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Abstract

:

Patients with cancer are at particular risk for infection but also have diminished vaccine responses, usually quantified by the level of specific antibodies. Nonetheless, vaccines are specifically recommended in this vulnerable patient group. Here, we discuss the cellular part of the vaccine response in patients with cancer. We summarize the experience with vaccines prior to and during the SARS-CoV-2 pandemic in different subgroups, and we discuss why, especially in patients with cancer, T cells may be the more reliable correlate of protection. Finally, we provide a brief outlook on options to improve the cellular response to vaccines.
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1. Introduction


Vaccination is indispensable for infection control as has been demonstrated in the SARS-CoV-2 pandemic. Patients with malignancies are at particular risk for infection and vaccination is explicitly recommended [1,2], but humoral response to vaccination is often impaired due to disease and treatment. In contrast, cellular response, in particular T cellular response, has recently been recognized to be generally more robust than humoral response and possibly even more predictive for protection [3,4]. A literature search on the experience with vaccines prior to and during the SARS-CoV-2 pandemic in patients with cancer was performed. Search sources were the electronic databases MEDLINE/PubMed and Google Scholar; key search terms included “T cell response”, “cellular immune response”, “cancer”, “malignancy”, “SARS-CoV-2”, and “vaccination”. Relevant content was extracted and revised on the basis of an email-based discussion process.



In this review, we will describe what is known about the T cellular response to different types of vaccines in cancer patients, delineate the influence of certain types of cancer and/or the respective treatment, and finally, summarize what is currently known regarding the cellular response of patients with malignancies towards SAR-CoV-2 vaccines.




2. Characteristics of Cellular Vaccine Response


2.1. T Cell Populations Involved in Vaccine Response


Several types of T lymphocytes are deemed to play relevant roles in the cellular defense against vaccine-preventable infections [5,6]. These include antigen-specific CD8+ T cells, which kill human cells infected by the pathogen via release of cytotoxic enzymes such as granzyme B. Similarly, antigen-specific CD4+ T cells with the ability to kill infected cells have been described [7]. In addition, CD4+ T helper cells further support antibody production and cytokine secretion.



In general, the cellular response to vaccination is more robust and more reliably induced in vulnerable populations such as the elderly [3] or patients with comorbidities, even including patients without B cells [8], than the humoral response. Although the duration of T cell-induced protection is very variable and can be as short as six months [9], durable responses as long as three years after vaccination with an inactivated herpes zoster (HZ) vaccine have been described [10].



In addition, T cells are more likely to be cross-reactive to strains different from the vaccination strain or strains that caused a prior infection. This phenomenon was observed during the influenza H1N1 pandemic [11] in experimental set-ups of influenza infection [12], as well as recently in COVID-19 [13]. In the SARS-CoV-2 pandemic, recent data showed a reduced humoral immune response to variants of concern, in particular to delta, whereas T cell response did not differ, suggesting a cell-mediated protection from severe disease [8,14]. However, for the very recently emerged variant of concern, Omicron, this has yet to be confirmed. Generally, cross-reactive T cell responses may be induced and maintained by repeated vaccination [15].




2.2. Risk Factors for Reduced T Cell Vaccine Response


Most risk factors that have been reported to be associated with a reduced cellular response to vaccination are linked to immunosenescence. It is well known that older people develop reduced vaccine efficacy, and this has recently been confirmed in the COVID-19 vaccine trials [16,17,18]. Not surprisingly, similar effects have also been observed in cancer patients, both in serological [19] and clinical studies [20]. However, additional factors are likely to contribute to a reduced vaccine response. One of those is a reduction in the naïve T cell pool, contributing to a failure to expand clones on demand. This may be due to clonal expansions of memory T cells at the cost of naïve T cells. The majority of these memory T cells are CD8+ CD25−, which are often virus specific and have been associated with poor response to vaccination (for example in CMV persistence) [21,22,23].




2.3. Assessment of T Cell Vaccine Response


Several methods are commonly used to assess the cellular response to vaccination induced by T cells [5]. These include the quantification and characterization of pathogen-specific T cells as well as the estimation of the T cell function by cytokine measurement. For enumeration of antigen-specific T cells, flow-cytometrical approaches using tetramer-staining are commonly employed. This facilitates the assessment of the antigen-specific T cell activation levels by analyzing the co-expression of activation markers such as CD25 or CD40L. Additionally, cytotoxic activity can be measured on the cellular level by CD107a upregulation, and functionality can be assessed using intracellular cytokine staining (e.g., interferon gamma (IFNγ), interleukin-2 (IL-2), or tumor necrosis factor-α (TNFα)). Another method to measure the cytokine response on a single cell basis is the ELISPOT technique (typically IFNγ ELISPOT). This can be advanced by the fluorospot technique, which can analyze up to three analytes on one cell. On a broader level, cytokine concentrations can be measured in soluble samples. Here, platforms with >10 analytes are often implemented in modern laboratories. Novel techniques further use Omics approaches such as RNA-seq to detect up- or downregulation of proteins in activated T cells.



As most of these techniques are labor-intensive and time-consuming, few assays have found their way into clinical practice. By far the most frequently used test for vaccine induced T cell response is the IFNγ ELISPOT, which is reported by most diagnostic trials involving large patient populations [8,24,25,26].




2.4. T Cells as Correlates of Protection


An important issue is the correlation of the cellular response to vaccination with protection against vaccine-preventable infection and infectious disease. In a very early experimental trial, the presence of cytotoxic T cells elicited by prior infection was found to be more protective of influenza disease than the presence of antibodies. Additionally, T cells were found to be cross-reactive between strains and thus less susceptible to antigenic drift [12]. Another experimental trial inducing influenza infection in sero-negative healthy individuals confirmed the protective effect of pre-existing T cells (T helper cells in particular) on the duration and severity of symptoms [27]. These findings are supported by clinical observations: in a prospective diagnostic study during one influenza season comprising mostly elderly people, post-vaccination antibody titers were less useful in predicting protection from influenza infection than the induction of a cellular cytokine response [3]. Additionally, the protective role of cross-reactive T cells in naturally sero-negative healthy individuals on the severity of illness could be confirmed during the influenza H1N1 pandemic in 2009/2010 [11].



Data regarding T cells as correlates of protection in cancer patients are still scarce. However, there are indirect data supporting a significant role of cellular vaccine response in cancer patients. In several recent diagnostic studies, patients with hematological malignancies showed markedly reduced serological responses to the messenger ribonucleic acid (mRNA) vaccines against COVID-19 compared to patients with solid tumors [8,19,24]. Yet, despite these notable differences in serological vaccine response, the clinical vaccine efficacy of mRNA vaccines against COVID-19, as shown in a large clinical study comparing more than 20,000 immunocompromised with more than 60,000 immunocompetent people, was rather similar between patients with hematological malignancies and those with solid tumors (74% and 79%, resp.) [20]. Thus, it is conceivable that the cellular vaccine response may actually be more predictive as a correlate of protection in patients with cancer, similar to the observations made in the geriatric population [3].



Overview of Vaccines Used in Cancer Patients


Patients with malignancies are known to be at an increased risk for severe infections since the underlying malignancy and its treatment, ranging from steroids to hematopoietic cell transplantation (HCT), can cause profound suppression of both cellular and humoral immune responses [28,29,30]. Consequently, limitations in vaccine efficacy and immunogenicity are to be expected. However, while many studies report on the humoral responses to vaccination, much less is known about individual vaccine induced cell-based responses in immunocompromised patients [29,31,32,33,34]. Notably, recent publications suggest an important role for T cells [35,36,37,38], although the extent depends on the underlying disease and treatment.



Vaccines licensed for human use can be categorized according to the vaccine platform technology used for development. Classical platforms include live-attenuated pathogens (e.g., measles, rubella, mumps), inactivated pathogens (e.g., polio, first influenza vaccines), and (viral) protein platforms (e.g., influenza, human papillomavirus, hepatitis B), while new approaches, so-called next-generation vaccine platforms, are based on genome sequence information [39,40,41] and include mRNA vaccines as well as vector-based vaccines.





