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5. Ihr Beitrag zu den Veröffentlichungen 

5.1 Beitrag zu Paper I 

Paper No. I: "Impaired immune responses and prolonged viral replication in lung allograft 

recipients infected with SARS-CoV-2 in the early phase after transplantation", was conceived 

by me and set up in depth together with PD Dr. M. Muenchhoff from the Pettenkofer Institute 

of Virology. I was primarily responsible for recruiting the participating patients into the study 

and I provided the follow-up in clinical as well as scientific matter during the course of the study. 

I was significantly involved in clinical care and solely responsible for continuing sample 

acquisition of the patient cohort. In addition, I obtained ethical clearance through application at 

the CorKUM cluster after existing vote on ethical safety within the CorKUM cluster. 

Furthermore, I co-designed the composition of the paper and wrote the introduction, as well as 

the sections on clinical management and demographics alongside large parts of the 

discussion. Forth following, I was primarily responsible for the preparation and editing of the 

final manuscript version and subsequent submission of the paper. Accordingly, I also 

incorporated the required major revisions, revised the paper in depth and was ultimately 

responsible for resubmitting and acquiring the final acceptance for publication of the paper. 
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6. Introduction 

Lung transplantation (LuTx) has been demonstrated over the last decades to be a safe 

treatment option in end stage lung disease in selected patients. Through thorough patient 

selection alongside advanced immunosuppressive therapy and monitoring, survival has 

continuously been improved. On the other hand, significant immunosuppression leaves lung 

allograft recipients vulnerable to various diseases, in lung transplantation recipients (LTR) 

especially of airborne origin. Therefore, risking significantly increased morbidity and mortality 

after infection. Since the Munich Lung Transplant Group (MLTG) represents one of the largest 

lung transplant centers in Europe, we naturally struggled with the rapid development and 

pathogenicity of severe acute respiratory syndrome coronavirus 2 (Sars-CoV 2). It did not only 

interfere with already severe organ shortage, but also put our allograft recipients at grave risk 

for increased morbidity and mortality before the wide availability and efficacy of vaccinations 

and disease-specific therapy. In the beginning of the pandemic, we had to rely on rudimentary 

preventive measures like isolation and face masks alongside mostly empiric treatment 

strategies. As a result, we delved deeper into the topic of immune response in LTR with high-

dose immunosuppression early after transplantation and with Sars-CoV 2 infection. Due to the 

volatility of the disease, various different courses of immune response and of disease severity 

were observed. 

6.1 Current practice in LuTx 

Until present, more than 70.000 worldwide adult LuTx have been reported, of which bilateral 

LuTx account for approximately 80%. (1) Main indications for LuTx are Chronic obstructive 

pulmonary disease (COPD), Interstitial lung disease (ILD) or fibrosis, Cystic fibrosis (CF), Non-

cystic fibrosis bronchiectasis, Pulmonary arterial hypertension (PAH) and others. (2) The 

overall median survival after LuTx ranges around 6-7 years, with an increase to around 9 years 

for recipients that survive the first year post-transplantation. (1, 3-5)  
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Long-term survival is mostly limited by the development of chronic lung allograft dysfunction 

(CLAD). In most cases a form of airway fibrosis, bronchiolitis obliterans syndrome (BOS) 

develops. (6-8) CLAD is diagnosed by a decrease in clinical status and loss of lung capacity 

displayed in spirometry. (9, 10)  

By international standards, LTR receive combined triple immunosuppressive therapy with a 

calcineurin inhibitor (Tacrolimus, previously cyclosporine), corticosteroids (prednisone) and 

antimetabolites (mycophenolate-mofetile, previously azathioprine) (see chapter 6.2.2). Around 

80% of LTR receive similar therapy regimens globally. (11)  

 

6.2 Immunology in lung transplantation 

6.2.1 Immunological basics 

The first rapid immune response is carried out by innate immune system effectors shortly 

following pathogen recognition. This recognition and the consecutive response are triggered 

by structures of the invading pathogen, like bacterial cell wall components or viral nucleic acid 

patterns. Corresponding to recognizable patterns from exogenous threats, there are patterns 

for endogenous threats. They can be found after cell stress and/or death. (12) Their recognition 

triggers not only direct phagocytic activity of effector cells, but also a release of cytokines and 

chemokines, enhancing immediate immune response as well as inducing the adaptive immune 

system. (12) The main effector cells in innate immune response are neutrophils (granulocytes), 

monocytes, macrophages, and natural killer (NK) cells. They attack the intruding pathogen via 

phagocytosis or apoptosis induction as well as activation of the adaptive immune system by 

presenting antigens through Antigen-presenting cells (APC) to the adaptive effector cells, that 

are T- and B-Lymphocytes. (13) 

The adaptive immune response works through allorecognition, antigen detection and 

presentation via antigen presenting cells through the major histocompatibility complexes I and 

II (MHC). This results in T-cell (mainly CD4+ and CD8+ lymphocyte) and B-cell activation and 
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consecutive cell or pathogen degradation through different pathways and effectors, alongside 

antibody-mediated immune response. (14, 15)  

The best-known receptor cascade in T-cell activation follows the trigger of T-cell receptors 

(TCR). Here, an interaction between innate and adaptive immune system comes into play, as 

peptides bound to the MHC complex and presented by APC are recognized by the TCR 

alongside co-stimulatory signals. (16) This triggers several secondary intracellular messaging 

cascades, resulting in transcriptional activation in the nucleus, thus triggering measurable 

immune response through lymphocyte activation (see figure 1).  

