities, 
including the immunocompromised state.9 The primary viral an-
tigens studied for seroconversion are the spike (S) and nucleocap-
sid (N) proteins. Neutralizing antibodies, which correlate with IgG 
antibodies specific for the receptor- binding domain (RBD) of the  
S- protein,10 are considered most important for protective immu-
nity,11 and remain detectable in serum for up to a year in immuno-
competent patients.12 N- specific antibodies are more short- lived in 
both the general population13 and in SOTRs,14 and their role in pro-
viding protective immunity against SARS- CoV- 2 is presently unclear. 
A recent matched study found rapidly waning N- specific responses 
in liver transplant recipients compared to controls 6 months after 
COVID- 19.15 Data on the long-  and mid- term dynamics of N-  and 
S- specific antibody responses to SARS- CoV- 2 after COVID- 19 in 
the immunocompromised population remain limited, and comparing 
results between studies is often problematic due to the different 
antibody assays used.

Transplant recipients usually require lifelong treatment with 
a combination of immunosuppressive agents to reduce the risk 
of rejection. These agents primarily affect T cell– mediated im-
munity, a vital component in the pathway to protective immunity 
following infection. Previous reports in SOTRs have shown a high 
level of seroconversion and stable anti- S- IgG levels for 6 months 
post- COVID- 1914,16,17 but a low level of N- specific seroconver-
sion with rapid waning.14,15,18 Currently, to our knowledge, no 

studies are available comparing the durability and magnitude of S-  and  
N- specific antibody responses between immunosuppressed SOTRs 
and matched immunocompetent patients. The determination of dy-
namic changes in antibody response has important implications for 
long- term management of SARS- CoV- 2- infected SOTRs and delin-
eating prudent vaccination strategies in this population. This longi-
tudinal study examines seroprevalence and duration of both S-  and 
N- specific IgG antibodies up to 9 months after COVID- 19 of varying 
severities in SOTRs and compares them to a matched cohort from 
the general population.

2  |  PATIENTS AND METHODS

2.1  |  Patients

The present study included COVID- 19 patients enrolled in two pro-
spective observational studies: one recruiting adult SOTRs via The 
Transplant Institute, Sahlgrenska University Hospital, Gothenburg, 
Sweden, ongoing since July 2020 (with biobank samples avail-
able from March 2020), and one recruiting adult patients via the 
Department of Infectious Diseases, Sahlgrenska University Hospital, 
Gothenburg, Sweden, ongoing since March 2020.5 Sixty- five SOTR 
cases were matched in a 1:1 ratio to non- SOTR controls as closely 
as possible for, in order of priority, COVID- 19 disease severity, sex, 
and age, with no predefined limitations. Disease severity was classi-
fied as defined by the COVID- 19 Treatment Guidelines Panel of the 
National Institutes of Health (NIH) as follows: 1, mild; 2, moderate; 
3, severe; and 4, critical .19

COVID- 19 was diagnosed whenever a patient had typical symp-
toms and was positive for SARS- CoV- 2 RNA with RT- PCR using a 
throat or nasal swab. Both cohorts were followed for up to 9 months 
with sampling planned every third month, and serum samples col-
lected between March 2020 and March 2021 were included in the 
analysis. The majority of patients had samples from multiple time 
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were analyzed. At 1 and 9 months after COVID- 19, anti- S- IgG detectability decreased 
from 91% to 82% in SOTRs versus 100% to 95% in controls, whereas the anti- N- IgG 
decreased from 63% to 29% in SOTRs versus 89% to 46% in controls. A matched 
paired analysis showed SOTRs having significantly lower levels of anti- N- IgG at all 
time points (1 month p = .007, 3 months p < .001, 6 months p = .019, and 9 months 
p = .021) but not anti- S- IgG at any time points. A mixed- model analysis confirmed 
these findings except for anti- S- IgG at 1 month (p = .005) and identified severity score 
as the most important predictor of antibody response. SOTRs mount comparable  
S- specific, but not N- specific, antibody responses to SARS- CoV- 2 infection compared 
to immunocompetent controls.