2.5. Cellular Responses Induced by Classical Vaccines


Live-attenuated vaccines consist of pathogens weakened by repetitive passages through non-human cell cultures. Mimicking natural infection, attenuated pathogens elicit a strong cellular and humoral immune response without causing a severe disease in healthy individuals [2,39,42,43]. In contrast, live-attenuated vaccines are contraindicated for use in immunocompromised individuals, as they have the capacity to uncontrolled replication and reversion to the wild phenotype, potentially causing lethal disease [2,44]. Inactivated pathogen vaccines are inactivated by irradiation, chemicals, or heat and are therefore less immunogenic when compared to live-attenuated vaccines. Here, the addition of an external adjuvant and booster vaccinations are ways to elicit a sufficiently strong immune response, even in immunocompetent individuals [39,45,46]. (Viral) protein-based vaccine platforms comprise subunit, split virus vaccines, and virus-like particles (VLP). They are developed by protein isolation and purification or recombinant synthesis [45]. While subunit protein vaccines contain surface glycoproteins, split virus vaccines contain both surface and internal proteins. Following vaccination, the pathogen is processed by antigen presenting cells (APC) and presented to adaptive immune cells inducing a humoral and cellular response [46]. VLP are empty virus particles presenting numeric copies of key viral structure proteins on their surface, inducing a strong antigen-specific immune response by interacting directly with APC [45]. Seasonal trivalent or quadrivalent influenza vaccines are protein-based and may contain either subunit products or split-virus products. While the humoral immune response is reported to be comparable following subunit or split virus vaccination, cellular immune response seems to be stronger in case of split virus vaccines [47,48,49]. Regarding SARS-CoV-2, several vaccines based on classical platforms already entered phase II/III clinical trials or in approval phase. Novavax is the first of these classical platform-based COVID-19 vaccines that received both approval by the Food and Drug Administration (FDA) and the European Medicines Agency (EMA). It is a recombinant subunit protein vaccine containing the adjuvant Matrix M1, which is known to stimulate the cell-mediated immune system [50,51]. A CD4+ T cell activation was measurable in all tested individuals, while the addition of M1 enhanced cell-mediated immune response with a strong bias towards a Th 1 phenotype [45,51]. Another of these classical vaccines is CoronaVac, an inactivated virus, alum-adjuvanted, vaccine. In addition to a humoral immune response, cellular immunogenicity was seen in the majority of recipients. Notably, in individuals without a measurable number of neutralizing antibodies, virus specific memory CD4+ and CD8+ T cells were detected [52]. A recently published phase I open-label trial on CoVac-1, a peptide-based vaccine, showed a SARS-CoV-2 specific CD4+, namely Th 1 phenotype, and CD8+ T cell response. To stimulate a stronger cellular immune response, an adjuvant (Montanide ISA 51—a water–oil emulsion) was added [53]. A plant-produced virus-like particle vaccine (CoVLP) was introduced by Ward et al., demonstrating both a humoral and cellular immunogenicity. Of note, again, immunogenicity was enhanced using an adjuvant [54].




2.6. Cellular Responses Induced by Nucleic Acid Vaccines


Nucleic acid vaccine platforms consist of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), encoding the vaccine antigen [39]. For subsequent processing, DNA vaccines must enter the nucleus, while mRNA vaccines only need to penetrate the cellular membrane [39,45]. Following processing of mRNA, antigens are presented to adaptive immune cells [45]. By now, two mRNA vaccines are licensed by FDA/EMA for human use, BNT162b2 and mRNA-1273, both known to elicit humoral and cellular immunogenicity in healthy individuals [33,55,56,57]. Upon vaccination with BNT162b2, a strong response of virus-specific Th1 and CD8+ T cells was reported, in some of them more than tenfold compared to responses to common viruses [33,56,57]. In individuals who received mRNA-1273, a strong CD4+ cytokine response involving Th1 cells was seen. In line with this, the response involving virus-specific Th 2 cells was only minimal [58]. A T cell response dominated by CD8+ T cells expressing both IFNɣ and TNFα was shown by preliminary data from a phase I trial on 40 healthy individuals who received INO-4800—a SARS-CoV-2 DNA vaccine [59]. Following official approval, several research groups assessed humoral and cell-mediated immune responses following mRNA vaccination in cancer patients. One common feature was a discordance in humoral and cellular immune response in specific patient groups. Whereas in the majority of immunocompetent patients the humoral and the T cell vaccine response correlated well, in B cell depleted patients a drastically reduced antibody response was observed, while about a third of these patients still had specific T cells. In contrast, patients after HCT showed a more pronounced reduction in T cellular response whilst preserving the antibody response [8,29,31,32,60,61,62]. Relevant factors impacting T cell vaccine-induced immune response beyond humoral response and vice versa are yet to be determined in studies of larger sample sizes.



Viral vector vaccines consist of an attenuated recombinant virus (vector virus), expressing genes encoding for specific epitopes [63]. Common vectors are adenovirus, measles, and vesicular stomatitis virus (VSV) [45]. Viral vector vaccines can induce robust humoral and cellular responses with a single dose. Notably, pre-existing immunity against a human viral vector can weaken the immune responses [45,64]. The first viral vector vaccine was approved in 2019. It is based on a recombinant VSV vector that contains the genetic information codifying for an Ebola glycoprotein [65]. With the SARS-CoV-2 pandemic, further viral vector vaccines were approved. All of them elicit specific CD8+ and Th1-biased CD4+ T cell responses in healthy individuals [64,66,67,68].





3. Cellular Immune Response to Vaccination with Classical Vaccines in Patients with Cancer—Special Patient Populations and Therapeutic Subgroups


3.1. Patients with Hematological Malignancies


Regarding the annual inactivated influenza vaccine, a vaccine-induced T cell response has been described. In a small cohort of 13 patients with myeloproliferative neoplasms (MPN), the percentages of naïve and active CD4+ T cells were measured prior, three weeks following, and three months following vaccination. Compared to healthy individuals, both naïve and active CD4+ T cells were significantly lower at baseline. In contrast, after three weeks, the number of naïve CD4+ T cells and, after three months, the number of active CD4+ T cells were significantly higher compared to healthy individuals, suggesting a delayed cellular immune response in this patient population [69]. Another study showed a similar T cell response increasing from day 50 in patients with hematological malignancies compared to healthy individuals [70].




3.2. High-Dose Therapy and Stem Cell Transplantation


Cellular immunogenicity of inactivated vaccines in patients with malignancies is best described in patients who underwent HCT. In the post-engraftment period following HCT, a marked decrease in cellular immunity is observed, most severely in allogeneic HCT patients [71,72]. T cell reconstitution after allogeneic HCT requires several months, especially in older patients and after myeloablative conditioning. It may be further hampered by graft-versus-host disease (GVHD) and immunosuppressive treatment [72]. Vaccination is therefore usually not recommended until at least six months after allogeneic HCT using inactivated vaccines and until at least two years using live vaccines [2,73]. In contrast, after autologous HCT, this long pause may not be necessary, as suggested by the data from the following studies.



For pneumococcal vaccination Locke et al. demonstrated that the conjugate vaccine Prevenar-13 (PCV-13), administered to patients with multiple myeloma before G-CSF mobilization and during the lymphopenic period up to 21 days after autologous HCT, elicited an increase in T helper cells and intracellular IFNγ and cytotoxic T cells [74]. A phase I/II observer-blind, randomized, and placebo-controlled trial investigated an adjuvanted recombinant subunit HZ vaccine in autologous HCT recipients. Cell-mediated immune response was measured by antigen-specific CD4+ T cell frequency. Compared to the control group (saline), cellular immune response was significantly higher in vaccinated patients. Notably, three doses was superior to two vaccine doses [75]. Other studies showed that heat-inactivated varicella zoster virus (VZV) vaccines in adult autologous HCT recipients elicited early recovery of T cell responses to the virus. Concomitantly, expression of INFγ, TNFα, and IL-10 was significantly higher among patients with virus-specific T cell proliferation [76,77]. The cellular immunogenicity correlated with a reduced risk of HZ [76]. Thus, a strong cellular response to vaccination seems to be achievable even relatively early after autologous HCT.



This strategy on early vaccination after autologous HCT was further pursued with recombinant VZV subunit or inactivated VZV vaccines [75,78,79,80]. The ZOE-HSCT randomized, placebo-controlled phase 3 trial demonstrated efficacy of a two-dose regimen of a recombinant VZV vaccine against VZV glycoprotein E administered 50–70 days after autologous HCT against development of HZ [80]. Cellular vaccine response, assessed by frequency of glycoprotein E specific CD4+ T cells expressing at least two activation markers, was achieved in 93% of patients in the vaccine group at one month after the second dose and declined to 71% after two years, while no increase in activated CD4+ T cells was observed in the placebo cohort post vaccination compared to prior to vaccination [80]. The V212-001 phase 3 trial evaluated a four-dose regimen of inactivated VZV vaccine administered prior as well as 30, 60, and 90 days after autologous HCT [78]. Cellular response to vaccination, assessed by IFNγ enzyme-linked immunospot assay, showed a ratio of estimated geometric mean fold rise (GMFR) in vaccine versus placebo group of 5.41 at four weeks after dose 4 and 3.32 at two years [79]. Compared to baseline, a GMFR of 1.85 was observed in vaccine recipients at four weeks after dose 4, which increased to 3.32 at two years, while estimated geometric mean count in the placebo group was actually lower at four weeks after dose 4 compared to baseline [79].



In a study investigating a two-dose regimen of inactivated H1N1 influenza vaccine in adult hematological patients, induction of a significant H1N1 specific T cell response was observed in the subgroup of allogeneic HCT patients [81]. Interestingly, T cell response did not differ significantly between patients and healthy controls [81].




3.3. Cellular Therapy and Monoclonal Antibodies


B cell depletion following anti-CD20 or anti-CD19 directed therapies, such as anti-CD20 monoclonal antibodies, anti-CD19 antibody drug conjugates (ADCs), or anti-CD19 chimeric antigen receptor (CAR) T cells, is generally assumed to impede an adequate response to vaccination. Current guidelines recommend forgoing vaccination until B cell recovery [2], as this is known to lead to dramatically reduced serological responses after vaccination [19,82]. In contrast, cellular response is less well studied in this patient population. Regarding protein- or polysaccharide-based inactivated vaccines, a small study evaluated response to vaccination with haemophilus influenzae conjugate vaccine and pneumococcal polysaccharide vaccine in patients with immune thrombocytopenia treated with rituximab versus placebo 6 months earlier [83]. Compared to the placebo cohort, significantly fewer INFγ-secreting T cells were observed in the rituximab cohort 4 weeks after vaccination. However, the T cell response was more robust than the antibody response, which was missing in about 70% of patients after rituximab [83].