 

Figure 1: activation of adaptive immune system. See effector cells T-cell activation and B-cell activation, 

measurable as described in the publication. (Figure created with BioRender.com) 

 

T-Lymphocyte activation is followed by clonal expansion of antigen-specific differentiated 

effector T-cells. The activation of CD4+ T-cell subsets results in production of effector 

cytokines like interferons or different interleukins (like interleukin 2, IL2), that can trigger further 

immune response through activation of other immune cells (B-lymphocytes) or through 
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feedback loops to the humoral immune response. CD8+ T-cells execute cell death through 

cytotoxicity. (17, 18)  

The other main effector in cellular to humoral immune response is the B-lymphocyte. After 

activation through B-cell receptors (BCR), the B-lymphocyte can present the antigen through 

MHC II. (12) For full function, costimulation by activated CD4+ T-cells is needed, resulting in 

clonal expansion and differentiation of the activated B-cells. The most important effector of 

activated B-cells (effector = plasma cell) is immunoglobulins like IgM or IgG, directly impacting 

the immune response through agglutination, activation of complement cascades or 

opsonization (marking) of pathogens.(12, 19) 

6.2.2 Immune response and immunosuppression in LuTx 

In case of lung transplantation or transplantation in general, the immune system works through 

various pathways to “defend” the recipient against the newly implanted organ.  

The innate immune system can recognize necrotic cellular fragments, for example from cell 

necrosis through stress after reperfusion injury. Following in short, there is intracellular 

activation of different signaling molecules (e.g. nuclear factor kappa B; NF-kB), which induce 

cytokine release and effector cell activation. (20) The result is inflammasome formation and 

activation of interleukins (IL1ß, IL18). This leads to apoptosis, and induces a cell death 

cascade through multiplication of fragments from depleted allograft cells. (21) 

On the level of cellular immune response, the pathways are as described above. Following the 

presentation of antigens like “foreign” cellular fragments, activation of the T- and B-lymphocyte 

pathways ensues, resulting in measurable clonal expansion of effector T-cells or 

immunoglobulin production. 

Therefore, the immunosuppressive treatment focuses on different levels of the recipient’s 

immune reaction. In the following, the most common combination of immunosuppressive drugs 

and their interaction with immune response will be discussed. Some centers use induction 

immunosuppressive therapy, aiming to minimalize T-lymphocyte activation before LuTx. There 
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are different agents in use today. The most commonly used are anti-thymocyte globulin (ATG), 

Alemtuzumab and Basiliximab. (1, 22) ATG targets T-lymphocyte surface molecules, leading 

to depletion through apoptosis. (23) Alemtuzumab targets CD52, a surface protein not only on 

T- and B-lymphocytes but also in other mononuclear immune system effectors, leading to 

depletion of these cells. (23, 24) Basiliximab is an antibody against interleukin-2 receptor on 

T-lymphocytes and therefore inhibits intercellular signaling and activity, while not depleting the 

cells. (23, 25) 

The most commonly used drugs for maintenance immunosuppression fall into three 

categories. (11, 26) Most centers typically use a triple combination of the therapeutics 

described below, even though there is no standard protocol. (27) 

One cornerstone is calcineurin inhibitors like Cyclosporine or Tacrolimus. Both of the above 

predominantly target T-lymphocytes. They inhibit the intracellular dephosphorylation process 

of NFAT (nuclear factor of activated T-cells) through blockade of calcineurin formation, 

resulting in non-translocation of this factor into the nucleus and the arrest of production of pro-

inflammatory agents like interleukins (mainly interleukin 2), tumor necrosis factor alpha (TNFα) 

or interferon gamma (IFN-γ). In short, this leads to inhibition of further activation and inhibited 

function of already activated T-cells. (23, 25, 26)  

The second cornerstone is antimetabolites. Mostly used is Mycophenolic acid in its formulation 

Mycophenolate mofetil (MMF), Azathioprine has no significance in our center’s maintenance 

immunosuppression. MMF works through interference with DNA synthesis by inhibition of 

Inosine-Monophosphate-Dehydrogenase (IMPDH) and hence blocks de-novo guanine 

synthesis. This is also lymphocyte-specific and reduces clonal expansion as well as function 

of activated lymphocytes. Furthermore, it limits migration of monocytes and antigen 

presentation by dendritic cells (DC). (23, 25, 26, 28) 

The third cornerstone is Corticosteroids. Most centers use prednisone for maintenance 

immunosuppression. Acute rejection is treated by high-dose corticosteroid shock therapy. 

Steroids affect all immune cells. (29) They bind to intracellular receptors that are thereby 
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activated and migrate into the nucleus. There, they activate the transcription of glucocorticoid-

sensitive genes, but also transcription factors like NF-κB. As a result, immune effector 

molecules such as interleukins, TNFα and IFN-γ are reduced. Thereby preventing further 

activation of lymphocytes and inducing apoptosis. Also, corticosteroids inhibit the production 

of other inflammatory molecules like prostaglandins. (25-27, 29)  

 

Figure 2: Immunosuppressive pathways (cellular level) used in solid organ transplantation. Adapted 

from (23), created with BioRender.com 

 

6.2.3 Implications of immunosuppression in LuTx 

Even though use of advanced immunosuppressive agents has reduced graft failure in solid 

organ transplantation, it also puts the recipients at elevated risk for infectious diseases. Due 

to the need for high levels of immunosuppression and therefore intensely reduced immune 

competence in the early phase (< 12 months) after transplantation, the risk for bacterial, fungal 

or viral infection is particularly elevated. (30-32) This is amplified by comorbidities such as 

cardiac, renal or metabolic disease as well as reduced strength and mobility that are often 

present in patients requiring solid organ transplantation. In heart and lung transplantations, 
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infections are the leading factor in mortality in the first year post-transplantation. (33, 34) As 

the respiratory tract is specifically exposed to airborne pathogens, the risk of respiratory 

infection is high across all solid organ transplantations particularly with respiratory viruses 

(RV). (35-38) This leads to very high susceptibility for airborne viral infection of the respiratory 

system in LTR, as they often present with a combination of the previously mentioned risk 

factors. (39-43) As a conclusion, one must assume a high susceptibility also for Sars-CoV 2 in 

lung transplant recipients, especially in the early phase after transplantation. 

