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Abstract
The optimal management in transplant recipients with coronavirus disease 2019 
(COVID-19) remains uncertain. The main concern is the ability of immunosuppressed 
patients to generate sufficient immunity for antiviral protection. Here, we report on 
immune monitoring facilitating a successful outcome of severe severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)-associated pneumonia, meningoencepha-
litis, gastroenteritis, and acute kidney and pancreas graft failure in a pancreas-kidney 
transplant recipient. Despite the very low numbers of circulating B, NK, and T cells 
identified in follow-up, a strong SARS-CoV-2 reactive T cell response was observed. 
Importantly, we detected T cells reactive to Spike, Membrane, and Nucleocapsid pro-
teins of SARS-CoV-2 with majority of T cells showing polyfunctional proinflammatory 
Th1 phenotype at all analyzed time points. Antibodies against Spike protein were also 
detected with increasing titers in follow-up. Neutralization tests confirmed their anti-
viral protection. A correlation between cellular and humoral immunity was observed 
underscoring the specificity of demonstrated data. We conclude that analyzing the 
kinetics of nonspecific and SARS-CoV-2-reactive cellular and humoral immunity can 
facilitate the clinical decision on immunosuppression adjustment and allow successful 
outcome as demonstrated in the current clinical case. Although the antiviral protec-
tion of the detected SARS-CoV-2-reactive T cells requires further evaluation, our data 
prove an ability mounting a strong SARS-CoV-2-reactive T cell response with func-
tional capacity in immunosuppressed patients.
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1  |  C A SE

The crucial role of cellular immunity for the antiviral protection is 
well known, and an association between T cell immunity and viral 
clearance has been shown previously by our and other groups.1,2 
Because of immunosuppressive treatment required to prevent organ 
rejection, transplant patients are known to be at high risk of viral 
infections. In fact, enabling an immune response, capable of con-
trolling viral infections under concomitant immunosuppression, is an 
important challenge in transplant medicine.

Here, we present in-depth monitoring of the general immune sta-
tus and the analysis of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) reactive T cell and humoral immunity in clinical 
follow-up of a combined pancreas-kidney transplant patient accom-
panying successful outcome of severe coronavirus disease 2019 
(COVID-19). We have very recently provided an in-depth description 
of his clinical course (Westhoff et al3). The maintenance triple im-
munosuppressive medication included tacrolimus (Tac) (trough level 
4.6 mg/mL), mycophenolic acid (MPA), and prednisolone. Initially, 
the patient showed symptoms of COVID-19 pneumonia and gastro-
enteritis and was treated outside of our transplant center. The first 
positive SARS-CoV-2 polymerase chain reaction (PCR) was obtained 
10 days after the first symptoms. Because of the very high level of 
tacrolimus (40 mg/mL) caused by severe diarrhea, tacrolimus med-
ication was paused. Twenty-one days after the onset of the first 
symptoms, the patient suffered a gradual decrease of renal and pan-
creas graft function and was transferred to our transplant center. At 
this time point (V1, Figure 1) the maintenance immunosuppressive 
medication was replaced by intravenous hydrocortisone (200 mg/d) 