A small clinical trial on immune response to vaccination with an inactivated VZV vaccine in patients with hematological malignancies treated with anti-CD20 monoclonal antibodies demonstrated a significant VZV-specific cellular immune response after dose 4, as measured by INFγ enzyme-linked immunospot [26]. In a cross-trial comparison to patients with hematological malignancies without anti-CD20 monoclonal antibodies, the strength of cellular immune response between the two patient populations was comparable [26,84].



In summary, a cellular immune response to vaccination can be achieved in B cell depleted patients, which seems to be decreased compared to healthy individuals but similar when compared to patients with hematological malignancies on other treatment regimens. Regarding the more recently approved plasma cell directed therapies, such as anti-CD38 monoclonal antibodies, anti-BCMA ADCs or bispecific antibodies, or anti-BCMA CAR T cells, far less is known on their impact on vaccine response, and most data come from recent studies analyzing response after COVID-19 vaccination, as described below.




3.4. Anti-Cancer Treatments: Chemotherapy, Immune Checkpoint Blockade and Small Molecules


The cellular response in patients undergoing chemotherapy was investigated in a phase II/III study including 232 patients with solid cancer who received an adjuvant recombinant HZ vaccine. In treatment-naïve patients, the first dose was scheduled 8 to 30 days before, and in patients currently under anticancer therapy, at the start of a treatment cycle. The second dose was administered with a subsequent chemotherapy cycle. An increase in antigen-specific CD4+ T cells was seen in both groups compared to placebo. Notably, the humoral response was higher in treatment-naïve patients [85]. In solid tumor patients receiving immune checkpoint inhibitors, vaccine-induced expression of H1N1-specific CD4+ and CD8+ T cells were more frequent compared to patients under conventional cytotoxic chemotherapy [86]. A further analysis on influenza vaccines included patients with metastatic renal cell cancer or GIST and healthy participants. Cellular immune response was measured at baseline and day 8. The majority of patients were treated with tyrosine kinase inhibitors (i.e., sunitinib or sorafenib). Functional T cell response was observed in all patients with the exception of a lower concentration of IFNɣ in patients treated with sorafenib [87]. Thus, little influence on the cellular immune response seems to be exerted at least by these types of small molecules.





4. Special Situation: Cellular Response to Vaccination against SARS-CoV-2 in Patients with Cancer


4.1. Patients with Hematological Malignancies


While most previous vaccination studies in cancer patients have mainly focused on serologic data [88,89,90,91], few also describe cellular responses to determine immunogenicity [92]. Regarding COVID-19 vaccines, several reports describe the dynamics of binding anti-SARS-CoV-2 antibodies. They observed a reduced serologic response in hematological patients [8,31,34,82,93,94,95]. The observed poor immunogenicity induced by COVID-19 vaccines in hematological patients is in line with other vaccines in this population such as hepatitis B, influenza, and pneumococcal vaccines.



A defined correlate of protection is still lacking for COVID-19 vaccines, but there are strong indications towards neutralizing antibodies as such against SARS-CoV-2 infection [96,97,98]. Yet, it is questionable if the serologic response can serve as reliable surrogate in a population with an impaired B cell axis.



As previous investigations in hematological and B-cell depleted patients revealed, the T cell response to SARS-CoV-2 infection and COVID-19 vaccination plays a vital role and may ensure protection even in the absence of either humoral or B cell response [35,60]. Agammaglobulinemia patients were shown to recover from COVID-19 without adequate serological responses, suggesting a T cell response to be sufficient for recovery from disease and even for mounting protection from infection [99,100]. An undetectable B cell and reduced T cell response in many hematological patients (ranging from 34.2 to 79.0%) compared to healthy controls or solid tumor patients has so far been reported [31,61,62,101,102]. Age (>65 years), active disease, immunosuppressive treatment for GvHD, and lymphopenia were associated with impaired cellular response.



Especially in patients treated with B cell depleting treatment, a significant dissociation between humoral and cellular response was observed, as many of those lack humoral response but were shown to have a SARS-CoV-2 specific T cell vaccine-induced immune response. In contrast, patients with immunosuppressive treatment (e.g., for GvHD) tend to have a stronger humoral, but reduced cellular response [62].



Few data suggest that heterologous vaccination [103] and a booster immunization could enhance T cell response especially in immunocompromised patients. It might thus be a reasonable approach to adapt the vaccination strategy for hematological patients and those with otherwise caused B cell depletion. It is reassuring that a high vaccine-induced T cell response is reported in immunocompromised patients, even if they fail to seroconvert. The underlying mechanism is yet to be determined. Regulatory B cells and antigen abundance due to antibody absence may subsequently modulate T cell activation and proliferation [104]. A more comprehensive picture by in-depth T cell analyses in this population may grant further insights.




4.2. Solid Malignancies


While hematological diseases are associated with impaired humoral and—partly—cellular vaccine immune responses, this is not necessarily the case for patients with solid malignancies. In a cohort of 180 patients with solid cancer, 90% of patients exhibited an adequate antibody response to the BNT162b2 vaccine, although their amounts of antibody titers were significantly lower than those of healthy controls [105]. Of note, 75% had metastatic disease demanding excessive treatment. Yet, further studies of similar size and with different distribution of solid cancer location showed lower seroconversion rates compared to healthy controls [106,107]. As the serological vaccine immune response depends on underlying disease and type of treatment, the same may be assumed for cellular response. The latter was shown to be impaired in many patients with solid cancer (46%) in a recent observation [31]. Although more recent studies describe higher rates (up to 89.5%) of achieved vaccine-induced cellular responses, they also describe substantially reduced magnitudes of vaccine-induced antibody and T cell responses in patients with cancer compared to healthy individuals [34,61]. Depending on the underlying disease and type of treatment, cancer patients also exhibited discordant immune responses and may have a T cell response even if failing seroconversion.



Of note, the third immunization may improve the cellular immune response to the vaccine [108], although this is considered controversial [34]. In a situation of increasing COVID-19 case numbers and novel variants of concern, this must be investigated in studies of larger scope to conclude clinical implications.




4.3. High Dose Therapy and Stem Cell Transplantation


In a prospective cohort study investigating safety and immunogenicity of the COVID-19 BNT162b2 vaccine in allogeneic transplant patients, 75% of patients, all at least 3 months after HCT and without severe GVHD, showed a serologic response, while a cellular vaccine response was only achieved in 19% of evaluable patients [62]. A positive correlation was observed between a higher CD4+/CD8+ ratio and a cellular response, although statistical power was hampered by small sample size [62]. Similarly, in a large cohort study on more than 100 allogeneic HCT patients vaccinated with two doses of BNT162b2 at a median of 30 months following transplant, cellular response to vaccination was significantly reduced [109]. The time interval between HCT and vaccine response assessment positively correlated with both humoral and cellular response [109]. In contrast, a smaller prospective study analyzing T cell responses to sequential COVID-19 vaccination, mostly mRNA-based, in allogeneic HCT patients reported a significantly positive impact of repeat vaccination with an increase in T cell response from only 35% of patients (after the first dose) to 82% (after the second dose) [110].




4.4. Cellular Therapy and Monoclonal Antibodies


Recent observations in COVID-19 vaccine response in patients with chronic lymphatic leukemia confirm the absence of development of (mRNA) vaccine antibody titers in case of treatment with anti-CD20 monoclonal antibodies within the last 12 months [82]. A recent study in patients with autoimmune disorders and a history of anti-CD20 directed therapies observed a cellular vaccine response after mRNA vaccination in 20% of patients [111]. However, the proportion of patients with cellular vaccine response was significantly lower than observed among healthy controls (75%) [111]. Of note, most patients had immunosuppressive co-medication, in particular steroids in nearly half of patients [111]. In contrast, in a small study of multiple sclerosis patients on active monotherapy with anti-CD20 monoclonal antibodies, all patients developed a CD4+ and CD8+ T cell response to vaccination with COVID-19 mRNA-based vaccines, which suggests that, in CLL, the underlying hematological disease might also play a role [60].



In a further cohort study on lymphoma patients with a history of anti-CD20 treatment, a cellular response to COVID-19 vaccination, mostly mRNA-based, was observed in 58% of evaluable patients with no association between T cell response and time to last anti-CD20 therapy [112]. A larger study evaluating response to COVID-19 mRNA vaccines in a cohort of cancer patients reported a SARS-CoV-2-specific T cell reactivity in 45% of patients with hematological cancer and 34% of patients with anti-CD20 therapies and notably observed no significant association between anti-CD20 therapy versus other types of therapies and T cell reactivity [31].