K E Y W O R D S
antibody biology, clinical research/practice, immunosuppression/immune modulation, 
infection and infectious agents— viral, infectious disease, organ transplantation in general



    |  1247
AJT

SØFTELAND ET AL.

points: median two times (range 1– 4) for both SOTRs and controls. 
Blood samples were collected during hospitalization (when applica-
ble) and follow- ups. The electronic medical records of all patients 
were reviewed. Data on patient characteristics, medical history, dis-
ease course, comorbidities, and outcomes were collected and ana-
lyzed. None of the participants were vaccinated before or during the 
study period.

The study was conducted in accordance with the Declaration of 
Helsinki Ethical Principles for Medical Research Involving Human 
Subjects, approved by the Swedish Ethical Review Authority 
(#2020- 02153 and 2020- 01771), and patients were included after 
written informed consent. The SOTR study was registered with 
ClinicalTrials.gov (NCT04407221).

2.2  |  Anti- SARS- CoV- 2 antibody assays

Serum- IgG antibodies against SARS- CoV- 2 were analyzed using two 
commercially available serological assays. Anti- S- IgG RBD antibod-
ies were analyzed using the quantitative Architect SARS- CoV- 2 IgG 
II Quant antibody test (Abbott Laboratories) (positive ≥7.1 BAU/ml, 
converted from AU/ml using the first WHO International Standard 
for anti- SARS- CoV- 2 immunoglobulin [human] [NIBSC Code 20- 
136]). This assay has a stated sensitivity of 99.37% at ≥15 days 
post- symptom onset and a specificity of 99.55%. Since not all as-
says were run simultaneously, reproducibility of the SARS- CoV- 2 
IgG II Quant assay was tested, including two positive controls and 
three panels representing low, medium, and high reactivity tested 
at 60 different occasions. The coefficient of variance (%CV) varied 
within 3.3– 5.0.

Anti- N- IgG antibodies were analyzed using the semiquantitative 
Architect chemiluminescent microparticle immunoassay (Abbott 
Laboratories), measuring IgG against SARS- CoV- 2 N- protein (pos-
itive ≥1.4 index). This assay has a stated sensitivity of 100% at 
≥14 days post- symptom onset and a specificity of 99.60%. Within- 
laboratory precision was evaluated. A negative and a positive sample 
were analyzed 10 times on 5 different days. The %CV for the nega-
tive sample was 5.9 and for the positive sample 1.2.

2.3  |  Statistical analysis

Statistical analyses were performed with JMP 10 and SAS 9.4 statis-
tical software (SAS Institute, Cary, NC). Data are presented as means 
and standard deviations, medians and ranges, or numbers and per-
centages, as appropriate. Comparisons between N-  and S- antibody 
levels in SOTRs and controls were performed at each time point.

The chi- squared test or Fisher's exact test was employed for 
analyses of contingency tables. Log- transformed antibody levels 
after COVID- 19 were analyzed using a mixed model for repeated 
measurements (MMRM) with an unstructured covariance matrix. 
The model included age group (below or above 50), sex, COVID- 19  
severity score, and group (SOTRs or controls). The effects on 

antibody levels of the use of antimetabolite (mycophenolate mofetil 
[MMF]/azathioprine [AZA]) were investigated in a separate analysis. 
Effects were nested within time points, thereby allowing for differ-
ent effects across time points. Anti- S-  and anti- N- antibody levels 
were further compared between SOTRs and controls at each time 
point by applying a t- test to the differences of log- transformed data 
within each matched pair. Fisher's exact test was used to examine 
the positivity rate between groups. All statistical tests were two- 
tailed, and p- values <.05 were considered significant.

3  |  RESULTS

3.1  |  Patient characteristics

Sixty- five SOTRs and an equal number of controls underwent anti- 
SARS- CoV- 2 antibody testing after RT- PCR confirmed symptomatic 
infection. The mean (SD) patient age in SOTRs and controls was 51.3 
(11.8) and 49.6 (12.3) years, respectively. There were 50.8% females 
in the SOTR group and 53.8% in the control group. COVID- 19 sever-
ity scores were exactly matched, and no statistically significant dif-
ferences were seen regarding age or sex. The clinical characteristics 
of both study cohorts are detailed in Table 1 and Table S1.