6.3 Sars-CoV 2 – effects of an airborne pandemic on LuTx 

6.3.1 Sars-CoV 2 – a short overview 

Following the first reports of a novel viral infectious disease with impact on the pulmonary tract 

from China in December 2019, Sars-CoV 2 was declared a pandemic in March 2020. (44-46) 

After multiple waves of infections along changing virus variants, around 773 million cases have 

been reported, with more than 6.99 million deaths associated with the disease as of December 

2023. (47) On May 5th 2023, the WHO declared that Covid-19 was no longer a “public health 

emergency of international concern”. (48, 49) 

SARS-CoV 2 is transmitted human-to-human through fluids, aerosols and contaminated 

surfaces. (50, 51) Infection with SARS-CoV 2 can exhibit various manifestations, and while 

most patients develop only mild symptoms or stay asymptomatic, severe cases with need for 

intensive care and respirator can be associated with a high case-fatality rate. (52-54) Common 

symptoms reported from the beginning of the pandemic are fever, fatigue and of respiratory 

nature like dyspnea and dry cough. (52, 55-57) Accompanying clusters of gastrointestinal 

symptoms like nausea or diarrhea have also been described. (56-58) The severity of symptoms 

and course of the disease with development of ARDS (acute respiratory distress syndrome) 

and consecutive high fatality rates seem to be closely linked to older age and comorbidities of 

cardiovascular or pulmonary nature or obesity. (59-62) Through mutation, Sars-CoV 2 has 

developed different variants of concern (VOC) like Alpha, Beta, Gamma, Delta, and lately 
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Omicron among others. (62-64) Since early 2022, Omicron is the dominating variant with 

changing subvariants. (64-66) Therapeutics evolved from non-standardized treatment 

consensus. They range from high dose corticosteroids (in order to dampen “cytokine storm”-

overreaction of the immune system) antivirals like remdesivir and antibody treatments by 

reconvalescent plasma infusion (plasma with high levels of immunoglobulins against Sars-CoV 

2) to recombinant antibodies like Bamlanivimab. (67-71) Current treatment options furthermore 

include molecular targeting drugs in combination with further antiviral therapeutics. (71) 

Fortunately, efficient vaccinations have been available from late 2020, and a great number of 

the population is now immunized either by vaccination, prior infection or both. (72-74) 

6.3.2 Sars-CoV 2 in solid organ transplantation - focus on LuTx 

The emergence and quick global spread of Sars-CoV 2 had a significant impact on solid organ 

transplantation (SOT). Reports describe increased infection rates, hospitalization, and 

mortality in all SOT recipients, regardless of transplanted organ. (75-78) These reports mostly 

described patients under maintenance immunosuppression long-term post-transplantation. 

(75) SOT recipients usually present with multiple comorbidities that have been described as 

unfavorable for Sars-CoV 2 outcome, an additional increase in risk is therefore to be expected 

from the combination with high-dose immunosuppression. (75, 79, 80) Interestingly, later 

reports have shown increased risk for infection with, but similar mortality rates from Sars-CoV 

2 in SOT recipients compared to general population. (77, 81)  

According to medical-logical considerations, LTR should be particularly at risk for a severe 

course after infection with Sars-CoV 2, as they have been transplanted the target organ of the 

respiratory virus.  

Most groups report on patients under maintenance immunosuppression, while reports on early 

infection after LuTx are scarce. (82-86) From an immunological view, these cases are 

considerably more interesting. LTR receive significantly higher doses of triple 

immunosuppression in the early phase post-Tx in comparison to non-LTR, leading to the 

assumption of an even higher degree of non-functionality of the immune system. Due to high-
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dose immunosuppressive therapy, initial symptoms for infection can be mild, masked or 

mistaken for other causes. This may be related to reduced lymphocyte activity, antibody and 

cytokine production, and hence lower disease severity, which was found to be triggered by a 

strong immunological reaction or “hyperinflammation”. (87-90)  

Overall, LTR have increased risk for hospitalization with Sars-CoV 2 compared to non-LTR. 

(91) LTR are also at elevated risk for fungal co-infection and present overall higher risk for 

severe course as well as higher mortality rates when infected with Sars-CoV 2. (80, 91, 92) 

When infected, LTR present with similar symptoms as immunocompetent patients. These are 

flu-like symptoms such as cough, fever or dyspnea which can culminate in pneumonia with 

increased supplemental oxygen requirements and ultimately the need for mechanical 

ventilation. (86, 93)  

Most reports show the management of Sars-CoV 2 infection in LTR as a combination of means. 

