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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mRNA vaccines 
induce effective humoral and T-cell responses in healthy individuals. Antibodies are 
important for preventing the entry of viral particles into cells. T cells can support 
other immune cells or directly lyse virus-infected cells. However, patients with 
hematological malignancies are often immunocompromised due to their disease or 
treatment. Understanding the specifics of the immunocompromised state of these 
patients is vital to adapting vaccination strategies or vaccine designs to improve 
protection against severe disease in these patients. However, vaccine-induced T-cell 
responses are rarely measured, as they are more laborious and complicated to interpret 
compared to antibodies. Therefore, in this thesis, we aimed to identify vaccine-induced 
SARS-CoV-2-specific T cells and antibodies in a large group of patients. The detection 
of vaccine-induced T cells is challenged by cross-reactive T cells since vaccine-induced 
T-cell responses are commonly measured using peptide-stimulation assays, which 
also result in the activation of cross-reactive T cells. We found that some individuals 
exhibit SARS-CoV-2-specific T cells even before exposure to the virus, and these T 
cells can originate from cytomegalovirus (CMV)-specific T cells. However, it seems 
that these cross-reactive T cells are not highly effective in SARS-CoV-2-infected cells, 
indicating that these pre-existing cells may not be able to change the course of the 
disease. The SARS-CoV-2 mRNA vaccines can induce antibody and T-cell responses 
in most individuals. Patients with aplastic anemia induced immune responses, 
although their cytokine production may be reduced compared to healthy individuals. 
In patients with hematological malignancies, it is known that the humoral response 
can be quite variable due to B-cell-targeting therapies that many patients receive. 
Despite this, most of these patients were able to develop SARS-CoV-2-specific T-cell 
responses. The magnitude of the CD4+ or CD8+ T-cell response and their cytokine 
profile did vary in some cohorts. Interestingly, poor T-cell counts or naïve T cells did 
not predict the vaccine-induced T-cell response. We demonstrated that, despite being 
immunocompromised, most patients with hematological malignancies can mount 
T-cell responses and therefore may have a layer of protection through these cells. 

T cells can be cross-reactive against different peptide-human leukocyte antigen (HLA) 
complexes. By chance, individuals may have memory T cells that are reactive against 
a virus that they have never been exposed to. This is typically caused by sequence-
homologous viruses. For this reason, most studies focused on whether pre-existing 
SARS-CoV-2-specific CD4+ and CD8+ T cells originate from other coronaviruses. 
However, in chapter 2, we showed that pre-existing SARS-CoV-2-reactive T cells 
can also originate from CMV-specific CD4+ or CD8+ T cells. Individuals who were 
seropositive for CMV had more measurable cross-reactive T cells. Upon isolation 
of these T cells, we confirmed their reactivity towards pp65, which is the most 
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immunogenic protein of CMV. The avidity of these cross-reactive T cells towards 
the CMV peptide was higher than for SARS-CoV-2 confirming that the T cells were 
primed and developed against CMV. The cross-reactive CD8+ T cells were detectable 
in multiple individuals. However, in an in vitro infection model, cross-reactive CD8+ 
T cells were less effective in limiting spread compared to vaccine-induced CD8+ T 
cells. Furthermore, we detected the cross-reactive CD8+ T cells in two patients with 
severe coronavirus disease 2019 (COVID-19) but  these T cells showed a less activated 
phenotype compared to infection-induced T cells. This indicated  that cross-reactive 
T cells appeared to be less functional compared to infection- or vaccine-induced 
T-cell responses.