All the controls and 75% of the SOTRs were infected during the 
first pandemic wave; 16 of 65 SOTRs were infected during a period 
of low COVID- 19 incidence or during the second wave (Figure S1).

3.2  |  Serology

3.2.1  |  Proportion with detectable antibodies

At 1 and 9 months after COVID- 19, the detectable SARS- CoV- 2- 
specific anti- S- IgG decreased from 96% to 82% in SOTRs and from 
100% to 96% in controls, whereas anti- N- IgG decreased from 68% 
to 30% in SOTRs and from 87% to 49% in controls (Table 2).

There was a significant difference in the proportions of IgG- 
positive subjects between the SOTR group and the control group at 
3 months only, for both anti- N- IgG (p < .001) and anti- S- IgG (p = .005).

3.2.2  |  Magnitudes and durability of 
antibody responses

In the paired sample analysis, SOTRs had significantly lower levels 
of anti- N- IgG at all time points but not lower levels of anti- S- IgG at 
any time point (Table 3). Notably, SOTRs had a much greater interin-
dividual antibody level variability than the controls, particularly for 
anti- S- IgG (Figure 1).

Based on results from the MMRM, which utilizes all serological 
data points, the COVID- 19 severity score was the most important 
and consistent predictor of antibody responses against both S-  
and N- proteins (Tables 4 and 5). The use of antimetabolites (MMF 
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or AZA) was only found to be associated with lower anti- N- IgG at  
1- month follow- up. Similar analyses of immunosuppression did not 
uncover any consistent influence of type or number of drugs used 
(data not shown).

The MMRM also showed lower anti- N- IgG levels in SOTRs than 
controls at all time points. Similar differences in levels of anti- S- IgG 
were not as evident, only reaching statistical significance at 1- month 
follow- up (Table 5).

3.3  |  Reinfections

No RT- PCR- confirmed reinfections were identified in the SOTR or con-
trol groups during the study period. One SOTR patient had a clinically 
suspected reinfection with typical symptoms 5 months after the initial 
infection but was RT- PCR negative. This patient was initially negative 
in serology for both anti- N-  and anti- S- IgG antibodies at 3 months of 
follow- up (anti- N- IgG = 0.03 and anti- IgG = 0.4 BAU/ml) and devel-
oped positive serology after the suspected reinfection at 6 months of 
follow- up (anti- N- IgG = 7.54 and anti- S- IgG = 53 BAU/ml).

4  |  DISCUSSION

To our knowledge, this is the first longitudinal study of humoral im-
mune responses (both anti- S-  and anti- N- IgG antibodies) to SARS- 
CoV- 2 in SOTRs with matched immunocompetent controls, up to 
9 months after COVID- 19 of all severities. We found that SOTRs 
had consistently lower N- specific IgG levels than matched con-
trols, but the differences were less pronounced for S- specific IgG 
responses. Aside from belonging to the SOTR or control group, the 
COVID- 19 severity score was the most important and consistent 
predictor of N- specific antibody responses. Interestingly, the use of 
antimetabolites appeared to have negligible additive effects on the 
ability to mount an antibody response after COVID- 19.

In SOTRs, antibody responses directed toward the N- protein were 
more diminished than those directed toward the S- protein at all time 
points, both in the paired analysis and in the MMRM utilizing all sero-
logical data points, confirming the findings of a previous uncontrolled 
study of SOTRs20 and a small controlled study.17 While an absolute 
correlate of protection against reinfection with SARS- CoV- 2 remains 
to be defined, neutralizing antibodies are likely the most relevant 
measure of protective immunity, and antibodies specific for the RBD 
of the S- protein have been shown to correlate well with neutralizing 
antibodies.21,22 The fact that SOTRs appear to mount broadly com-
parable magnitudes of such antibodies as controls over 9 months 
of follow- up is encouraging, with the caveat that the interindividual 
variation was more prominent in SOTRs than in the controls.