Following cellular therapy with anti-CD19 CAR T cells, a positive cellular response to BNT162b2 vaccination was observed in 50% of patients in a small prospective cohort trial, including patients without humoral response and complete B cell aplasia [62]. In multiple myeloma patients receiving either one of the COVID-19 mRNA vaccines or the vector-based vaccine AZD1222, treatment with anti-CD38 monoclonal antibodies or anti-BCMA ADCs was associated with significantly reduced humoral vaccine response [113,114]. With respect to cellular vaccine response, a small study on myeloma patients following COVID-19 mRNA vaccination found a similar SARS-CoV-2 specific CD4+ and CD8+ T cell response in seropositive myeloma patients and healthy controls, while seronegative myeloma patients showed significantly reduced CD4+ T cell responses [115]. In particular, active treatment with anti-CD38 monoclonal antibodies or anti-BCMA bispecific antibodies was associated with decreased CD4+ T cell responses, while patients treated with anti-BCMA CAR T cells mounted similar CD4+ T cell responses compared to myeloma patients receiving other therapies [115].




4.5. Anti-Cancer Treatments: Chemotherapy, Immune Checkpoint Blockade and Small Molecules


As vaccination studies tend to report mainly on humoral vaccine response, data on cellular vaccine response in specific subgroups of the large variety of anti-cancer therapies are scarce and often hampered by small sample size and insufficient statistical power. Given the unique challenge of the COVID-19 pandemic and the observation of strong cellular immune response in COVID-19 vaccines [56,64], recently, several studies on COVID-19 vaccination in cancer patient also report on cellular vaccine response and help to elucidate this issue.



The prospective VOICE trial reported on response to two-dose COVID-19 mRNA vaccination with mRNA-1273 in solid tumor patients [25]. A SARS-CoV-2 spike-specific IFNγ T cell response at four weeks after dose 2 was observed in 67% of evaluable patients with chemotherapy, 66% with immunotherapy, and 53% with chemoimmunotherapy, compared to 69% in controls [25]. Of particular interest, a cellular vaccine response was observed in 43% of serological non-responders and 47% of suboptimal responders among cancer patients [25].



To assess the impact of booster vaccination of mRNA-based COVID-19 vaccines in cancer patient on active immunosuppressive therapy, by the vast majority, cytotoxic chemotherapy, a prospective cohort study evaluated humoral and cellular response following one to three doses [34]. While the control cohort already showed a significant increase in INFγ producing T cells after the first dose compared to pre-vaccination, in cancer patients, a clear four-fold increase was only observed after the second dose, with T cell frequencies still significantly lower than observed in healthy controls [34]. Notably, while humoral vaccine response significantly improved after a third dose in cancer patients, no overall increase in T cell response could be observed following booster immunization [34]. This contrasts with a recent report from the UK showing that after a third vaccination dose specific T cell response increased from around 35% to around 73% in patients with solid tumors and hematological malignancies [108]. In particular, the T cell responses were more robust against variants of concern, therefore possibly providing a more durable protection [8,108].



A cohort study on the immunogenicity of COVID-19 vaccine BNT162b2 in cancer patients receiving immune checkpoint inhibitors either targeting programmed cell death protein 1 (PD-1) or programmed death-ligand 1 (PD-L1) showed a spike-specific T cell response, assessed by ELISpot, in 72% of patients after one dose and in 92% after the second dose [116]. Both CD4+ and CD8+ T cells were elicited by vaccination, and no significant correlation between increase in spike-specific T cells and time interval between start of immunotherapy and vaccination was observed [116]. A small study on patients with chronic myeloid leukemia under active treatment with tyrosine kinase inhibitors also reported highly promising humoral and cellular response to one dose of COVID-19 vaccine BNT162b2 with polyfunctional T cell responses observed in 80% of evaluable patients [117].



In summary, recent COVID-19 vaccination studies in patients with cancer have shown a depth of analysis that has not been reported before and provides important and novel evidence supporting the essential role of the T cellular response for protection against vaccine-preventable disease.





5. Development of Novel Vaccines


In light of the essential role of T cell response to vaccination, vaccines that specifically target this axis are needed for immunocompromised patients. Currently, such developments are under investigation. A novel COVID-19 vaccine consisting of several viral peptides and a TLR-1/2 agonist as adjuvant has shown promising activity in eliciting T cell responses [118,119]. Importantly, in first clinical trials, the vaccine CoVac1 is well tolerated and induces T cells to all viral strains tested so far [53]. This implies that protection from COVID-19 will be robust and durable even after antigenic shift caused by VOC. Further, it has been shown that heterologous prime-boost schedules favor T cell responses and may therefore be reasonable approaches for immunocompromised patients [120].




6. Conclusions and Outlook


Cellular response, in particular T cell response, is often more reliably induced in cancer patients than the antibody response. It may be a suitable correlate of protection and, further, more robust against the antigen drift and possible ensuing immune escape resulting from pathogen mutations. Novel vaccines developed especially for patients with impaired immune response may take this into account.







Author Contributions


M.M.R., N.G. and M.v.L.-T. conceived the review, collected the literature, and wrote and revised the manuscript, S.C.M. and C.T.R. revised the manuscript and updated the literature search. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


MMR reports travel support from Janssen Cilag and research funding from IZKF Jena, NG reports honoraria from MSD and abbvie, SM reports research funding by DZIF (DZIF Clinical Leave Stipend), CR reports honoraria and travel support vom abbVie, AstraZeneca, BioNTech, BMS, Gilead, GSK, Janssen, MSD, Pfizer, Sanofi. MvLT reports honoraria and travel support from Celgene, Gilead, Chugai, Janssen, Novartis, Amgen, Takeda, BMS, Medac, Oncopeptides, Merck, CDDF, abbvie, AstraZeneca, Pfizer, Thermofisher, GSK and research funding from BMBF, DFG, Novartis, Gilead, Deutsche Krebshilfe, Celgene, Oncopeptides.




References


	



Giesen, N.; Sprute, R.; Rüthrich, M.; Khodamoradi, Y.; Mellinghoff, S.C.; Beutel, G.; Lueck, C.; Koldehoff, M.; Hentrich, M.; Sandherr, M.; et al. 2021 update of the AGIHO guideline on evidence-based management of COVID-19 in patients with cancer regarding diagnostics, viral shedding, vaccination and therapy. Eur. J. Cancer. 2021, 147, 154–160. [Google Scholar] [CrossRef] [PubMed]

	



Rieger, C.T.; Liss, B.; Mellinghoff, S.; Buchheidt, D.; Cornely, O.A.; Egerer, G.; Heinz, W.J.; Hentrich, M.; Maschmeyer, G.; Mayer, K.; et al. Anti-infective vaccination strategies in patients with hematologic malignancies or solid tumors-Guideline of the Infectious Diseases Working Party (AGIHO) of the German Society for Hematology and Medical Oncology (DGHO). Ann. Oncol. 2018, 29, 1354–1365. [Google Scholar] [CrossRef] [PubMed]

	



McElhaney, J.E.; Xie, D.; Hager, W.D.; Barry, M.B.; Wang, Y.; Kleppinger, A.; Ewen, C.; Kane, K.P.; Bleackley, R.C. T cell responses are better correlates of vaccine protection in the elderly. J. Immunol. 2006, 176, 6333–6339. [Google Scholar] [CrossRef]

	



Wyllie, D.; Mulchandani, R.; Jones, H.E.; Taylor-Phillips, S.; Brooks, T.; Charlett, A.; Ades, A.E.; EDSAB-HOME Investigators; Makin, A.; Oliver, I.; et al. SARS-CoV-2 responsive T cell numbers are associated with protection from COVID-19: A prospective cohort study in keyworkers. MedRxiv Prepr. Serv. Health Sci. 2020. [Google Scholar] [CrossRef]

	



Flaxman, A.; Ewer, K.J. Methods for Measuring T-Cell Memory to Vaccination: From Mouse to Man. Vaccines 2018, 6, 43. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, H.L.; Amara, R.R. T cell vaccines for microbial infections. Nat. Med. 2005, 11, S25–S32. [Google Scholar] [CrossRef] [PubMed]

	



Takeuchi, A.; Saito, T. CD4 CTL, a Cytotoxic Subset of CD4(+) T Cells, Their Differentiation and Function. Front. Immunol. 2017, 8, 194. [Google Scholar] [CrossRef]

	



Fendler, A.; Shepherd, S.T.C.; Au, L.; Wilkinson, K.A.; Wu, M.; Byrne, F.; Cerrone, M.; Schmitt, A.M.; Joharatnam-Hogan, N.; Shum, B.; et al. Adaptive immunity and neutralizing antibodies against SARS-CoV-2 variants of concern following vaccination in patients with cancer: The CAPTURE study. Nat. Cancer 2021, 2, 1305–1320. [Google Scholar] [CrossRef]

	



McElhaney, J.E. Influenza vaccination in the elderly: Seeking new correlates of protection and improved vaccines. Aging Health 2008, 4, 603–613. [Google Scholar] [CrossRef]

	



Cunningham, A.L.; Heineman, T.C.; Lal, H.; Godeaux, O.; Chlibek, R.; Hwang, S.J.; McElhaney, J.E.; Vesikari, T.; Andrews, C.; Choi, W.S.; et al. Immune Responses to a Recombinant Glycoprotein E Herpes Zoster Vaccine in Adults Aged 50 Years or Older. J. Infect. Dis. 2018, 217, 1750–1760. [Google Scholar] [CrossRef]