owing to prolonged convalescence and progressive COVID-19 pneu-
monia observed in computed tomography, and immune monitoring 
was initiated. Because of a modest increase in creatinine levels and 
proteinuria at V1, kidney allograft biopsy was performed to rule out 
acute allograft rejection. The histopathological findings ruled out 
acute renal allograft rejection, but moderate interstitial mononu-
clear cell infiltrate and tubular damage as well as SARS-CoV-2 RNA 
transcripts were detected by reverse transcription (RT)-PCR and 
in-situ hybridization (Westhoff et al3). The general immune status 
demonstrated a profound decrease of circulating immune cells in-
cluding B, NK, and T cells (Figure 2A, B). Furthermore, no general 
signs of acute immune activations were present as demonstrated 
by the frequencies of CD4+ or CD8+ T cells expressing activation 
molecules CD57 and/or HLA-DR (Figure 2C-E). Taking these im-
mune monitoring data in consideration, pause of Tac medication 
was continued and hydrocortisone was continuously administered 
as immunosuppressive monotherapy (V2). During the next 7 days, 
we observed a continuous normalization of clinical symptoms and 
clinical laboratory parameters (V3). The monitoring of cellular im-
munity demonstrated a slight increase in the frequencies of certain 
activated differentiated effector T cell subsets (CD57 + CD8+; HLA-
DR+CD8+) from V2 to V3; (Figure 2C-E). Considering the slight in-
crease in the immune cell activation level, and sufficient number of 
SARS-CoV-2 reactive T cells (discussed later), Tac medication was 
reintroduced. Interestingly, at all analyzed time points, a stable 
or even rising magnitude of SARS-CoV-2 reactive T cells was ob-
served, despite the observed T cell lymphopenia (Figure 3A,B). In 
details, the analyzed magnitude of T cell responses against Spike (S), 
Nucleocapsid (N), and Membrane (M) proteins demonstrated a syn-
chronous kinetics of SARS-CoV-2 S-, N-, and M-reactive T cells with 
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F I G U R E  1  Clinical course of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-associated pneumonia, gastroenteritis, 
meningoencephalitis, kidney and pancreas graft impairment closely accompanied by in-depth immune monitoring. Symptoms, their relative 
severity and duration, together with accompanying sample monitoring at corresponding visits (V) are presented. The maintenance triple 
immunosuppressive medication in outpatient setting included tacrolimus (Tac) (trough level 4.6 mg/mL), mycophenolic acid (MPA), and 
prednisolone. Initially, the patient showed symptoms of coronavirus disease 2019 (COVID-19) pneumonia and gastroenteritis. Because of 
the very high level of tacrolimus (40 mg/mL) caused by severe diarrhea, tacrolimus medication was paused. Twenty-one days after the onset 
of the first symptoms, the patient suffered a gradual decrease of renal (creatinine rise from 1.2 to 2.2 mg/dL) and pancreas graft function 
(insulin-dependence) and was transferred to our transplant center. The symptoms occurred outside of our transplant centers are depicted 
left from V1 [Color figure can be viewed at wileyonlinelibrary.com]
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slight differences in their magnitude and dynamics. Thus, N-protein 
activated CD4+T cells as well as activated CD4+T cells producing 
interferon gamma (IFNγ), interleukin-2 (IL-2), and/or tumor necrosis 
factor alpha (TNFα) demonstrated the highest magnitude for almost 
all analyzed time points, whereas the magnitude of S- and M-reactive 
T cells was lower and comparable to each other. Importantly, the 
majority of the detected SARS-CoV-2-reactive CD4 + T cells were 
of multifunctional Th1 phenotype simultaneously coproducing 2 or 
3 proinflammatory cytokines (Figure 3C,D). For CD8+T cells, a clear 
immune dominance of N-protein was observed, because N-reactive 
CD8+CD137+ T cells producing effector cytokines or molecules 
were the mostly detectable protein reactivity (Figure 3C,D). We 
further observed increasing levels of antibodies against S-protein at 
each analyzed visit. Of note, a correlation between S-reactive T cells 
and S1-specific IgG antibodies was detected (Figure 3E) underscor-
ing the specificity of the adaptive immunity findings. Furthermore, 
virus neutralization test of antibodies with ND50 titers ranging from 
256 to 1494 demonstrated their antiviral protection.