Isolation was the most effective preventive means before vaccinations. (83) Today, vaccination 

regimes have taken hold and have shown effectiveness through risk reduction for severe 

course of Sars-CoV 2 in LTR as well as other SOT recipients. (92) As expected, SOT recipients 

mostly show inadequate seroconversion after standard vaccination doses. (94, 95) Therefore, 

usually multiple doses and early boosters are recommended and applied in SOT. (96, 97) 

Lately, LTR with inadequate seroconversion optionally receive pre-exposure prophylaxis with 

neutralizing monoclonal antibodies (tixagevimab-cilgavimab) with mixed results, probably from 

waning effects over time. (98, 99) For therapy, there is reduction in immunosuppression, mostly 

of mycophenolate, (83, 86, 87) intended to allow lymphocyte function for antiviral defense. This 

is usually combined with the currently available therapy, as described above. Interestingly, 

there has no difference been reported in lung allograft rejection, neither of acute cellular 

rejection (ACR), antibody mediated rejection (AMR) or CLAD in LTR with or without Sars-CoV 

2 infection. (86, 87) 
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7. Zusammenfassung: 

Nach einer langjährigen Entwicklung mit späten Erfolgen beim Verständnis der 

immunologischen Hintergründe der Abstoßung hat sich die Lungentransplantation (LuTx) 

heute als wirksame Therapie für Lungenkrankheiten im Endstadium etabliert, und die weltweit 

steigenden Zahlen bestätigen den Therapieerfolg. Dennoch ist eine hochdosierte 

Immunsuppression erforderlich, um Abstoßungsreaktionen zu verhindern. Durch 

verschiedene Immunsuppressiva werden viele Ebenen der Immunantwort deutlich reduziert 

oder blockiert. Effektorzellen wie T- oder B-Lymphozyten können dann nicht mehr 

angemessen auf Immunauslöser wie die Präsentation von Krankheitserregern, geschädigten 

Zellen oder Molekülen reagieren. Durch die Verhinderung der Abstoßung besteht daher bei 

Lungentransplantat-Empfängern eine erhöhte Anfälligkeit für Infektionen, insbesondere durch 

aerogene oder respiratorische Erreger. Dies ist besonders wichtig, da Infektionen für eine 

erhebliche Einschränkung der Überlebensrate im ersten Jahr nach LuTx verantwortlich sind. 

Das Auftreten des severe acute respiratory syndrom coronavirus 2 (Sars-CoV 2) hat die 

weltweite Praxis der Lungentransplantation erheblich beeinträchtigt. Sars-CoV 2 ist ein hoch 

ansteckender, über die Luft übertragener Erreger, der in erster Linie die Atemwege befällt und 

sich schnell zu einer Pandemie mit ständig wechselnden Varianten entwickelt hat. Wenn sie 

infiziert sind, zeigen LTR die gleichen Symptome wie nicht-transplantierte Patienten. Da der 

Schweregrad der Erkrankung jedoch durch eine akute Hyperinflammation beschrieben wurde, 

treten die schweren Symptome bei LTR später auf und können anfangs maskiert oder mit 

anderen Atemwegserkrankungen verwechselt werden. Daher ist davon auszugehen, dass das 

Immunsystem von LTR nach einer Infektion mit Sars-CoV 2 keine ausreichende Reaktion in 

Form von Antikörpern oder T-Zell-Reaktivität hervorbringt. In der vorliegenden Publikation 

untersuchten wir die Wirkung einer hochdosierten Immunsuppression bei Patienten im 

Frühstadium nach LuTx und die Auswirkung auf die Immunantwort nach einer Sars-CoV 2-

Infektion durch Messung der Anti-Sars-CoV 2-Antikörperbildung sowie der T-Zell-Aktivierung 

und -Reaktivität im Vergleich zu nicht transplantierten, nicht-immunsupprimierten Kontrollen. 
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8. Abstract (English): 

Following long term development with late success in understanding the immunological 

background of rejection, lung transplantation (LuTx) is today established as effective therapy 

for end-stage lung diseases and growing worldwide numbers confirm the feat of the method. 

Nevertheless, high doses of immunosuppression are needed to prevent rejection. Through 

different immunosuppressive agents, many levels of the immune response are significantly 

reduced or blocked. Effector cells like T- or B-lymphocytes can then no longer provide 

adequate responses to immune triggers like presentation of pathogens, damaged cells or 

molecules. Therefore, through prevention of rejection, there is increased vulnerability for 

infections, in lung transplant recipients (LTR) particularly of airborne or respiratory pathogens. 

This is especially important, as infection is responsible for significant decrease of first-year 

survival in LTR. As a result, the emergence of severe acute respiratory syndrome coronavirus 

2 (Sars-CoV 2) significantly impacted the worldwide practice of lung transplantation. A highly 

contagious airborne pathogen, primarily affecting the respiratory system, Sars-CoV 2 quickly 

evolved to a pandemic with ever changing variants. When infected, LTR showed the same 

symptoms as non-transplanted patients. But since disease severity was described through 

acute hyperinflammation, severe symptoms in LTR emerge later and in the beginning can be 

masked or mistaken for other respiratory diseases. Therefore one has to assume that LTRs 

immune system will not produce sufficient response in form of antibodies or T-cell reactivity 

following infection with Sars-CoV 2. In the presented publication, we investigated the effect of 

high-dose immunosuppression in patients early after LuTx and the effect on immune response 

following Sars-CoV 2 infection through measurement of anti-Sars-CoV 2 antibody formation 

as well as T-cell activation and reactivity in comparison to non-transplant, non-

immunocompromised controls. 
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9. Paper I 