Vaccination typically induces effective humoral and T-cell responses, resulting in 
improved viral clearance and thereby improved protection against severe disease. 
Vaccination is particularly important for individuals with a compromised immune 
system, such as patients with aplastic anemia. However, current guidelines 
recommend caution when it comes to vaccinating due to the potential risk of relapse 
of the aplastic anemia based on case reports, combined with the expectation that 
vaccinating might be less effective. Surprisingly, these guidelines also apply to 
patients who are in remission and years after immunosuppressive treatment. This 
is surprising considering that viral infections can trigger relapse. In chapter 3, we 
showed that this group of patients was able to mount SARS-CoV-2-specific antibodies 
and T-cell responses comparable to healthy individuals although cytokine production 
by the T cells appeared to be lower. Importantly, none of the patients showed signs 
of aplastic anemia relapse. In summary, the results from this chapter showed that 
the SARS-CoV-2 mRNA vaccine effectively induced antibody and T-cell responses in 
patients with aplastic anemia who were in remission and after immunosuppressive 
treatment, without inducing relapse. 

Patients with hematological malignancies are often immunocompromised due to 
disease or treatment. For this reason, vaccination is prioritized for this group to 
minimize the severe course of COVID-19. However, the expected severity of the 
immunocompromised state of these patients is not clear, as immunity is often solely 
measured by the presence of antigen-specific antibodies. In chapter 4, we investigated 
whether patients who did not seroconvert following mRNA vaccination also lacked 
vaccine-induced T-cell responses. Spike-specific antibodies and CD4+ and CD8+ T 
cells were measured in patients with chronic lymphocytic leukemia (CLL), indolent 
or aggressive B-cell lymphoma, or multiple myeloma, which we stratified based on 
lacking (n=49) or with adequate seroconversion (n=14). We found that antibody levels 
can be variable among the patients and were especially low in patients with CLL. 
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Spike-specific CD4+ and CD8+ T cells were detected in almost all patients. Frequencies 
of spike-specific T cells appeared to reduce with age, as patients above 68 had lower 
frequencies of spike-specific CD4+ and CD8+ T cells compared to patients below 
68. Interestingly, patients who did not seroconvert had higher frequencies of spike-
specific CD8+ T cells. Therefore, the absence of antibodies is not a predictive measure 
of a lack of immunity in patients with CLL, lymphoma or multiple myeloma.

In chapter 5, we extended the group of patients with hematological malignancies 
(n=173) and stratified based on malignancy or treatment, resulting in 16 cohorts. These 
16 cohorts included patients with lymphoma treated with rituximab or chemotherapy, 
untreated or BTK-inhibitors-treated CLL, multiple myeloma treated with chemotherapy, 
daratumumab or immunomodulatory drugs, acute myeloid leukemia (AML, including 
myelodysplastic syndrome) treated with chemotherapy or hypomethylating agents, 
myeloproliferative neoplasm (MPN) treated with JAK2-inhibitors, chronic myeloid 
leukemia (CML) treated with tyrosine-kinase-inhibitor (TKI), or patients treated with 
allogeneic stem cell transplantation. mRNA-induced spike-specific antibodies, CD4+ 
and CD8+ T cells, as well as the cytokine production and phenotype of the T cells 
were measured before and four weeks after each vaccine dose. Firstly, we found that 
in this extended cohort, most patients can generate spike-specific CD4+ and/or CD8+ 
T cells, also in the absence of antibodies. Combined antibody and T-cell deficiency was 
rare, although in patients treated with hypomethylating agents both antibodies and 
T cells were reduced but not absent. For patients treated with allogeneic stem cell 
transplantation, the antibody and T-cell responses were variable. Spike-specific CD4+ 
T cells showed lower frequencies in patients with multiple myeloma treated with 
daratumumab or immune-modulatory drugs. Cytokine production by spike-specific 
CD4+ T cells was reduced in patients with untreated CLL, MPN treated with JAK2 
inhibitors, and allogeneic stem cell transplantation. Interestingly, lower frequencies 
of spike-specific T cells did not seem to be a result of the lack of availability of a 
large pool of naïve T cells, since T-cell counts or the percentage of naïve T cells at 
the start of vaccination did not correlate with vaccine-induced CD4+ or CD8+ T-cell 
frequencies. In summary, the immune response to mRNA vaccination was variable in 
the patient cohorts, but most patients developed humoral and/or T-cell responses. 
This shows that the SARS-CoV-2 mRNA vaccination can induce immune responses in 
these immunocompromised patients and thereby can protect against severe COVID-19.
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GENER AL DISCUSSION 