Acute deterioration of the vigilance with convulsive seizure 
and diarrhea occurred within the next days (V4). Laboratory find-
ings showed the constellation of microangiopathic hemolysis and 
thrombopenia indicating thrombotic microangiopathy. Magnetic 
resonance tomography indicated meningoencephalitis and RT-PCR 
of the cerebrospinal fluid revealed a positive finding of SARS-CoV-
2-RNA suggesting progression of SARS-CoV-2 infection. Tac was 
withdrawn again. The positive detection of SARS-CoV-2 was not 
owing to the blood contamination, because SARS-CoV-2 PCR per-
formed in peripheral blood was negative. The accompanied moni-
toring of SARS-CoV-2 reactive CD4 + T cells demonstrated a strong 
antiviral response with slightly increased frequencies compared to 

the previous visits V1-V3 (Figure 3A,B). Supported by antiviral im-
mune surveillance data, the immunosuppressive regimen remained 
unchanged and hydrocortisone infusion in combination with hy-
droxychloroquine medication (duration of hydroxychloroquine 
therapy was 4.5 days) was continued. The following 5 days were 
characterized by clinical improvement of neurological symptoms 
and diarrhea, accompanied by a stable level of SARS-CoV-2 reactive 
T cells and low, but stable levels of unspecific bulk T cell subsets 
comparable to the initial findings (V5). Because of the significance 
improvement of neurological symptoms, we refrained from the re-
peated puncture for SARS-CoV-2-PCR in follow-up. In total, the 
detection of SARS-CoV-2 by PCR was performed 6 times from na-
sopharyngeal swabs during the treatment in our center. The first 2 
swabs were positive, and all remaining swabs were negative. PCR 
testing of peripheral blood samples was performed every 3-5 days 
in follow-up showing negative results. Complete resolution of SARS-
CoV-2-associated symptoms (cessation of diarrhea, normalization of 
renal graft function, normalization of vigilance) was observed at day 
18 and patient´s discharge could be prepared. Finally, supported by 
immune monitoring data demonstrating a strong SARS-CoV-2 reac-
tive polyfunctional T cell response and neutralizing capacity of Spike 
protein-specific antibodies, his initial Tac/MPA-based immunosup-
pressive therapy could be reintroduced at discharge.

2  |  DISCUSSION

COVID-19 is a challenging problem for health care worldwide. 
Patients suffering from hypertension, atherosclerotic diseases, dia-
betes, and malignancy are usually at a higher risk for developing a 

F I G U R E  2  Immune monitoring of circulating immune cells and their activation and differentiation status in clinical follow-up. A, Number 
of circulating lymphocytes, total CD3+, CD3+CD4+, CD3+CD8+, and CD25+CD127− regulatory T cells (Tregs). The shaded area corresponds 
to the normal range. B, Number of circulating CD19+ B cells and NK cells, defined by CD3−CD56+. The shaded area corresponds to the 
normal range. C, Frequency of CD11a++ lymphocytes among CD3+CD4+ and CD3+CD8+ T cells. D, Frequency of CD57+ lymphocytes among 
CD3+CD4+ and CD3+CD8+ T cells. E, Frequency of HLA-DR+ lymphocytes among CD3+CD4+ and CD3+CD8+ T cells
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severe disease.4 For allograft transplant patients, not only the high 
rate of these comorbidities and frequent contact with medical care, 
but also—and especially—immunosuppressive therapy can contrib-
ute to disease severity. Thus, a crucial role of T cell immunity for 
the viral clearance and vaccination response has been shown in pre-
vious studies.5-7 Because of immunosuppression, the quantity and 
the functionality of antiviral immunity can be impaired, whereas the 
impact of different immunosuppressive drugs can vary.6 The role 
of SARS-CoV-2-reactive cellular immunity for COVID-19 evolution 
is not understood. Based on the data of the closely related Middle 
East respiratory syndrome coronavirus8 and the general knowledge 
of the most acute viral infections,1 T cell response should be cru-
cial for the antiviral control in SARS-CoV-2 infection, too. Series of 
studies on transplant patients demonstrated more severe presen-
tations of COVID-19 in transplant populations compared to nonim-
munosuppressed patients, which might reflect a negative impact 
of immunosuppression on disease progression. In a report from 
the outbreak in New York City the authors describe a mortality of 
28% compared to < 5% in the general population.9 Furthermore, 
compared to hospitalized cohort of nontransplant patients, Pereira 
et al demonstrated a higher rate of severe diseases and mortality 
in transplant patients.10 In order to enable a more efficient antiviral 