In our study, we believe that missing data regarding antibody levels 
occurred randomly. Hence a MMRM was applied to be able to use all 
patients in the analysis at all time points as a complement to the paired 
analysis. The MMRM is unbiased under the missing at random (MAR) 
assumption and can be thought of as aiming to estimate the difference 

TA B L E  1  Clinical characteristics of solid organ transplant 
recipients and controls

SOTRs (n = 65)
Controls 
(n = 65)

Age (SD) 51.3 (11.8) 49.6 (12.3)

Sex

Female (%) 50.8 53.8

COVID- 19 severity score n = 65 n = 65

Mild 40 (61.5%) 40 (61.5%)

Moderate 7 (10.8%) 7 (10.8%)

Severe 15 (23.1%) 15 (23.1%)

Critical 3 (4.6%) 3 (4.6%)

Comorbidities n = 65 n = 53a

Hypertension 52.3% 26.4%

Diabetes 23.1% 9.4%

Liver disease 7.7% 0%

Cardiovascular disease 6.2% 7.5%

Asthma 1.5% 5.7%

Chronic obstructive pulmonary 
disease

0% 1.9%

Malignancy 1.5% 1.9%

Chronic kidney disease stage 
4 or 5

15.4% 0%

Transplant type

Kidney TXb 42 — 

Liver TX 12 — 

Heart TX 7 — 

Lung Tx 5 — 

Pancreas TXb 4 — 

Median time since most recent 
transplant in months (range)

74 (−2b to 332) — 

Immunosuppressantsc n = 65 n = 54

Tacrolimus 84.6% 0%

Cyclosporine 12.3% 0%

Mycophenolate mofetil 66.2% 0%

Prednisolone 81.5% 3.7%

Azathioprine 12.3% 0%

mTOR inhibitor 3.1% 0%

Methotrexate 1.5% 0%

Triple immunosuppressive 
therapy

66.2% — 

Double immunosuppressive 
therapy

27.7% — 

Mono immunosuppressive 
therapy

6.2% — 

Abbreviations: mTOR, mechanistic/mammalian target of rapamycin.
aData concerning comorbidities were available for all 65 SOTRs but only 
53 controls. The missing data represent 12 patients with few previous 
journal entries.
bRetransplantation kidney 2 months after COVID.
cData concerning medication use were available for all 65 SOTRs but 
only 54 controls.
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TA B L E  2  Comparison of antibody positivity rate between matched SOTRs and controls

Months

Anti- N- IgG

p

Anti- S- IgG

p

SOTRs Controls SOTRs Controls

Positive (%) n Positive (%) n Positive (%) N Positive (%) N

1 68.2 15/22 87.0 20/23 .165 95.5 21/22 100 21/21 1.000

3 52.4 22/42 87.3 48/55 <.001 80.4 37/46 98.2 54/55 .005

6 34.2 14/41 58.6 17/29 .053 84.4 38/45 96.3 26/27 .244

9 30.0 6/20 48.8 20/41 .182 82.1 23/28 95.5 21/22 .111

Note: Cutoff value for anti- N- IgG > 1.4 and for anti- S- IgG > 7.1 BAU/ml. p- values from Fisher's exact test.
Values in bold are considered statistically significant with a p value <.05.

TA B L E  3  Comparison of antibody levels between SOTRs and controls utilizing only matched paired samples

Anti- N- IgG

Months

SOTRs Controls

n diff G- mean ratio
Lower 95% 
CL for ratio

Upper 95% 
CL for ratio pn G- mean CV (%) n G- mean CV (%)

1 22 1.77 748.5 23 4.05 144.2 12 0.16 0.04 0.54 .007

3 42 0.98 568.2 55 3.80 104.6 40 0.27 0.15 0.51 .0001

6 41 0.54 433.4 29 1.55 187.9 23 0.30 0.11 0.80 .019

9 20 0.39 359.6 41 1.06 184.3 18 0.31 0.11 0.82 .021

Anti- S- IgG

Months

SOTRs Controls

n diff G- mean ratio
Lower 95% 
CL for ratio

Upper 95% 
CL for ratio pn G- mean CV (%) n G- mean CV (%)