	



Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; Deeks, J.J.; Lalvani, A. Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 2013, 19, 1305–1312. [Google Scholar] [CrossRef] [PubMed]

	



McMichael, A.J.; Gotch, F.M.; Noble, G.R.; Beare, P.A. Cytotoxic T-cell immunity to influenza. N. Engl. J. Med. 1983, 309, 13–17. [Google Scholar] [CrossRef] [PubMed]

	



Tarke, A.; Sidney, J.; Methot, N.; Yu, E.D.; Zhang, Y.; Dan, J.M.; Goodwin, B.; Rubiro, P.; Sutherland, A.; Wang, E.; et al. Impact of SARS-CoV-2 variants on the total CD4(+) and CD8(+) T cell reactivity in infected or vaccinated individuals. Cell Rep. Med. 2021, 2, 100355. [Google Scholar] [CrossRef] [PubMed]

	



Geers, D.; Shamier, M.C.; Bogers, S.; den Hartog, G.; Gommers, L.; Nieuwkoop, N.N.; Schmitz, K.S.; Rijsbergen, L.C.; van Osch, J.A.T.; Dijkhuizen, E.; et al. SARS-CoV-2 variants of concern partially escape humoral but not T-cell responses in COVID-19 convalescent donors and vaccinees. Sci. Immunol. 2021, 6, eabj1750. [Google Scholar] [CrossRef]

	



Trieu, M.C.; Zhou, F.; Lartey, S.; Jul-Larsen, Å.; Mjaaland, S.; Sridhar, S.; Cox, R.J. Long-term Maintenance of the Influenza-Specific Cross-Reactive Memory CD4+ T-Cell Responses Following Repeated Annual Influenza Vaccination. J. Infect. Dis. 2017, 215, 740–749. [Google Scholar] [CrossRef]

	



Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [Google Scholar] [CrossRef]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef]

	



Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat, Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [Google Scholar] [CrossRef]

	



Maneikis, K.; Šablauskas, K.; Ringelevičiūtė, U.; Vaitekėnaitė, V.; Čekauskienė, R.; Kryžauskaitė, L.; Naumovas, D.; Banys, V.; Pečeliūnas, V.; Beinortas, T.; et al. Immunogenicity of the BNT162b2 COVID-19 mRNA vaccine and early clinical outcomes in patients with haematological malignancies in Lithuania: A national prospective cohort study. Lancet Haematol. 2021, 8, e583–e592. [Google Scholar] [CrossRef]

	



Embi, P.J.; Levy, M.E.; Naleway, A.L.; Patel, P.; Gaglani, M.; Natarajan, K.; Dascomb, K.; Ong, T.C.; Klein, N.P.; Liao, I.C.; et al. Effectiveness of 2-Dose Vaccination with mRNA COVID-19 Vaccines Against COVID-19-Associated Hospitalizations Among Immunocompromised Adults—Nine States, January-September 2021. MMWR 2021, 70, 1553–1559. [Google Scholar] [CrossRef]

	



Saurwein-Teissl, M.; Lung, T.L.; Marx, F.; Gschosser, C.; Asch, E.; Blasko, I.; Parson, W.; Bock, G.; Schonitzer, D.; Trannoy, E.; et al. Lack of antibody production following immunization in old age: Association with CD8(+)CD28(−) T cell clonal expansions and an imbalance in the production of Th1 and Th2 cytokines. J. Immunol. 2002, 168, 5893–5899. [Google Scholar] [CrossRef] [PubMed]

	



Almanzar, G.; Schwaiger, S.; Jenewein, B.; Keller, M.; Herndler-Brandstetter, D.; Würzner, R.; Schönitzer, D.; Grubeck-Loebenstein, B. Long-term cytomegalovirus infection leads to significant changes in the composition of the CD8+ T-cell repertoire, which may be the basis for an imbalance in the cytokine production profile in elderly persons. J. Virol. 2005, 79, 3675–3683. [Google Scholar] [CrossRef] [PubMed]

	



Goronzy, J.J.; Fulbright, J.W.; Crowson, C.S.; Poland, G.A.; O’Fallon, W.M.; Weyand, C.M. Value of immunological markers in predicting responsiveness to influenza vaccination in elderly individuals. J. Virol. 2001, 75, 12182–12187. [Google Scholar] [CrossRef] [PubMed]

	



Fendler, A.; Au, L.; Shepherd, S.; Byrne, F.; Cerrone, M.; Boos, L.; Rzeniewicz, K.; Gordon, W.; Shum, B.; Gerard, C.; et al. Functional antibody and T-cell immunity following SARS-CoV-2 infection, including by variants of concern, in patients with cancer: The CAPTURE study. Nat. Cancer 2021, 2, 1321–1337. [Google Scholar] [CrossRef] [PubMed]

	



Oosting, S.F.; van der Veldt, A.A.M.; GeurtsvanKessel, C.H.; Fehrmann, R.S.N.; van Binnendijk, R.S.; Dingemans, A.C.; Smit, E.F.; Hiltermann, T.J.N.; den Hartog, G.; Jalving, M.; et al. mRNA-1273 COVID-19 vaccination in patients receiving chemotherapy, immunotherapy, or chemoimmunotherapy for solid tumours: A prospective, multicentre, non-inferiority trial. Lancet Oncol. 2021, 22, 1681–1691. [Google Scholar] [CrossRef]

	



Parrino, J.; McNeil, S.A.; Lawrence, S.J.; Kimby, E.; Pagnoni, M.F.; Stek, J.E.; Zhao, Y.; Chan, I.S.; Kaplan, S.S. Safety and immunogenicity of inactivated varicella-zoster virus vaccine in adults with hematologic malignancies receiving treatment with anti-CD20 monoclonal antibodies. Vaccine 2017, 35, 1764–1769. [Google Scholar] [CrossRef]

	



Wilkinson, T.M.; Li, C.K.; Chui, C.S.; Huang, A.K.; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, A.; Oxford, J.; Nicholas, B.; et al. Preexisting influenza-specific CD4+ T cells correlate with disease protection against influenza challenge in humans. Nat. Med. 2012, 18, 274–280. [Google Scholar] [CrossRef]

	



Brydak, L.B.; Calbecka, M. Immunogenicity of influenza vaccine in patients with hemato-oncological disorders. Leuk. Lymphoma 1999, 32, 369–374. [Google Scholar] [CrossRef]

	



Malard, F.; Gaugler, B.; Gozlan, J.; Bouquet, L.; Fofana, D.; Siblany, L.; Eshagh, D.; Adotevi, O.; Laheurte, C.; Ricard, L.; et al. Weak immunogenicity of SARS-CoV-2 vaccine in patients with hematologic malignancies. Blood Cancer J. 2021, 11, 142. [Google Scholar] [CrossRef]

	



Ogonek, J.; Juric, M.K.; Ghimire, S.; Varanasi, P.; Holler, E.; Greinix, H.; Weissinger, E. Immune Reconstitution after Allogeneic Hematopoietic Stem Cell Transplantation. Front. Immunol. 2016, 7, 507. [Google Scholar] [CrossRef]

	



Ehmsen, S.; Asmussen, A.; Jeppesen, S.S.; Nilsson, A.C.; Østerlev, S.; Vestergaard, H.; Justesen, U.S.; Johansen, I.S.; Frederiksen, H.; Ditzel, H.J. Antibody and T cell immune responses following mRNA COVID-19 vaccination in patients with cancer. Cancer Cell 2021, 39, 1034–1036. [Google Scholar] [CrossRef] [PubMed]

	



McKenzie, D.R.; Muñoz-Ruiz, M.; Monin, L.; Alaguthurai, T.; Lechmere, T.; Abdul-Jawad, S.; Graham, C.; Pollock, E.; Graham, R.; Sychowska, K.; et al. Humoral and cellular immunity to delayed second dose of SARS-CoV-2 BNT162b2 mRNA vaccination in patients with cancer. Cancer Cell 2021, 39, 1445–1447. [Google Scholar] [CrossRef] [PubMed]

	



Sahin, U.; Muik, A.; Derhovanessian, E.; Vogler, I.; Kranz, L.M.; Vormehr, M.; Baum, A.; Pascal, K.; Quandt, J.; Maurus, D.; et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 2020, 586, 594–599. [Google Scholar] [CrossRef] [PubMed]

	



Shroff, R.T.; Chalasani, P.; Wei, R.; Pennington, D.; Quirk, G.; Schoenle, M.V.; Peyton, K.L.; Uhrlaub, J.L.; Ripperger, T.J.; Jergovic, M.; et al. Immune responses to two and three doses of the BNT162b2 mRNA vaccine in adults with solid tumors. Nat. Med. 2021, 27, 2002–2011. [Google Scholar] [CrossRef] [PubMed]

	



Bange, E.M.; Han, N.A.; Wileyto, P.; Kim, J.Y.; Gouma, S.; Robinson, J.; Greenplate, A.R.; Hwee, M.A.; Porterfield, F.; Owoyemi, O.; et al. CD8+ T cells contribute to survival in patients with COVID-19 and hematologic cancer. Nat. Med. 2021, 27, 1280–1289. [Google Scholar] [CrossRef] [PubMed]