immunity, immunosuppressive treatment was discontinued or sig-
nificantly reduced in the majority of the published case reports.11,12 
On the other hand, opposite data suggesting immune dysregulation 
as underlying cause of severe COVID-19 manifestations have been 
reported.13 Such observations can implicate a positive effect of im-
munosuppression for the clinical course of SARS-CoV-2 infection 
in transplant patients. In line with this, Seminari et al demonstrated 
mild course of COVID-19 in transplant patients.4 Moreover, Johnson 
et al reported in their review on 3 patients who remained on triple 
calcineurin inhibitor (CNI)-based immunosuppressive therapy.4,11,14 
All 3 patients showed uncomplicated clinical course with stable graft 
function during the infection and COVID-19 convalescence within a 
short period of time.11

Taken together, a variety of clinical case reports demonstrated 
different approaches for the adjustment of immunosuppression 
leading to a different outcome. Despite the differences in de-
tails, the majority of patients received corticosteroid monother-
apy, and in only a few cases the maintenance immunosuppression 
was not changed.11 However, outside of supportive care, the 
optimal management of immunosuppression in transplant recip-
ients with COVID-19 remains largely uncertain. The main con-
cern of the most physicians taking care of transplant patients is 

F I G U R E  3  Monitoring of adaptive severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) reactive immunity in clinical follow-
up. A, Frequency of M-, N-, or S-protein specific CD4+ T cells, defined by expression of CD154+ (left panel) and subset by secretion of 
interferon gamma (IFNγ; panel middle left), interleukin-2 (IL-2; panel middle right), and tumor necrosis factor alpha (TNFα; right panel). B, 
Frequency of M-, N-, or S-protein specific CD8+ T cells, defined by expression of CD137+ (left panel) and subset by secretion of IFNγ (right 
panel). C, Frequency of CD154+ bifunctional T cells among CD4+ T cells. Bifunctional is defined at expression of any pairwise combination of 
the cytokines granzyme B (GrzB), IFNγ, IL-2, IL-4, and TNFα. D, Frequency of CD154+ trifunctional T cells among CD4+ T cells. Bifunctional 
is defined at expression of any triple combination of the cytokines GrzB, IFNγ, IL-2, IL-4, and TNFα. E, Association between the frequency 
S-protein specific CD4+ T cells, defined by expression of CD154+, and S1 specific IgG expressed as the ratio of sample to calibrator [Color 
figure can be viewed at wileyonlinelibrary.com]
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the ability of immunosuppressed patients to generate and mount 
the sufficient antiviral immunity for antiviral protection. Even for 
immunocompetent populations, limited data are available about 
adaptive SARS-CoV-2 immunity or proteins recognized by T cells. 
It is currently not clear whether a CD4+T helper cell response fa-
cilitating the generation of SARS-CoV-2 specific antibodies or a 
CD8+cytotoxic T cell response that leads to the killing of infected 
cells would be preferable for a most effective virus elimination. 
In addition, the role of cytotoxic CD4+T cells for the SARS-CoV-2 
clearance as shown by our and other groups for other viruses is 
also not clear.15 Few data on SARS-CoV-2 reactive T cells have 
been published so far regarding nonimmunosuppressed patient 
cohorts.16-20 Data on SARS-CoV-2 reactive cellular immunity in 
immunosuppressive patients are lacking.

Here, we present data on in-depth monitoring of cellular and 
humoral immunity in a kidney-pancreas transplant patient. In this 
severe course of disease with multiorgan SARS-CoV-2 involvement, 
we demonstrated a strong antiviral immunity. The detected T cells 
were reactive to all 3 SARS-CoV-2 proteins with N-protein induc-
ing the highest magnitude of CD4+ and CD8+ T cell responses at 
almost all analyzed time points. To our knowledge, this is a first re-
port demonstrating a higher magnitude of N-protein-reactive T cells 
in SARS-CoV-2 infection. Confirming immunogenicity of N-protein, 
generation of B cell responses against N-protein has been demon-
strated for the previous SARS-CoV infection.21