1 22 164.7 1151.6 21 158.1 331.6 11 0.51 0.04 6.65 .570

3 46 71.7 5705.8 55 169.2 218.0 42 0.42 0.17 1.02 .055

6 45 78.9 1642.5 27 67.8 189.3 21 0.61 0.19 1.99 .393

9 28 46.9 5543.3 41 74.0 269.4 24 0.71 0.16 3.25 .650

Note: Comparison between groups at each time point by applying a t- test to the differences of log- transformed data within each matched pair. The 
analysis only uses serological data points that have a corresponding data point available in the matched control.
Values in bold are considered statistically significant with a p value <.05.

F I G U R E  1  Antibody levels in SOTRs (red) and controls (blue). (A) Comparison between anti- N- IgG and (B) anti- S- IgG levels in SOTRs and 
controls. Positivity threshold level for anti- S- IgG ≥ 7.1 BAU/ml and anti- N- IgG ≥ 1.4 index (dotted lines). Bars indicate geometric mean with 
95% confidence interval
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between groups that would have been observed if all patients had contrib-
uted to measurements at all time points. Using MMRM, we show that in-
creased disease severity was associated with greater antibody responses 
in SOTRs, as has been previously shown in several populations.5,23,24

Calcineurin inhibitors, such as tacrolimus, interfere with CD4+ 
T helper cell signaling. T follicular helper cells, in particular, are im-
perative for aiding B cells to mount efficient antibody responses 
and memory B cell development via germinal center reactions and 
have been shown to be suppressed by tacrolimus.25 MMF and mTOR 
inhibitors, such as sirolimus and everolimus, inhibit B cell immuno-
globulin production directly,26 while AZA causes B cell depletion. 
As a consequence, SOTRs have been found to have impaired im-
mune responses to several vaccinations compared to controls.27 In 
recent COVID- 19 vaccine studies, SOTRs treated with MMF- free 
immunosuppressive regimens are more likely to develop antibodies 
against SARS- CoV- 2.28 Using MMRM analysis, treatment with anti-
metabolites such as MMF and AZA was only found to be associated 
with significantly lower anti- N- IgG at 1- month follow- up. Therefore, 
somewhat surprisingly, antimetabolites did not appear to have sub-
stantial additional detrimental effects on antibody responses com-
pared to other immunosuppressants in the present study. Germinal 
center reactions are required for affinity maturation of antibody re-
sponses, and we cannot exclude the antimetabolites interfered with 

the avidity development that is associated with better neutralization 
after COVID- 19 disease.29

The major strengths of this study are the long follow- up period of 
9 months, careful matching for age, sex, and disease severity between 
SOTRs and immunocompetent controls, and assessment of both anti- S-  
and anti- N- IgG antibodies, enabling an accurate estimate of the effect 
of SOT on the magnitudes and durability of humoral immune responses 
to SARS- CoV- 2 infection. However, the SOTRs had more comorbidi-
ties, such as hypertension and diabetes, than the controls, which may 
be a source of bias.30 A major weaknesses of the study is a lack of sam-
ples from all patients at all time points, a consequence of either late 
inclusion or short follow- up time before COVID- 19 vaccines became 
available. This could be a potential source of bias since COVID- 19 se-
verity scores are not perfectly balanced at every time point between 
groups (Table S1). This has been addressed by including a paired anal-
ysis that only uses serological data points with a corresponding data 
point available in the matched control (Table 3). This analysis con-
firmed significant differences in anti- N- IgG but not in anti- S- IgG be-
tween SOTRs and controls. The time of sampling had some variability 
in both groups (Table S1), albeit with good agreement in the median 
times. Furthermore, the timing of enrollment differed slightly between 
the SOTRs and controls. As all the controls were infected during the 
first pandemic wave compared to 75% of the SOTRs, the controls 