	



Dan, J.M.; Mateus, J.; Kato, Y.; Hastie, K.M.; Yu, E.D.; Faliti, C.E.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al. Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [Google Scholar] [CrossRef] [PubMed]

	



Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Strålin, K.; Gorin, J.-B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic, G.; Muschiol, S.; et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic or Mild COVID-19. Cell 2020, 183, 158–168.e14. [Google Scholar] [CrossRef]

	



Saad Albichr, I.; De Greef, J.; Van Den Neste, E.; Poire, X.; Havelange, V.; Vekemans, M.C.; Bailly, S.; Yombi, J.C.; Mzougui, S.; Scohy, A.; et al. Cellular response to COVID-19 vaccines in hematologic malignancies patients: A new hope for non-responders? Leuk. Lymphoma 2021, 1–4. [Google Scholar] [CrossRef]

	



Van Riel, D.; De Wit, E. Next-generation vaccine platforms for COVID-19. Nat. Mater. 2020, 19, 810–812. [Google Scholar] [CrossRef]

	



Gilbert, S.C. T-cell-inducing vaccines—What’s the future. Immunology 2011, 135, 19–26. [Google Scholar] [CrossRef]

	



Plotkin, S.A. Vaccines: The Fourth Century. Clin. Vaccine Immunol. 2009, 16, 1709–1719. [Google Scholar] [CrossRef] [PubMed]

	



Mohn, K.G.-I.; Bredholt, G.; Brokstad, K.A.; Pathirana, R.D.; Aarstad, H.J.; Tøndel, C.; Cox, R.J. Longevity of B-Cell and T-Cell Responses After Live Attenuated Influenza Vaccination in Children. J. Infect. Dis. 2014, 211, 1541–1549. [Google Scholar] [CrossRef] [PubMed]

	



Weiskopf, D.; Angelo, M.A.; Bangs, D.J.; Sidney, J.; Paul, S.; Peters, B.; De Silva, A.D.; Lindow, J.; Diehl, S.; Whitehead, S.; et al. The Human CD8+ T Cell Responses Induced by a Live Attenuated Tetravalent Dengue Vaccine Are Directed against Highly Conserved Epitopes. J. Virol. 2014, 89, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Arvas, A. Vaccination in patients with immunosuppression. Turk. Pediatri. Ars. 2014, 49, 181–185. [Google Scholar] [CrossRef] [PubMed]

	



Kyriakidis, N.C.; López-Cortés, A.; González, E.V.; Grimaldos, A.B.; Prado, E.O. SARS-CoV-2 vaccines strategies: A comprehensive review of phase 3 candidates. npj Vaccines 2021, 6, 1–17. [Google Scholar] [CrossRef]

	



McElhaney, J.E.; Kuchel, G.; Zhou, X.; Swain, S.L.; Ehaynes, L. T-Cell Immunity to Influenza in Older Adults: A Pathophysiological Framework for Development of More Effective Vaccines. Front. Immunol. 2016, 7, 41. [Google Scholar] [CrossRef]

	



Co, M.D.T.; Orphin, L.; Cruz, J.; Pazoles, P.; Green, K.M.; Potts, J.; Leporati, A.M.; Babon, J.A.B.; Evans, J.E.; Ennis, F.A.; et al. In vitro evidence that commercial influenza vaccines are not similar in their ability to activate human T cell responses. Vaccine 2009, 27, 319–327. [Google Scholar] [CrossRef]

	



Dolfi, D.V.; Mansfield, K.D.; Kurupati, R.K.; Kannan, S.; Doyle, S.A.; Ertl, H.C.J.; Schmader, K.E.; Wherry, E.J. Vaccine-Induced Boosting of Influenza Virus-Specific CD4 T Cells in Younger and Aged Humans. PLoS ONE 2013, 8, e77164. [Google Scholar] [CrossRef]

	



Bernstein, E. Cytokine production after influenza vaccination in a healthy elderly population. Vaccine 1998, 16, 1722–1731. [Google Scholar] [CrossRef]

	



Rajput, Z.I.; Hu, S.-H.; Xiao, C.-W.; Arijo, A.G. Adjuvant effects of saponins on animal immune responses. J. Zhejiang Univ. Sci. B 2007, 8, 153–161. [Google Scholar] [CrossRef]

	



Keech, C.; Albert, G.; Cho, I.; Robertson, A.; Reed, P.; Neal, S.; Plested, J.S.; Zhu, M.; Cloney-Clark, S.; Zhou, H.; et al. Phase 1–2 Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N. Engl. J. Med. 2020, 383, 2320–2332. [Google Scholar] [CrossRef]

	



Chen, Y.; Yin, S.; Tong, X.; Tao, Y.; Ni, J.; Pan, J.; Li, M.; Wan, Y.; Mao, M.; Xiong, Y.; et al. Dynamic SARS-CoV-2-specific B-cell and T-cell responses following immunization with an inactivated COVID-19 vaccine. Clin. Microbiol. Infect. 2021. [Google Scholar] [CrossRef]

	



Heitmann, J.S.; Bilich, T.; Tandler, C.; Nelde, A.; Maringer, Y.; Marconato, M.; Reusch, J.; Jager, S.; Denk, M.; Richter, M.; et al. A COVID-19 peptide vaccine for the induction of SARS-CoV-2 T cell immunity. Nature 2021, 1–9. [Google Scholar] [CrossRef]

	



Ward, B.J.; Gobeil, P.; Séguin, A.; Atkins, J.; Boulay, I.; Charbonneau, P.-Y.; Couture, M.; D’Aoust, M.-A.; Dhaliwall, J.; Finkle, C.; et al. Phase 1 randomized trial of a plant-derived virus-like particle vaccine for COVID-19. Nat. Med. 2021, 27, 1071–1078. [Google Scholar] [CrossRef]

	



Painter, M.M.; Mathew, D.; Goel, R.R.; Apostolidis, S.A.; Pattekar, A.; Kuthuru, O.; Baxter, A.E.; Herati, R.S.; Oldridge, D.A.; Gouma, S.; et al. Rapid induction of antigen-specific CD4+ T cells is associated with coordinated humoral and cellular immune responses to SARS-CoV-2 mRNA vaccination. Immunity 2021, 54, 2133–2142.e3. [Google Scholar] [CrossRef]

	



Sahin, U.; Muik, A.; Vogler, I.; Derhovanessian, E.; Kranz, L.M.; Vormehr, M.; Quandt, J.; Bidmon, N.; Ulges, A.; Baum, A.; et al. BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans. Nature 2021, 595, 572–577. [Google Scholar] [CrossRef]

	



Kalimuddin, S.; Tham, C.Y.L.; Qui, M.; de Alwis, R.; Sim, J.X.Y.; Lim, J.M.E.; Tan, H.-C.; Syenina, A.; Zhang, S.L.; Le Bert, N.; et al. Early T cell and binding antibody responses are associated with COVID-19 RNA vaccine efficacy onset. Med 2021, 2, 682–688.e4. [Google Scholar] [CrossRef]

	



Anderson, E.J.; Rouphael, N.G.; Widge, A.T.; Jackson, L.A.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.; Stevens, L.J.; Pruijssers, A.J.; et al. Safety and Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 2020, 383, 2427–2438. [Google Scholar] [CrossRef]

	



Tebas, P.; Yang, S.; Boyer, J.D.; Reuschel, E.L.; Patel, A.; Christensen-Quick, A.; Andrade, V.M.; Morrow, M.P.; Kraynyak, K.; Agnes, J.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label, Phase 1 clinical trial. eClinicalMedicine 2021, 31, 100689. [Google Scholar] [CrossRef]

	



Apostolidis, S.A.; Kakara, M.; Painter, M.M.; Goel, R.R.; Mathew, D.; Lenzi, K.; Rezk, A.; Patterson, K.R.; Espinoza, D.A.; Kadri, J.C.; et al. Cellular and humoral immune responses following SARS-CoV-2 mRNA vaccination in patients with multiple sclerosis on anti-CD20 therapy. Nat. Med. 2021, 27, 1990–2001. [Google Scholar] [CrossRef]

	



Mairhofer, M.; Kausche, L.; Kaltenbrunner, S.; Ghanem, R.; Stegemann, M.; Klein, K.; Pammer, M.; Rauscher, I.; Salzer, H.J.; Doppler, S.; et al. Humoral and cellular immune responses in SARS-CoV-2 mRNA-vaccinated patients with cancer. Cancer Cell 2021, 39, 1171–1172. [Google Scholar] [CrossRef] [PubMed]

	



Ram, R.; Hagin, D.; Kikozashvilli, N.; Freund, T.; Amit, O.; Bar-On, Y.; Beyar-Katz, O.; Shefer, G.; Moshiashvili, M.M.; Karni, C.; et al. Safety and Immunogenicity of the BNT162b2 mRNA COVID-19 Vaccine in Patients after Allogeneic HCT or CD19-based CART therapy—A Single-Center Prospective Cohort Study. Transplant. Cell. Ther. 2021, 27, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Krause, A.; Worgall, S. Delivery of antigens by viral vectors for vaccination. Ther. Deliv. 2011, 2, 51–70. [Google Scholar] [CrossRef] [PubMed]