The circulation of SARS-CoV-2 and the introduction of vaccination in a previously 
unexposed (naïve) population, combined with bio-banking of samples, have created 
a unique opportunity to investigate both pre-existing immunity and primary immune 
responses. For this reason, our understanding of immune responses towards SARS-
CoV-2 and mRNA vaccination has been widely expanded. This thesis aimed to 
contribute to this understanding by performing an in-depth analysis of SARS-CoV-
2-specific CD4+ and CD8+ T cells in different contexts. A detailed investigation of 
antigen-specific T cells is often lacking due to its labor-intensive nature.1 By employing 
advanced methods, this thesis aimed to expand the possible origins of pre-existing 
SARS-CoV-2-specific T cells and to provide novel insights into the vaccine-induced 
humoral and T-cell responses in immunocompromised patients. The results show the 
importance of in-depth analysis of antigen-specific T cells, especially considering the 
critical role T cells can play in protecting against severe disease.2-6  

Detection of antigen-specific T cells 

Following vaccination,  each component of the adaptive immune response provides a 
layer of protection that is important to prevent a severe course of disease.2 However, 
patients with hematological malignancies are often immunocompromised due to 
impaired antibody, CD4+ T-cell, and/or CD8+ T-cell responses. Assessments of vaccine-
induced immune responses are usually focused on seroconversion, underreporting 
cellular responses.7-11 As a result, vaccination recommendations are often based 
solely on antibody titers, with a lack of antibody presence being interpreted as an 
absence of immunity.12-15 This may result in advice against or delayed vaccination 
in vulnerable individuals who are unable to seroconvert, despite evidence that T 
cells can provide protection against severe disease and are more effective against 
variants of concern compared to antibodies.2-6,12 This issue of underreported cellular 
responses and vaccination recommendations solely based on antibody titers is not 
specific for SARS-CoV-2 vaccination but also extends to other vaccinations.16 The main 
cause of the limited attention on T-cell responses is the lack of high-throughput and 
standardized detection methods, underscoring an urgent need for improved detection 
of antigen-specific T cells.6

The current most standardized methods for measuring antigen-specific T cells are 
the interferon gamma release assay (IGRA) and the enzyme-linked immunosorbent 
spot (ELIspot) assay. These techniques were commonly used during the SARS-CoV-2 
pandemic to measure T-cell responses in patients with hematological malignancies.1,6  
In these assays, whole blood or peripheral blood mononuclear cells (PBMCs) 
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are co-incubated with peptides, and the release of IFN-γ is measured either as a 
concentration in the supernatant (IGRA) or as spot-forming units captured directly 
upon cytokine release from individual cells (ELIspot). These spots are then counted 
as a measurement of the number of interferon-γ (IFN-γ)-producing cells. Although 
these assays can quickly provide insights into the number of T cells per unit of PBMCs 
or whole blood, these assays appear to be variable between studies and generally 
underestimate the true magnitude of the T-cell response.17-19 This issue is probably 
related to differences in peptide selection, culturing conditions, analysis methods, 
IFN-γ-exclusive measurement, and inconsistent PBMC input across samples. This issue 
is further complicated in patients with hematological malignancies, where due to 
lymphopenia or a high burden of malignant cells, abnormal PBMC composition can 
distort the results. Because these assays do not correct for the actual amount of T 
cells present in the samples, the chance of missing antigen-specific T cells is high 
when T-cell frequencies fall outside the normal range.20 Therefore, while ELISA-based 
assays are highly valuable for large-scale measurement of T-cell responses in healthy 
individuals, they may be less optimal for patients with hematological malignancies. 
In such cases, flow cytometry would be a more accurate and informative approach. 
This is because flow cytometry gives more insight into the frequencies of antigen-
specific T cells, independent of the amount of other immune cells, and can also 
provide more insight into cytokine-producing cell subsets. However, flow cytometry is 
more labor-intensive and less standardized. Potential solutions to improve feasibility 
could be circumventing permeabilization steps using optimized cytokine-capture-
based assays or simplifying analysis using artificial intelligence.21-23 Accordingly, there 
is a need to optimize and standardize flow cytometry protocols for high-throughput 
detection of antigen-specific T cells.1