TA B L E  4  Antibody levels in SOTRs

Months Comparison

Anti- N- IgG Anti- S- IgG

Estimated ratio (%) 95% CI p Estimated ratio (%) 95% CI p

1 Age <50 vs. ≥50 126.4 33.5– 477.4 .726 398.9 69.0– 2306 .120

3 Age <50 vs. ≥50 194.0 69.1– 544.1 .204 248.0 62.0– 991.0 .195

6 Age <50 vs. ≥50 38.9 13.2– 114.4 .085 116.7 30.5– 445.7 .819

9 Age <50 vs. ≥50 97.9 26.8– 357.3 .974 300.3 57.4– 1570 .189

1 Sex female vs. male 15.1 4.0– 57.1 .006 19.0 3.4– 106.7 .059

3 Sex female vs. male 85.7 33.2– 221.2 .746 61.0 16.6– 223.8 .450

6 Sex female vs. male 65.1 24.2– 175.2 .390 134.4 38.3– 472.1 .640

9 Sex female vs. male 121.8 37.0– 401.5 .742 130.3 28.2– 601.8 .731

1 Severity score 1 vs. 
2– 4

19.2 5.1– 71.7 .015 8.9 1.6– 50.4 .007

3 Severity score 1 vs. 
2– 4

17.5 6.4– 47.4 .001 9.5 2.5– 36.8 .001

6 Severity score 1 vs. 
2– 4

58.6 21.7– 157.8 .285 24.2 6.7– 87.3 .031

9 Severity score 1 vs. 
2– 4

38.5 10.6– 139.8 .144 13.6 2.8– 66.7 .015

1 MMF/AZA 0 vs. 1 9.0 2.1– 38.9 .002 110.6 17.4– 705.1 .914

3 MMF/AZA 0 vs. 1 186.4 55.9– 621.3 .305 82.6 16.6– 410.4 .812

6 MMF/AZA 0 vs. 1 31.2 9.2– 105.5 .061 27.6 5.7– 133.0 .107

9 MMF/AZA 0 vs. 1 262.3 65.9– 1044 .168 26.8 4.0– 178.7 .171

Note: An analysis of clinical factors predicting antibody response utilizing a mixed model for repeated measures (MMRM). Estimated ratios refer to 
difference in antibody levels between first and second comparison groups. COVID- 19 severity score was defined according to the NIH criteria (1: 
mild, 2: moderate, 3: severe, and 4: critical).
Values in bold are considered statistically significant with a p value <.05.
Abbreviations: AZA, azathioprine; MMF, mycophenolate mofetil.
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potentially had a longer time frame to be reexposed to the virus and 
boost antibody levels. Nevertheless, none of the controls suffered re-
infection, whereas only one SOTR was suspected of having done so.

In conclusion, SOTRs mount comparable magnitudes of  
S- specific, but not N- specific, IgG antibody responses to SARS- 
CoV- 2 infection compared to immunocompetent controls. These 
data provide an encouraging view that natural infection may elicit 
a relatively robust immune response in most SOTRs, with possible 
implications for the management and vaccination planning of SOTRs 
with previous COVID- 19 infection. However, further studies are 
needed to elucidate the factors predisposing a minority of patients 
to a lack of response and the significance of N- specific antibodies.
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3 Severity score 1 vs. 2– 4 37.9 22.1– 64.9 .001 16.3 7.9– 33.8 <.001
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9 SOTRs vs. controls 27.6 15.5– 49.2 <.001 56.5 25.1– 127.0 .165

Note: An analysis of clinical factors predicting antibody response utilizing a mixed model for repeated measures (MMRM). The model utilizes all 
serological data points regardless of a corresponding data point being available in the matched control. SOTRs vs. controls adjusted for age, sex, and 
COVID- 19 severity score. Estimated ratio refers to the difference in antibody levels between the first and the second comparison groups. Severity 
score was defined according to the NIH criteria (1: mild, 2: moderate, 3: severe, 4: critical).
Values in bold are considered statistically significant with a p value <.05.
Abbreviations: AZA, azathioprine; MMF, mycophenolate mofetil.
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