	



Sadoff, J.; Le Gars, M.; Shukarev, G.; Heerwegh, D.; Truyers, C.; de Groot, A.M.; Stoop, J.; Tete, S.; Van Damme, W.; Leroux-Roels, I.; et al. Interim Results of a Phase 1–2a Trial of Ad26.COV2.S Covid-19 Vaccine. N. Engl. J. Med. 2021, 384, 1824–1835. [Google Scholar] [CrossRef] [PubMed]

	



Monath, T.P.; Fast, P.E.; Modjarrad, K.; Clarke, D.K.; Martin, B.K.; Fusco, J.; Nichols, R.; Heppner, D.G.; Simon, J.K.; Dubey, S.; et al. rVSVΔG-ZEBOV-GP (also designated V920) recombinant vesicular stomatitis virus pseudotyped with Ebola Zaire Glycoprotein: Standardized template with key considerations for a risk/benefit assessment. Vaccine X 2019, 1, 100009. [Google Scholar] [CrossRef] [PubMed]

	



Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al. Durable Humoral and Cellular Immune Responses 8 Months after Ad26.COV2.S Vaccination. N. Engl. J. Med. 2021, 385, 951–953. [Google Scholar] [CrossRef]

	



Ewer, K.J.; Barrett, J.R.; Belij-Rammerstorfer, S.; Sharpe, H.; Makinson, R.; Morter, R.; Flaxman, A.; Wright, D.; Bellamy, D.; Bittaye, M.; et al. T cell and antibody responses induced by a single dose of ChAdOx1 nCoV-19 (AZD1222) vaccine in a phase 1/2 clinical trial. Nat. Med. 2020, 27, 270–278. [Google Scholar] [CrossRef]

	



Logunov, D.Y.; Dolzhikova, I.V.; Zubkova, O.V.; Tukhvatullin, A.I.; Shcheblyakov, D.V.; Dzharullaeva, A.S.; Grousova, D.M.; Erokhova, A.S.; Kovyrshina, A.V.; Botikov, A.G.; et al. Safety and immunogenicity of an rAd26 and rAd5 vector-based heterologous prime-boost COVID-19 vaccine in two formulations: Two open, non-randomised phase 1/2 studies from Russia. Lancet 2020, 396, 887–897. [Google Scholar] [CrossRef]

	



Alimam, S.; Timms, J.A.; Harrison, C.N.; Dillon, R.; Mare, T.; DeLavallade, H.; Radia, D.; Woodley, C.; Francis, Y.; Sanchez, K.; et al. Altered immune response to the annual influenza A vaccine in patients with myeloproliferative neoplasms. Br. J. Haematol. 2020, 193, 150–154. [Google Scholar] [CrossRef]

	



Mariotti, J.; Spina, F.; Carniti, C.; Anselmi, G.; Lucini, D.; Vendramin, A.; Pregliasco, F.; Corradini, P. Long-term patterns of humoral and cellular response after vaccination against influenza A (H1N1) in patients with hematologic malignancies. Eur. J. Haematol. 2012, 89, 111–119. [Google Scholar] [CrossRef]

	



Nucci, M.; Anaissie, E. Infections in Patients with Multiple Myeloma in the Era of High-Dose Therapy and Novel Agents. Clin. Infect. Dis. 2009, 49, 1211–1225. [Google Scholar] [CrossRef] [PubMed]

	



Seggewiss, R.; Einsele, H. Immune reconstitution after allogeneic transplantation and expanding options for immunomodulation: An update. Blood 2010, 115, 3861–3868. [Google Scholar] [CrossRef] [PubMed]

	



Ullmann, A.J.; on behalf of the Infectious Diseases Working Party of the German Society for Hematology and Medical Oncology (AGIHO/DGHO) and the DAG-KBT (German Working Group for Blood and Marrow Transplantation); Schmidt-Hieber, M.; Bertz, H.; Heinz, W.J.; Kiehl, M.; Krüger, W.; Mousset, S.; Neuburger, S.; Neumann, S.; et al. Infectious diseases in allogeneic haematopoietic stem cell transplantation: Prevention and prophylaxis strategy guidelines 2016. Blut 2016, 95, 1435–1455. [Google Scholar] [CrossRef]

	



Locke, F.L.; Menges, M.; Nishihori, T.; Nwoga, C.; Alsina, M.; Anasetti, C. Boosting humoral and cellular immunity to pneumococcus by vaccination before and just after autologous transplant for myeloma. Bone Marrow Transplant. 2015, 51, 291–294. [Google Scholar] [CrossRef]

	



Stadtmauer, E.A.; Sullivan, K.M.; Marty, F.M.; Dadwal, S.S.; Papanicolaou, G.A.; Shea, T.C.; Mossad, S.B.; Andreadis, C.; Young, J.-A.H.; Buadi, F.K.; et al. A phase 1/2 study of an adjuvanted varicella-zoster virus subunit vaccine in autologous hematopoietic cell transplant recipients. Blood 2014, 124, 2921–2929. [Google Scholar] [CrossRef]

	



Hata, A.; Asanuma, H.; Rinki, M.; Sharp, M.; Wong, R.M.; Blume, K.; Arvin, A.M. Use of an Inactivated Varicella Vaccine in Recipients of Hematopoietic-Cell Transplants. N. Engl. J. Med. 2002, 347, 26–34. [Google Scholar] [CrossRef]

	



Redman, R.L.; Nader, S.; Zerboni, L.; Liu, C.; Wong, R.M.; Brown, B.W.; Arvin, A.M. Early reconstitution of immunity and decreased severity of herpes zoster in bone marrow transplant recipients immunized with inactivated varicella vaccine. J. Infect. Dis. 1997, 176, 578–585. [Google Scholar] [CrossRef]

	



Winston, D.J.; Mullane, K.M.; Cornely, O.A.; Boeckh, M.J.; Brown, J.W.; Pergam, S.A.; Trociukas, I.; Žák, P.; Craig, M.D.; Papanicolaou, G.; et al. Inactivated varicella zoster vaccine in autologous haemopoietic stem-cell transplant recipients: An international, multicentre, randomised, double-blind, placebo-controlled trial. Lancet 2018, 391, 2116–2127. [Google Scholar] [CrossRef]

	



Boeckh, M.J.; Arvin, A.M.; Mullane, K.M.; Camacho, L.H.; Winston, D.J.; Morrison, V.A.; Hurtado, K.; Hall, J.D.; Pang, L.; Su, S.-C.; et al. Immunogenicity of Inactivated Varicella Zoster Vaccine in Autologous Hematopoietic Stem Cell Transplant Recipients and Patients with Solid or Hematologic Cancer. Open Forum Infect. Dis. 2020, 7, ofaa172. [Google Scholar] [CrossRef]

	



Bastidas, A.; DE LA Serna, J.; El Idrissi, M.; Oostvogels, L.; Quittet, P.; López-Jiménez, J.; Vural, F.; Pohlreich, D.; Zuckerman, T.; Issa, N.C.; et al. Effect of Recombinant Zoster Vaccine on Incidence of Herpes Zoster After Autologous Stem Cell Transplantation. JAMA 2019, 322, 123–133. [Google Scholar] [CrossRef]

	



de Lavallade, H.; Garland, P.; Sekine, T.; Hoschler, K.; Marin, D.; Stringaris, K.; Loucaides, E.; Howe, K.; Szydlo, R.; Kanfer, E.; et al. Repeated vaccination is required to optimize seroprotection against H1N1 in the immunocompromised host. Haematologica 2010, 96, 307–314. [Google Scholar] [CrossRef] [PubMed]

	



Herishanu, Y.; Avivi, I.; Aharon, A.; Shefer, G.; Levi, S.; Bronstein, Y.; Morales, M.; Ziv-Baran, T.; Arbel, Y.S.; Scarfò, L.; et al. Efficacy of the BNT162b2 mRNA COVID-19 vaccine in patients with chronic lymphocytic leukemia. Blood 2021, 137, 3165–3173. [Google Scholar] [CrossRef] [PubMed]

	



Nazi, I.; Kelton, J.G.; Larche, M.; Snider, D.P.; Heddle, N.M.; Crowther, M.A.; Cook, R.J.; Tinmouth, A.T.; Mangel, J.; Arnold, D.M. The effect of rituximab on vaccine responses in patients with immune thrombocytopenia. Blood 2013, 122, 1946–1953. [Google Scholar] [CrossRef] [PubMed]

	



Mullane, K.M.; Winston, D.J.; Wertheim, M.S.; Betts, R.F.; Poretz, D.M.; Camacho, L.H.; Pergam, S.A.; Mullane, M.R.; Stek, J.E.; Sterling, T.M.; et al. Safety and Immunogenicity of Heat-Treated Zoster Vaccine (ZVHT) in Immunocompromised Adults. J. Infect. Dis. 2013, 208, 1375–1385. [Google Scholar] [CrossRef] [PubMed]

	



Vink, P.; Mingorance, I.D.; Alonso, C.M.; Rubio-Viqueira, B.; Jung, K.H.; Moreno, J.F.R.; Grande, E.; Gonzalez, D.M.; Lowndes, S.; Puente, J.; et al. Immunogenicity and safety of the adjuvanted recombinant zoster vaccine in patients with solid tumors, vaccinated before or during chemotherapy: A randomized trial. Cancer 2019, 125, 1301–1312. [Google Scholar] [CrossRef] [PubMed]