As mentioned before, flow cytometry allows for a more accurate and specific 
detection of antigen-specific T cells. However, elaborate studies on antigen-specific 
T-cell responses following SARS-CoV-2 vaccination using flow cytometry are scarce 
and mainly focused on CD4+ T cells. This is partly caused by the challenges that 
come with the detection of antigen-specific CD8+ T cells, which are present at lower 
frequencies in the circulation, and because the assays are usually optimized for the 
detection of CD4+ T cells.1,24,25 As a result, uncertainty may occur about infection- or 
vaccine-induced CD8+ T-cell responses, whether the (lack of) detected frequencies 
are biologically accurate or caused by a technical artefact.6,26,27  In chapter 5, the 
spike-specific CD8+ T-cell frequencies before and during vaccination detected through 
AIM assay were more variable compared to the CD4+ T cell frequencies, highlighting 
the need to optimize antigen-specific CD8+ T cell detection methods. In chapter 4, 
we combined the AIM assay with ICS and defined the antigen-specific CD8+ T cells 
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based on activation markers combined with cytokine production. This resulted in 
frequency kinetics that were more similar to spike-specific CD4+ T cells. However, 
spike-specific CD8+ T cells which are unable to produce cytokines might still be 
important, potentially underestimating the full spectrum of the CD8+ T cell response. 
Other studies used detection methods for antigen-specific CD8+ T cells that were 
more complicated than those typically used for CD4+ T cells. They include the use 
of more activation markers to reduce background noise, stimulating with HLA class 
I (predicted) epitopes, or the incorporation of a T-cell expansion step to enhance 
detectable frequencies.28-31 The fact that each study measures antigen-specific CD8+ 
T cells differently underlines that a consensus on an optimal detection method is 
currently lacking. This is a remaining issue, particularly since CD8+ T cells are a key 
component in the clearance of virus-infected cells and the strong association between 
SARS-CoV-2-specific T cell responses and the protection against severe disease.2,4-6 

Apart from the detection method, epitope selection is key to an accurate detection 
of antigen-specific T cells and affects results obtained through IGRA, ELIspot, and 
flow cytometry. In the case of the emergence of a new pathogen, this is more 
challenging since the epitope immunogenicity is unknown. Peptide pools are therefore 
initially based on covering an immunogenic protein by overlapping peptides, or 
peptides are selected based on in silico predictions. Previous studies have shown 
that commercialized kits that measure antigen-specific T cells may use suboptimal 
peptide pools and therefore result in an underestimation of T-cell responses and 
variable outcomes depending on the kit used.17,32 In chapters 4 and 5, peptide-
stimulation assays using 15-mer peptides were complemented using peptide-HLA 
tetramers for the detection of spike-specific CD8+ T cells. To generate the peptide-
HLA tetramers, a selection was made of 23 predicted immunogenic peptide-HLA 
antigens. The frequencies detected through peptide-HLA tetramers correlated well 
with the frequencies obtained by AIM assay. Furthermore, peptide-HLA tetramer 
staining resulted in frequency kinetics that were similar to the frequencies of the 
antigen-specific CD4+ T cells obtained by AIM assay. Although this indicates that 
peptide-HLA tetramers could be a preferred method over AIM assays, the frequencies 
of spike-specific CD8+ T cells as measured by peptide-HLA tetramer frequencies were 
lower and detected in fewer individuals. This is most likely due to the restricted 
peptide-HLA combinations present in the tetramer pool, which do not cover the 
full range of HLA alleles in the population. This exposes the challenge of peptide-
HLA tetramers: the ability to include as many immunogenic peptide-HLA complexes 
as possible. Fortunately, the large focus on measuring T-cell responses during the 
pandemic has resulted in a fast discovery of T-cell epitopes  and therefore improves 
the accuracy of detection of antigen-specific T cells.18,28 
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To summarize, the measurement of antigen-specific T cells has some challenges 
to overcome. These challenges are mostly related to the detection method used, 
limited understanding of how to reliably detect antigen-specific CD8+ T cells, and 
the complexity of peptide selection. Currently available detection methods are either 
high throughput but less accurate or more precise yet labor-intensive. Simplifying 
the measurement of antigen-specific T cells using flow cytometry could pave the 
way for more accurate measurement of adaptive immune responses to vaccination. 
The widespread circulation of SARS-CoV-2 has resulted in a boost in optimized 
detection of antigen-specific T cells. These developments must continue to develop 
accurate and large-scale detection methods of antigen-specific T cells that can also 
be applied to other vaccination strategies. 