The publication “Impaired immune responses and prolonged viral replication in lung 

allograft recipients infected with SARS-CoV-2 in the early phase 

after transplantation” can be found embedded in the following pages. 
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Abstract
Purpose  Lung transplant recipients are at increased risk of severe disease following infection with severe acute respiratory 
syndrome coronavirus type 2 (SARS-CoV-2) due to high-dose immunosuppressive drugs and the lung is the main organ 
affected by Coronavirus disease 2019 (COVID-19). Several studies have confirmed increased SARS-CoV-2-related mortality 
and morbidity in patients living with lung allografts; however, detailed immunological studies of patients with SARS-CoV-2 
infection in the early phase following transplantation remain scarce.
Methods  We investigated patients who were infected with SARS-CoV-2 in the early phase (18–103 days) after receiving 
double-lung allografts (n = 4, LuTx) in comparison to immunocompetent patients who had not received solid organ trans-
plants (n = 88, noTx). We analyzed SARS-CoV-2-specific antibody responses against the SARS-CoV-2 spike and nucle-
ocapsid proteins using enzyme-linked immunosorbent assays (ELISA), chemiluminescence immunoassays (CLIA), and 
immunoblot assays. T cell responses were investigated using Elispot assays.
Results  One LuTx patient suffered from persistent infection with fatal outcome 122 days post-infection despite multiple 
interventions including remdesivir, convalescent plasma, and the monoclonal antibody bamlanivimab. Two patients expe-
rienced clinically mild disease with prolonged viral shedding (47 and 79 days), and one patient remained asymptomatic. 
Antibody and T cell responses were significantly reduced or undetectable in all LuTx patients compared to noTx patients.
Conclusion  Patients in the early phase following lung allograft transplantation are vulnerable to infection with SARS-CoV-2 
due to impaired immune responses. This patient population should be vaccinated before LuTx, protected from infection 
post–LuTx, and in case of infection treated generously with currently available interventions.

Keywords  COVID-19 · Solid organ transplantation · Immune responses · Immunosuppression · Lung transplant recipients
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Introduction

Transplant recipients (TRs) have a higher risk of con-
tracting infectious diseases due to the use of immunosup-
pressive agents during the early phase after transplant 
(< 12  months) [1, 2]. In fact, infections are the lead-
ing cause for increased mortality in the first year post-
transplantation [3–6]. Bacterial and viral pneumonia are 
common in Lung Transplant Recipients (LTRs) since the 
allograft is directly exposed to the pathogen. It is there-
fore important to find the suitable balance between immu-
nosuppressive rejection prophylaxis and preservation of 
protective immune responses. While total cell counts 
for CD4 and CD8 T cells in LTRs seem to remain sta-
ble, their function measured as cytokine secretion is sig-
nificantly impaired [7, 8]. Conversely, humoral immunity 
is impaired with lower IgG titers especially in the early 
phase post-solid organ transplantation (SOT) [9, 10]. This 
is confirmed in recent studies of immune responses to 
SARS-CoV-2 vaccination, even after a longer time post-
transplantation and especially for infection with later vari-
ants of concern (VOCs) like omicron [11–13].

LTRs therefore have a high susceptibility for airborne 
viral infections of the respiratory system such as SARS-
CoV-2 [14]. Several studies have confirmed increased 
morbidity and mortality of LTRs due to COVID-19 in 
comparison to the general population [13, 15–18]. Risk 
factors for severe disease include advanced age, male sex, 
impaired kidney function, and time point of infection fol-
lowing SOT with patients infected at a later time follow-
ing SOT showing fewer clinical effects than patients with 
early-onset infections.

Since the outbreak of the COVID-19 pandemic, only 
few cases of early-onset infection with SARS-CoV-2 have 
been described in LTRs as clinical case reports without 
further investigation of their antiviral immune responses. 
The aim of this study is therefore to investigate the clinical 
course and SARS-CoV-2-specific immune responses of 
four LTRs with early-onset infection (LuTx) in comparison 
to COVID-19 patients who have not received an allograft 
(noTx).

Methods

Study design and subjects

This study is a retrospective monocenter case–control 
analysis of early-phase lung transplant recipients (LuTx) 
and non-transplant patients with SARS-CoV-2 infection 
(noTx). From the day of the WHO declaration classifying 

COVID-19 as a global pandemic on March 16, 2020 until 
March 3, 2021, 87 patients underwent a lung transplant 
in the Munich Lung Transplant Group (MLTG). Infection 
with SARS-CoV-2 was detected in six of these patients in 
the early phase after transplant (< 6 months, 22–103 days). 
Four of these patients, subsequently referred to as LuTx 
A-D, gave written informed consent for participation in 
this study.

Patients were recruited in the COVID-19 Registry of the 
LMU University Hospital Munich (CORKUM, WHO trial 
ID DRKS00021225). Patient data were anonymized for 
analysis, and this study was approved by the local ethics 
committee (Institutional Review Board) (No: 20-245).

For comparison of humoral and cellular immune 
responses, we selected 88 non-transplant patients (noTx) 
without documented medical conditions associated with 
significant immunodeficiency. These patients were part of 
the CORKUM study and cryopreserved samples were used 
retrospectively for analysis.

SARS‑CoV‑2 RNA detection and quantification

Nasopharyngeal swab samples (ESwab, Copan Diagnostics, 
Murrieta, USA) were collected twice weekly for patients on 
the normal ward and transported to the accredited routine 
diagnostics laboratory of the Max von Pettenkofer Institute. 
PCR tests were performed using the Roche Cobas SARS-
CoV-2 assays on the Cobas 6800 system. Viral load results 
were calculated as copies per ml of transport medium for the 
E-gene reaction as described previously [19].

SARS‑CoV‑2 whole genome sequencing

Amplicon pools covering the SARS-CoV-2 genome were 
prepared according to the ARTIC network nCoV-2019 
sequencing protocol v2 and analyzed utilizing the ARTIC 
bioinformatics protocol as described previously [20]. The 
consensus sequences and associated sample metadata were 
uploaded to the GISAID repository.