Analyzing the kinetics of SARS-CoV-2 reactive T cells we ob-
served an increased magnitude of cellular immunity in clinical fol-
low-up. Confirming the specificity of our finding, antibody titers 
measured during the disease evolution were also increasing and a 
clear correlation between the frequencies of S-reactive T cells and 
S-reactive antibodies was observed. Of note, our analyses were 
initiated at the time point of irregular CNI administration with the 
trough CNI level of 3.0 ng/mL. Therefore, a conclusion on the capa-
bility of transplant patients to generate SARS-CoV-2 reactive T cells 
under full blown triple immunosuppression cannot be finally drawn. 
However, our data indicate that at least for the low-level immuno-
suppressive therapy, a strong antiviral response can be generated 
and mounted. Furthermore, viral clearance and resolution of severe 
COVID-19 manifestation was accompanied by increasing magnitude 
of adaptive immunity. Importantly, the analysis of functional activity 
of SARS-CoV2-reactive T cells showed that the majority of T cells 
were bi- or trifunctional producing Th1 proinflammatory cytokines 
TNFα, IFNγ, IL-2, or granzyme B. Because such polyfunctional cells 
are commonly considered as indicators of protective immunity,23,24 
the detection of polyfunctionality within SARS-CoV2-reactive T 
cells points to their protective antiviral capacity.

In conclusion, we report a clinical case on successful outcome 
of SARS-CoV-2-associated pneumonia, meningoencephalitis, pan-
creas, and renal graft function impairment accompanied by in-depth 
immune monitoring. A strong SARS-CoV-2 reactive T cell and an-
tibody response could be observed despite the preexisting immu-
nosuppression. Although analysis of circulating T cell subsets with 
activated memory phenotype provided information on general 

immune activation level, analysis of SARS-CoV-2 reactive cellular 
and humoral immunity enabled specific information on antiviral re-
sponse. Combined monitoring of both arms of immunity facilitated 
clinical decision-making, allowing risk-adjusted guidance of immuno-
suppressive regimen and successful outcome of severe life-threating 
COVID-19 complications.

3  |  MATERIAL S AND METHODS

Peripheral blood mononuclear cells (PBMCs) were prepared from 
whole blood by gradient centrifugation and frozen as recently de-
scribed.19 Defrosted PBMCs were stimulated with 1 µg/mL SARS-
CoV-2 overlapping peptide pools (V1-V4, or JPT V5, Miltenyi Biotec, 
Bergisch Gladbach, Germany) containing 15mer peptides from S, 
N, and M protein, respectively, for 16h. Brefeldin A (1µg/ml, Sigma 
Aldrich, St. Louis, MO) was added after 2h. Immune phenotyping 
was performed using EDTA-treated whole blood. All samples were 
stained with antibodies directed against the indicated molecules 
and immediately acquired on a CytoFlex flow cytometer (Beckman 
Coulter, Brea, CA). SARS-CoV-2 IgG titers were analyzed using a 
commercially available kit (EUROIMMUN, Lübeck, Germany) per 
manufacturer's instructions. Flow cytometry data were analyzed 
using FlowJo version 10.6.2 (BD Biosciences, San Jose, CA), R ver-
sion 3.6.2, and Prism version 8 (GraphPad Software, LaJolla, CA). 
For the virus neutralization assay, a propagation-incompetent 
VSV*ΔG(FLuc) pseudovirus system bearing the SARS-CoV-2 spike 
protein in the envelope was incubated with serial dilutions of im-
mune sera prior to infections of Vero E6 cells, as described before.24 
At 18 hours post infection, firefly luciferase (FLuc) reporter activity 
was determined and the reciprocal antibody dilution causing 50% 
inhibition of the luciferase reporter calculated (PVN50). The virus 
neutralization assay has been kindly provided by Dr. Gert Zimmer.24 
The spike protein was kindly provided by Prof. Pöhlmann.
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