Detection of cross-reactive T cells 

T-cell cross-reactivity refers to the ability of a single T-cell receptor (TCR) to recognize 
different peptide-HLA complexes. This can range from a single amino acid change in 
the peptide to a completely different peptide and HLA complex. T-cell cross-reactivity 
is widely studied in different contexts. It is commonly described as beneficial since it 
can protect against a wider range of pathogens, but it can also be detrimental when 
it causes autoimmunity. T cell cross-reactivity depends on multiple factors, including 
sequence similarity, molecular mimicry, hotspot binding, and the structural plasticity 
of the peptide-HLA complex and/or TCR. In chapter 2, we identified CMV-specific CD4+ 
and CD8+ T cells that were also reactive towards SARS-CoV-2, highlighting an example 
of such cross-reactivity. Understanding the origin and function of cross-reactive T 
cells is challenging, but it is vital to expand our understanding of T-cell immunity. 

Many research groups have reported the presence of cross-reactive T cells targeting 
SARS-CoV-2 in samples from SARS-CoV-2-unexposed individuals.33-37 Since most 
commonly used assays for detecting antigen-specific T cells have limited sensitivity, 
the cross-reactivities that are identified tend to be biased toward T cells that are 
already present at relatively high frequencies in the circulation. In chapter 2, we 
detected and characterized CMV pp65-specific HLA-B*35:01-restricted T cells from 
multiple SARS-CoV-2 unexposed individuals that were cross-reactive towards a peptide 
derived from the spike protein of SARS-CoV-2, also presented in the context of HLA-
B*35:01. These T cells were likely to have been picked up since CMV-specific T cells 
are known to be present at high frequencies in a significant portion of the population. 
Detection methods also vary in their sensitivity to TCR affinity. For instance, peptide-
HLA tetramer staining can detect even low-affinity TCR interactions, since the assay 
relies solely on the physical binding of peptide-HLA complex and the TCR. However, 
such binding does not always correlate with functional avidity and the ability to 
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induce a functional T-cell response.38 Similarly, in peptide-stimulation assays, usually 
high peptide concentrations are used that also induce activation of low-avidity T 
cells.39 This phenomenon can likely have been observed in chapter 5, where CD8+ T 
cell responses after in vitro exposure to spike peptide pools were commonly observed 
before the patients were vaccinated and exposed to SARS-CoV-2. After the detection 
of cross-reactive T cells, researchers tried to identify their original target peptide-HLA 
complex. This was commonly only tested against a restricted pool of peptides, based 
on the assumption that cross-reactivity results from minor peptide sequence changes. 
However, our data in chapter 2 demonstrates that a single TCR can be cross-reactive 
towards peptides that differ in 5 out of 9 amino acids. Therefore, identifying the 
original antigen of cross-reactive T cells is especially challenging when it involves the 
recognition of two dissimilar peptides, since the original peptide could originate from 
any pathogen. Therefore, mapping the antigenic specificity of cross-reactive T cells 
requires large peptide libraries that cover multiple different pathogens or unbiased 
peptide discovery approaches. As described in chapter 2, applying the combinatorial 
peptide library enabled an unbiased identification of the original pathogen by testing 
the T cells against a library of peptides that identify the key amino acids for T cell 
recognition, independent of known epitopes.40,41 This expands our understanding of 
the mechanisms behind T-cell cross-reactivity and their potential implications. 