Antibody detection assays

The commercial recomLine SARS-CoV-2 IgG line immu-
noassay (Mikrogen, Neuried, Germany) was used to ana-
lyze IgG antibodies against the SARS-CoV-2 spike receptor 
binding domain (RBD) and nucleocapsid (N). Quantita-
tive results were obtained by analyzing test strips with the 
recomScan software. According to the manufacturer’s guide-
lines, the “fold cut-off” value was determined by subtracting 
the signal of interest with that of the internal cut-off band. 
IgG antibodies against the spike S1 subunit were quantified 
using the commercial ELISA by Euroimmun (Lübeck, Ger-
many). Nucleocapsid-specific IgG was analyzed using the 
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Abbott SARS-CoV-2 IgG assay (Abbott Diagnostics, Abbott 
Park, Illinois, United States). All these tests were performed 
following the manufacturer’s instructions on cryopreserved 
serum samples collected at the indicated time points.

ELISPOT analysis

IFN-gamma ELISPOT assays were performed with cryopre-
served patients’ PBMCs according to the manufacturer’s rec-
ommendations (Mabtech, Nacka, Sweden; Bio-Rad, Puch-
heim, Germany). Frozen PBMCs were thawed and incubated 
at 2.5 × 105 cells/well with SARS-CoV-2 peptide pools 
(Wuhan-Hu-1 PepMix, JPT, Berlin, Germany), consisting 
of 15mer peptides with 11 amino acid overlap, at a final 
concentration of 0.5 μg/ml per peptide for 14–18 h. A stimu-
lation cocktail of phorbol 12-myristate 13-acetate (PMA) 
and ionomycin (0.5X, Thermo Fisher Scientific, Waltham, 
United States) was used as positive control. Conditions with-
out peptide stimulation serve as negative control and were 
subtracted from the sample values. Due to limited sample 
availability, each condition was tested in a single reaction.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
version 9.5 software. Groupwise comparisons were done 
using Mann–Whitney test. For summary visualization of 
serological results of noTx patients, locally estimated scat-
terplot smoothing (LOESS) was performed using the ggplot 
package in RStudio version 1.2.5033 with the geom_smooth 
function.

Results

Clinical course of SARS‑CoV‑2 infection in recent 
lung transplant recipients

We investigated four lung allograft recipients who experi-
enced infection with SARS-CoV-2 in the early phase post-
transplantation (18–103 days after transplantation). Clinical 
characteristics of these patients are summarized in Table 1 
and described more detailed in supplementary information 
as well as in a previously published paper by Zimmermann 
et al. who investigated the clinical course of patient A and 
patient B of this study [18].

Remarkably, the spectrum of SARS-CoV-2-induced dis-
ease ranged from asymptomatic infection with rapid clear-
ance (patient A) to persistent infection with ultimately fatal 
outcome (patient B). The clinical course and viral load 
results from respiratory samples in relation to the time point 
of transplantation are illustrated in Fig. 1a, b.

Patient A cleared the infection with negative PCR results 
from 31 DPI and never developed COVID-19-related 
symptoms.

Despite multiple therapeutic approaches including rem-
desivir, transfusion of convalescent plasma [three consecu-
tive infusion regimens with 2 × 200 ml administration of 
COVID convalescent plasma (CCP)], and application of 
the monoclonal antibody bamlanivimab, patient B remained 
PCR positive. He developed pulmonary and gastrointesti-
nal symptoms including diarrhea. He was transferred to the 
intensive care unit 95 days after infection. Forth following, 
he developed hepatopathy with subsequent liver failure 
alongside intermittent renal failure with renal replacement 
therapy for 7 days, while experiencing worsening lung affec-
tion showing consolidations matching viral pneumonia with 
bacterial superinfection. Respiratory failure required intu-
bation and mechanical ventilation from day 102 to death. 
(Fig. 1b). Patient C presented with mild symptoms (elevated 
temperature but no fever, mild dyspnea with oxygen therapy, 
and only marginal infiltrates in chest CT). Due to extended 
therapy for cytomegalovirus (CMV) reactivation (see sup-
plementary material), he developed leukopenia. As no viral 
clearance could be achieved, he received remdesivir therapy 
on DPI 72–78 and tested negative after 79 DPI. Patient D 
developed progredient bilateral pulmonary ground-glass 
lesions as well as mild disease symptoms. He also developed 
acute renal failure (max. creatinine levels 4.1 mg/dl, mini-
mum GFR 14) without need for renal replacement therapy. 
As he experienced increasing symptoms (dyspnea, need for 
oxygen therapy, fatigue) alongside pulmonary affection in 
CT scans, he received dexamethasone alongside two therapy 
regimens of remdesivir (DPIs 2–6 and 28–32). He cleared 
the infection on 47 DPI.

All three survivors are being followed up closely by our 
LuTx program. They do not show signs of long COVID. 
All received at least three vaccinations against SARS-CoV-2 
alongside tixagevimab/cilgavimab (Evusheld) for pre-expo-
sure prophylaxis. None experienced another infection with 
SARS-CoV-2. The latest anti-SARS-CoV-2 S antibodies 
were 8.7 for patient A, 2.9 for patient C, and 8.5 for patient 
D (U/ml; IgG; Euroimmun; cut-off < 0.8).

Patient D developed CLAD type BOS [humorally trig-
gered by donor-specific antibodies (DSAs)]. Therapy with 
intravenous immunoglobulins (IVIG) was not successful in 
clearing the DSA, so that he is currently under extracor-
poreal photopheresis therapy (ECP, currently 22 treatment 
regimens). Patients A and C did not develop CLAD.

Survival and graft function along with current treatment 
and further clinical data are also summarized in Table 1. 
No patient in our cohort underwent induction therapy prior 
to LuTx.

As mentioned above, in a previous detailed report by 
Zimmermann et al. [18] focusing on clinical course of 
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disease, more in-depth information on the same patients 
has been described. This includes further data on comor-
bidities, transplant specifics like HLA typing, and overall 
clinical course of SARS-CoV-2 and post-transplantation 

period, but limited data on immune responses reporting 
SARS-CoV-2-specific antibodies without distinguishing 
between nucleocapsid- and spike-specific responses and 
quantity.