Numerous studies have detected pre-existing SARS-CoV-2-specific CD4+ and CD8+ 
T cells, but it is currently unclear whether they can play a pivotal role in prevention 
of severe disease.28,33,35-37,42-51 Current studies mostly lean towards an important 
role of cross-reactive T cells during SARS-CoV-2 infection. If these cross-reactive T 
cells indeed play an pivotal role, this could have implications for the  pathogenesis 
of SARS-CoV-2 infections and could aid in the development of a pan-coronavirus 
vaccine.34,36,52-55 However, we propose that the cross-reactive T-cell responses towards 
SARS-CoV-2 have a high likelihood of being of too low avidity. Pre-existing SARS-
CoV-2-reactive T cells are, in most cases, reported to be primed by related common 
human coronaviruses (229E, NL63, HKU1, and OC43).56 Despite the relatively high 
sequence homology with SARS-CoV-2 (65-69%), the sequence similarity is scattered 
over the genome, resulting in a maximum protein similarity of ~35% and a low amount 
of predicted shared epitopes.53,57,58 This is confirmed by the observation that, to our 
knowledge, none of the identified epitopes of cross-reactive T cells share 100% 
sequence homology.33,35-37,42-50 As a result, a limited pool of T cells that are reactive 
towards the common coronaviruses can recognize SARS-CoV-2, and their avidity 
appears to be lower due to amino acid changes in the peptide sequence.37,45,50,53,59 
Furthermore, these low-avidity T cells may appear functional in in vitro peptide-
stimulation assays that use a T-cell optimal environment, but this is likely not 
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representative of in vivo functionality. The data presented in chapter 2 show that 
the cross-reactive T cells were SARS-CoV-2-reactive in peptide-stimulation assays, but 
in a SARS-CoV-2 live virus infection assay, cross-reactive CD8+ T cells were unable to 
effectively inhibit virus spread.  Apart from optimal T-cell conditions, most assays also 
fail to test if the targeted peptides are effectively processed and presented during 
infection. This reduces the chances that cross-reactive T cells can form a polyclonal 
T cell response that plays a major role in protection against severe disease and the 
ability to develop an effective pan coronavirus vaccine that covers a diverse range 
of HLA types. 

Functionality of T cells in disease and therapy 

Vaccination-induced immune responses are commonly measured by the presence 
of antigen-specific antibodies only, since antibody measurements are standardized 
and high-throughput. As a result, vaccination guidelines are commonly based on 
seroconversion. However, not all individuals develop a (measurable) antibody 
response, which is especially the case for immunocompromised individuals. 
As illustrated in chapters 3-5, it became clear that the absence of antigen-specific 
antibodies does not correlate with the absence of cellular immune responses and 
that most immunocompromised patients were able to develop vaccine-induced T-cell 
responses. This indicates that vaccination should be recommended also in patients 
where an inability to seroconvert is expected, to increase T-cell-mediated protection 
against severe disease.  

As briefly mentioned, chapters 4 and 5 show that an absence of a humoral response 
does not necessarily correlate with an absence of T cell responses: a combined humoral 
and T-cell response deficiency was rarely observed. This shows that an absence of 
humoral immunity does not directly indicate a hampered overall immune response. 
Patients who often have reduced or absent humoral responses are patients with 
B-cell lymphoma. These patients are usually treated with B-cell-targeting treatments, 
which explain their variable antibody levels. In contrast to vaccine-induced antibody 
responses, T cell responses in this patient group were similar to those of healthy 
individuals, as shown in this thesis in chapters 4 and 5, and by others.60-64 Vaccination 
schedules should therefore not be based solely on the likelihood of seroconversion. 
Instead, patients should be vaccinated regardless of treatment status to protect this 
patient population through T cell immunity. 