Table 1   Patient characteristics and follow-up

BMI body mass index, y years, py pack years, UIP unspecified interstitial pneumonia, EAA extrinsic allergic alveolitis/hypersensitivity pneumo-
nitis, ILD interstitial lung disease, IPF idiopathic pulmonary fibrosis, LuTx lung transplantation, FEV1 Forced expiratory volume in 1 s

Patient A Patient B Patient C Patient D

General characteristics
 Age (y) 66 59 58 68
 Gender f m m m
 BMI (kg/m2) 28 27,7 28 26
 Smoking history (PY) 0 100 5 0
 Survival Yes No Yes Yes
 Survival (months post-

LuTx)
33 4 34 36

 Survival SARS-CoV-2 
free (months)

32 NA 28 31

 Vaccination against 
SARS-CoV-2

4x NA 3x 4x

 Pre-exposition prophy-
laxis

Evusheld 1x NA Evusheld 1x (booster 
scheduled)

Evusheld 1x

 Underlying disease EAA (Hypersensitivity 
pneumonitis)

UIP ILD IPF

 Comorbidities HP gastritis
coronary atherosclerosis

Alcohol abuse
Nicotine abuse

Arterial hypertension coro-
nary atherosclerosis

Arterial hypertension atrial 
fibrillation

Type LuTx double double double double
Immunosuppression Tacrolimus, mycophenolate 

mofetil, prednisolone
Tacrolimus, mycopheno-

late mofetil, predni-
solone

Tacrolimus, mycophenolate 
mofetil, prednisolone

Tacrolimus, switch 
to cyclosporine A, 
mycophenolate mofetil, 
prednisolone

Graft function
 Humoral rejection (HLA-

DSA)
NA NA NA 15.09.2020

A24, -B8, -Cw9
MFI 3800

 Cellular rejection NA 28.10.2021
A1, B0

NA NA

 Treatment of rejection NA high-dose corticosteroids NA IVIG
ECP (ongoing)

 Latest FEV1 (L/% of best) 1.78 (99) NA 2.07 (100) 1.69 (84%)
Time after Tx to SARS-

CoV-2-positive PCR (d)
18 22 94 103

COVID severity and mor-
tality risk factors

 Renal function (minimal 
GFR during SARS-
CoV-2)

20 12 39 14

 (maximum serum creati-
nine mg/dl)

2.4 4.9 1.9 4.1

 D-dimer (µg/ml) 0.6 2.9 1 0.5
 Obesity (BMI > 25) Yes Yes Yes Yes

 Diabetes No No No No
 Hypertension No No Yes Yes
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In this study we aimed to decipher SARS-CoV-2-specific 
immune responses in these four LuTx cases with differential 
disease outcome and in comparison to noTx patients.

Limited antibody responses following SARS‑CoV‑2 
infection in recent lung transplant recipients

To investigate the effect of iatrogenic immunosuppression in 
the early post-transplantation phase in lung allograft recipi-
ents on antibody responses upon SARS-CoV-2 infection, 
we measured IgG antibodies against spike and nucleocapsid 
antigens over time (Fig. 2). In comparison to the lung trans-
plant recipients (LuTx), we tested 309 longitudinal samples 
from 88 patients without documented causes for immuno-
suppression from the local COVID-19 cohort, the COVID-
19 registry of the LMU clinic (CORKUM) (noTx). Clinical 

characteristics of these control patients are summarized in 
the Supplementary Information (SI).

Compared to these control patients, LuTx showed gener-
ally lower levels of SARS-CoV-2-specific antibodies. Patient 
B had detectable IgG targeting the spike S1 subunit and 
receptor binding domain (Fig. 2a, b).

Of note, longitudinal sequence analysis of viral isolates 
from this patient revealed that the well-characterized anti-
body escape mutation at spike residue position 484 in the 
receptor binding domain (RBD) (E484K) had emerged 
as de novo mutation at 42 DPI. This may have resulted in 
reduced neutralizing efficacy of these autologous antibodies 
and the administered convalescent plasma and therapeutic 
monoclonal antibody, bamlanivimab, possibly contribut-
ing to viral persistence. Patient A who cleared the infec-
tion relatively quickly had detectable antibodies to the spike 

a

b

Fig. 1   a Clinical course of SARS-CoV-2 infection of recent lung 
transplant recipients. The timeline indicates the order of events in 
relation to the date of the first positive SARS-CoV-2 PCR result (day 
0, red arrow). The symbols indicate the time points of administration 
of remdesivir (pills),  convalescent plasma (infusion bag), and bam-
lanivimab (monoclonal antibody), respectively. The first negative 
SARS-CoV-2 PCR result (black arrow) is indicated. Patient B passed 

away after 121  days of infection (cross). b SARS-CoV-2 viral load 
trajectories of recent lung transplant recipients. Viral load is indicated 
as copy numbers of the SARS-CoV-2 ORF1ab gene per ml of trans-
port medium of nasopharyngeal swab samples. Values are plotted in 
relation to the first positive PCR result (days of infection) for each of 
the four transplant recipients
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and nucleocapsid antigens, whereas the other patients only 
showed negative or borderline reactivity.