Patients with CLL are more sensitive to a severe course of infections due to the 
hampered immune system caused by the disease.65 This has been particularly well 
studied for the effect of CLL cells on T cells.66-68 Chapters 4-5 of this thesis showed 
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that while the frequencies of vaccine-induced T-cell responses were similar to healthy 
controls, the ability to produce cytokines was reduced. Interestingly, when CLL cells 
were removed from the T-cell stimulation assays, T cells were able to produce normal 
levels of TNF-α and IL-2. This suggests that CLL cells can hamper cytokine production 
by T cells when they are in close proximity. Whether this suppression of TNF-α and 
IL-2 also occurs in vivo is unknown and may depend on the local concentration of 
CLL cells within tissues.69 After removal of CLL cells, IFN-γ production was still 
hampered, indicating an intrinsically reduced production of IFN-γ by T cells in patients 
with untreated CLL. This was likely caused by the presence of CLL cells, since upon 
inhibition of CLL cells by BTK inhibitors, the cytokine production by de novo induced 
T-cell responses was restored. Although it appears that BTK inhibitors restore T cell 
immunity, they can negatively affect B cell responses, as presented in chapters 4-5 
and the current literature.70,71 Therefore, based on the data presented in this thesis 
and given the risk of viral complications in this patient population, vaccination should 
be recommended in this patient cohort, independent of their current treatment.72 

In chapter 5, we demonstrate that patients treated with hypomethylating agents 
(HMA) for   AML/MDS had reduced spike-specific antibody concentrations, as well 
as lower spike-specific CD4+ and CD8+ T-cell frequencies.73,74 The observation that 
patients with AML treated with high-dose chemotherapy developed humoral and 
T-cell responses similar to healthy individuals indicates that the HMA treatment could 
be the underlying cause of the hampered immune responses. A likely explanation is 
that HMA, which targets proliferating cells, may impair the expansion of activated, 
spike-specific T and B cells following vaccination.73-76 This is supported by the 
observation that the frequencies of T cells with other specificities (CMV, EBV, flu, and 
more; CEFX) that are usually at rest during therapy were not reduced. It is important 
to note that the reduced T-cell frequencies could be attributed to the higher age of 
patients in the HMA cohort.62,77,78 Current literature indicates that patients treated with 
hypomethylating agents have an increased risk of severe infections, independent of 
age.79-81 This suggests that the observed reduced immune responses could indeed be 
caused by hypomethylating agents, urging the need for more elaborate investigation 
into whether hypomethylating agents indeed can affect vaccine-induced immunity. 
Investigating the vaccine-induced B- and T-cell responses in a heterogeneous group of 
patients with different hypomethylating treatment regimens and ages would provide 
insight into this matter. Until then, the reduced immune function observed in these 
patients and the continued circulation of SARS-CoV-2 in the population support the 
use of the SARS-CoV-2 mRNA vaccination in this cohort to provide some protection 
against severe disease. Since HMA is typically given for a long period, vaccination 
should not be delayed until after therapy. To protect these patients during therapy, 
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the vaccination could be scheduled two weeks before the next HMA cycle to allow 
T cell responses to develop with minimal effect of the HMA. Furthermore, additional 
booster vaccinations might be necessary to fully protect these patients against a 
severe course of SARS-CoV-2 infection. 

Patient cohorts with low T-cell counts and/or low frequencies of naïve T cells were 
able to generate vaccine-induced spike-specific CD4+ and CD8+ T cells similar to 
healthy donors, both based on frequencies and absolute numbers. This includes 
patients treated with allogeneic stem cell transplantation (SCT) and chimeric antigen 
receptor (CAR) T cell therapy. Although counterintuitive, the lack of correlation 
between absolute T-cell counts and vaccine-induced T-cell responses has been 
reported before.78,82  It has previously been proposed that T-cell counts in the context 
of allogeneic SCT could be a better predictor of vaccine immunogenicity than time 
since transplantation.12 However, chapter 5 showed that low T-cell counts and/or 
percentage of naïve T cells were not indicative of proper T-cell activation and thus 
should not function as a predictor for adequate de novo T-cell responses. Therefore, 
vaccination should not be delayed based on low lymphocyte counts in circulation, as 
is often observed shortly after allogeneic SCT and CAR T cell therapy. 

The observation that patients with hematological malignancies generated vaccine-
induced antibody and/or T-cell responses similarly to healthy individuals supports 
the use of mRNA vaccination to protect these patients. Compared to other SARS-
CoV-2 vaccine modalities, mRNA vaccines appear more effective and can generate 
stronger humoral and T-cell responses in healthy individuals.83,84 Of the two mRNA 
vaccines, the mRNA-1273 (Moderna) induced stronger immune responses than 
BNT162b2 (Pfizer/BionTech), potentially related to the differences in vaccination 
dosage, components, or timing between dosages.84-86 Therefore, mRNA-1273 may 
be preferred over BNT162b2 for immunocompromised patients. This could change 
in the near future since BioNTech developed a new SARS-CoV-2 vaccine (BNT162b4) 
which includes antigens of the membrane, nucleocapsid, and open reading frame 
1ab (ORF1ab) genes.87 This vaccine could further enhance T-cell responses compared 
to the original spike vaccination only and could thereby outperform mRNA-1273 
regarding T-cell responses. At the beginning of the pandemic, major concerns were 
raised about the waning antibodies after mRNA vaccination. Fortunately, a large 
study showed that antibody levels quickly decline at first but then stabilized.88 This 
supports the use of mRNA vaccines for patients, independent of whether the B cells 
or T cells may be hampered. 
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The data presented in this study may have implications for other vaccines as well. 
Viral complications are one of the major concerns for patients with hematological 
malignancies, and for this reason, vaccinations against influenza, pneumococcal 
infection, and herpes zoster virus (VZV) are commonly recommended for patients 
who are treated with immunosuppressive drugs or stem cell transplantation.12,89 
The vaccination guidelines are based on several factors, including expected vaccine 
efficacy based on treatment, B- and T-counts in circulation, but also vaccine 
type.13-15 One of the issues is that live vaccines are preferably not administered in 
immunocompromised patients due to the risk of severe side effects.13,90 Inactivated 
vaccines are a safer alternative, but they are usually less effective or not yet available.15 
The data presented in this thesis show that mRNA vaccines can induce effective 
humoral and cellular immune responses in these patients. Furthermore, previous 
research indicates that mRNA vaccines are more effective compared to other vaccine 
modalities, supporting their potential as a safe and effective vaccine modality.84,91 
Currently, mRNA vaccines are being developed against multiple infectious diseases, 
including influenza and VZV.92 The ability of such vaccines to induce robust humoral 
and cellular responses will highly depend on the antigen selection and potentially 
other vaccine modifications.92 

Concluding remarks 

To summarize, in-depth analyses of antigen-specific T cells can provide valuable 
information to understand protection against severe disease beyond antibody titers. 
The immune response to SARS-CoV-2 mRNA vaccination was heterogeneous in 
patients with hematological malignancies. Fortunately, we detected vaccine-specific 
T-cell responses in most patients, also in the absence of a humoral response. Current 
vaccination guidelines for immunocompromised patients are frequently based on 
T-cell counts and/or the predicted ability to develop humoral responses. However, 
this thesis highlights that this approach is likely unreliable. Importantly, even when 
vaccine-induced immune responses are diminished compared with those in healthy 
individuals, immunocompromised patients can still benefit from vaccination, as 
partial protection is preferable to none. This thesis underscores the importance of 
investigating the vaccine-induced T-cell responses in patients with hematological 
malignancies and emphasizes the need for future vaccine development to induce both 
strong humoral and T-cell immunity to protect vulnerable individuals. 
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