Dampened T cell responses against SARS‑CoV‑2 
in the early post‑transplantation phase of lung 
allograft recipients

The immunosuppressive regimen used in the early phase 
post-transplantation consists of tacrolimus, mycophenolate 
mofetil, and prednisolone to prevent allograft rejection. 
To investigate the effect of this potent combination on T 
cell responses against SARS-CoV-2, we analyzed Elispot 
responses of PBMCs of the infected transplant recipients 
against peptide pools covering the S1 and S2 subunits of 

the SARS-CoV-2 spike protein and the nucleocapsid protein 
(N) of the Wuhan-Hu-1 reference strain. In comparison we 
tested samples of ten SARS-CoV-2-infected immunocompe-
tent donors. Due to sample availability, we were only able to 
test the S1 antigen for all ten control patients and the S2 and 
N antigen for a subset of these (n = 8 and n = 5, respectively). 
Since the magnitude of T cell responses expands and con-
tracts over time after antigen contact, we selected samples 
to match time after infection around 30 DPI (20–45 DPI 
for control patients). As expected, the magnitude of the T 
cell response in transplant recipients (LuTx) was lower com-
pared to the control patients for all three antigens (p = 0.031, 
p = 0.046, and p = 0.039 for S1, S2, and N, respectively) 
(Fig. 3a). For patients B and C we had longitudinal samples 
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patients. Serological results are shown for four commercially avail-
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CoV-2 spike S1 subunit (a), the receptor binding domain (RBD) 
(b) and nucleocapsid (c, d). Longitudinal results for the four lung 
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organ transplant (noTx n = 88) are plotted as gray dots with locally 
estimated scatterplot smoothing (LOESS) shown as black curve with 
95% confidence interval. Results are indicated as optical density for 
the chemiluminescence assay (a), or signal to cut-off ratio for immu-
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available for further testing. Interestingly, for patient C we 
detected robust T cell responses against the three antigens 
shortly before viral clearance, whereas for patient B we only 
detected transient responses at lower magnitude consistent 
with persistent viral replication (Fig. 3b).

Discussion

The findings of this study and in-depth analysis of immune 
responses to SARS-CoV-2 in severely immunocompromised 
patients early after lung transplantation emphasize the spe-
cial precautions that still have to be kept in place for this 
vulnerable population, even though the pandemic has been 
declared over.

Our findings are consistent with previously published data 
by Hodge et al. [8], highlighting impaired immune responses 
to SARS-CoV-2 infection of LTRs treated with high-dose 
immunosuppressants through decreased T cell activity. Fur-
ther groups have shown that LTR under high levels of immu-
nosuppressive drugs can present severe COVID-19 course 
of disease and experience longer periods of viral shedding 
compared to those with lower levels of immunosuppression 
[21, 22]. We were able to confirm these findings by compar-
ing our at risk group with a large cohort of immunocompe-
tent subjects demonstrating impaired cellular and humoral 
immune responses.

Our patient cohort presented with several risk factor com-
binations affecting severity of disease as well as mortality. 
Consistent with literature [23–25] male gender, multiple 
comorbidities like diabetes or hypertension, smoking his-
tory, obesity, and acute kidney injury are in line with the 
differential disease severity and mortality observed in our 

cases, although the sample size of our study was insufficient 
to formally assess risk factors.

Our study has several important limitations. This study 
was performed during the first wave and second wave of the 
pandemic in Germany before SARS-CoV-2 vaccines became 
available, therefore precluding extrapolations of our find-
ings to the current situation with the vast majority of the 
population having built up immunity to SARS-CoV-2 by 
vaccination or infection or most often a combination of both. 
Also, our study is limited to only four at risk patients due to 
the fact that the occurrence of SARS-CoV-2 infection in the 
early phase following transplantation was fortunately rare.

Only one of the investigated patients, patient B, was una-
ble to clear the infection and passed away. In this particular 
case limited and transient CD8 T cell responses and poten-
tially the emergence of the antibody immune escape muta-
tion S:E484K may have contributed to persistent infection 
with an ultimately fatal outcome [26]. Of note, despite the 
very low to undetectable levels of anti-SARS-CoV-2 anti-
bodies in patients C and D, both patients cleared the infec-
tion successfully. SARS-CoV-2-specific T cell responses 
were detected in both individuals in line with other studies 
that demonstrate the importance of T cell immunity for viral 
clearance in animal models and in patients with deficient 
antibody responses [27–29].

Several factors may contribute to the inability of patients 
with high levels of immunosuppression to clear SARS-
CoV-2 infections, including the type and dosage of immu-
nosuppressive drugs, the duration of treatment, and the 
presence of comorbidities. In the case of patient B, conva-
lescent plasma therapy failed to induce viral clearance. Since 
convalescent plasma therapy was applied as early as avail-
able in our center, little data were available at that time on 
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the amount to be transfused and in what phase of infection. 
More recent data recommend convalescent plasma for early 
disease and immunosuppressed patients [30]. Of note, anti-
SARS-CoV-2 antibody levels in patient B did not increase 
significantly after the administration of convalescent plasma 
potentially due to low levels of specific antibodies in the 
applied plasma transfusions. Further research suggests 
higher efficacy in dependence of the SARS-CoV-2-specific 
antibody content of the administered convalescent plasma 
therapy [31]. Therapeutic monoclonal antibodies target-
ing SARS-CoV-2 are another important option in the pre-
exposure prophylaxis and treatment of immunocompromised 
patients, but it has to be considered that their neutralizing 
capacity may be limited against currently circulating vari-
ants as recently observed for various Omicron sublineages 
[32].

Overall, it is crucial to carefully monitor and case-
dependent eventually isolate lung transplant recipients in 
the early phase after transplantation. In addition, in the case 
of SARS-CoV-2 infection it is vital to adjust their immu-
nosuppressive treatment when necessary to prevent the 
development of severe COVID-19 disease and reduce the 
risk of viral persistence, as well as the emergence of new 
viral variants. It is crucial to strike a balance between pre-
venting organ rejection and maintaining a robust immune 
response against infectious agents, particularly in the context 
of COVID-19.
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