	



Kang, C.K.; Kim, H.-R.; Song, K.-H.; Keam, B.; Choi, S.J.; Choe, P.G.; Kim, E.S.; Kim, N.J.; Kim, Y.J.; Park, W.B.; et al. Cell-Mediated Immunogenicity of Influenza Vaccination in Patients with Cancer Receiving Immune Checkpoint Inhibitors. J. Infect. Dis. 2020, 222, 1902–1909. [Google Scholar] [CrossRef]

	



Mulder, S.F.; Jacobs, H.; Nordkamp, M.A.O.; Galama, J.M.; Desar, I.M.; Torensma, R.; Teerenstra, S.; Mulders, P.F.; Vissers, K.C.; Punt, C.J.; et al. Cancer Patients Treated with Sunitinib or Sorafenib Have Sufficient Antibody and Cellular Immune Responses to Warrant Influenza Vaccination. Clin. Cancer Res. 2011, 17, 4541–4549. [Google Scholar] [CrossRef]

	



Hartkamp, A.; Mulder, A.; Rijkers, G.; van Velzen-Blad, H.; Biesma, D. Antibody responses to pneumococcal and haemophilus vaccinations in patients with B-cell chronic lymphocytic leukaemia. Vaccine 2001, 19, 1671–1677. [Google Scholar] [CrossRef]

	



Whitaker, J.A.; Parikh, S.A.; Shanafelt, T.D.; Kay, N.E.; Kennedy, R.B.; Grill, D.E.; Goergen, K.M.; Call, T.G.; Kendarian, S.S.; Ding, W.; et al. The humoral immune response to high-dose influenza vaccine in persons with monoclonal B-cell lymphocytosis (MBL) and chronic lymphocytic leukemia (CLL). Vaccine 2021, 39, 1122–1130. [Google Scholar] [CrossRef]

	



Mauro, F.R.; Giannarelli, D.; Galluzzo, C.M.; Vitale, C.; Visentin, A.; Riemma, C.; Rosati, S.; Porrazzo, M.; Pepe, S.; Coscia, M.; et al. Response to the conjugate pneumococcal vaccine (PCV13) in patients with chronic lymphocytic leukemia (CLL). Leukemia 2020, 35, 737–746. [Google Scholar] [CrossRef]

	



Svensson, T.; Kättström, M.; Hammarlund, Y.; Roth, D.; Andersson, P.-O.; Svensson, M.; Nilsson, I.; Rombo, L.; Cherif, H.; Kimby, E. Pneumococcal conjugate vaccine triggers a better immune response than pneumococcal polysaccharide vaccine in patients with chronic lymphocytic leukemia A randomized study by the Swedish CLL group. Vaccine 2018, 36, 3701–3707. [Google Scholar] [CrossRef]

	



Pasiarski, M.; Rolinski, J.; Grywalska, E.; Stelmach-Goldys, A.; Korona-Glowniak, I.; Gozdz, S.; Hus, I.; Malm, A. Antibody and Plasmablast Response to 13-Valent Pneumococcal Conjugate Vaccine in Chronic Lymphocytic Leukemia Patients—Preliminary Report. PLoS ONE 2014, 9, e114966. [Google Scholar] [CrossRef]

	



Benjamini, O.; Rokach, L.; Itchaki, G.; Braester, A.; Shvidel, L.; Goldschmidt, N.; Shapira, S.; Dally, N.; Avigdor, A.; Rahav, G.; et al. Safety and efficacy of BNT162b mRNA Covid19 Vaccine in patients with chronic lymphocytic leukemia. Haematologica 2021. [Google Scholar] [CrossRef]

	



Monin, L.; Laing, A.G.; Muñoz-Ruiz, M.; McKenzie, D.R.; del Molino del Barrio, I.; Alaguthurai, T.; Domingo-Vila, C.; Hayday, T.S.; Graham, C.; Seow, J.; et al. Safety and immunogenicity of one versus two doses of the COVID-19 vaccine BNT162b2 for patients with cancer: Interim analysis of a prospective observational study. Lancet Oncol. 2021, 22, 765–778. [Google Scholar] [CrossRef]

	



Parry, H.; McIlroy, G.; Bruton, R.; Ali, M.; Stephens, C.; Damery, S.; Otter, A.; McSkeane, T.; Rolfe, H.; Faustini, S.; et al. Antibody responses after first and second Covid-19 vaccination in patients with chronic lymphocytic leukaemia. Blood Cancer J. 2021, 11, 136. [Google Scholar] [CrossRef] [PubMed]

	



Krammer, F. A correlate of protection for SARS-CoV-2 vaccines is urgently needed. Nat. Med. 2021, 27, 1147–1148. [Google Scholar] [CrossRef] [PubMed]

	



Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport, M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 1205–1211. [Google Scholar] [CrossRef] [PubMed]

	



Earle, K.A.; Ambrosino, D.M.; Fiore-Gartland, A.; Goldblatt, D.; Gilbert, P.B.; Siber, G.R.; Dull, P.; Plotkin, S.A. Evidence for antibody as a protective correlate for COVID-19 vaccines. Vaccine 2021, 39, 4423–4428. [Google Scholar] [CrossRef] [PubMed]

	



Soresina, A.; Moratto, D.; Chiarini, M.; Paolillo, C.; Baresi, G.; Foca, E.; Bezzi, M.; Baronio, B.; Giacomelli, M.; Badolato, R. Two X-linked agammaglobulinemia patients develop pneumonia as COVID-19 manifestation but recover. Pediatr. Allergy Immunol. 2020, 31, 565–569. [Google Scholar] [CrossRef]

	



Breathnach, A.S.; Duncan, C.J.A.; El Bouzidi, K.; Hanrath, A.T.; Payne, B.A.I.; Randell, P.A.; Habibi, M.S.; Riley, P.A.; Planche, T.D.; Busby, J.S.; et al. Prior COVID-19 protects against reinfection, even in the absence of detectable antibodies. J. Infect. 2021, 83, 237–279. [Google Scholar] [CrossRef] [PubMed]

	



Enssle, J.C.; Campe, J.; Schwenger, A.; Wiercinska, E.; Hellstern, H.; Dürrwald, R.; Rieger, M.A.; Wolf, S.; Ballo, O.; Steffen, B.; et al. Severe impairment of T-cell responses to BNT162b2 immunization in multiple myeloma patients. Blood 2022, 139, 137–142. [Google Scholar] [CrossRef]

	



Jiménez, M.; Roldan, E.; Fernández-Naval, C.; Villacampa, G.; Martinez-Gallo, M.; Medina-Gil, D.; Peralta-Garzón, S.; Puja-das, G.; Hernández, C.; Pagès Geli, C.; et al. Cellular and humoral immunogenicity of the mRNA-1273 SARS-CoV-2 vaccine in patients with hematologic malignancies. Blood Adv. 2021. [Google Scholar] [CrossRef]

	



Liu, X.; Shaw, R.H.; Stuart, A.S.V.; Greenland, M.; Aley, P.K.; Andrews, N.J.; Cameron, J.C.; Charlton, S.; Clutterbuck, E.A.; Collins, A.M.; et al. Safety and immunogenicity of heterologous versus homologous prime-boost schedules with an adenoviral vectored and mRNA COVID-19 vaccine (Com-COV): A single-blind, randomised, non-inferiority trial. Lancet 2021, 398, 856–869. [Google Scholar] [CrossRef]

	



Mohib, K.; Cherukuri, A.; Zhou, Y.; Ding, Q.; Watkins, S.C.; Rothstein, D.M. Antigen-dependent interactions between regulatory B cells and T cells at the T:B border inhibit subsequent T cell interactions with DC s. Am. J. Transplant. 2020, 20, 52–63. [Google Scholar] [CrossRef]

	



Massarweh, A.; Eliakim-Raz, N.; Stemmer, A.; Levy-Barda, A.; Yust-Katz, S.; Zer, A.; Benouaich-Amiel, A.; Ben-Zvi, H.; Moskovits, N.; Brenner, B.; et al. Evaluation of Seropositivity Following BNT162b2 Messenger RNA Vaccination for SARS-CoV-2 in Patients Undergoing Treatment for Cancer. JAMA Oncol. 2021, 7, 1133–1140. [Google Scholar] [CrossRef]

	



Palich, R.; Veyri, M.; Marot, S.; Vozy, A.; Gligorov, J.; Maingon, P.; Marcelin, A.-G.; Spano, J.-P. Weak immunogenicity after a single dose of SARS-CoV-2 mRNA vaccine in treated cancer patients. Ann. Oncol. 2021, 32, 1051–1053. [Google Scholar] [CrossRef]

	



Barrière, J.; Chamorey, E.; Adjtoutah, Z.; Castelnau, O.; Mahamat, A.; Marco, S.; Petit, E.; Leysalle, A.; Raimondi, V.; Carles, M. Impaired immunogenicity of BNT162b2 anti-SARS-CoV-2 vaccine in patients treated for solid tumors. Ann. Oncol. 2021, 32, 1053–1055. [Google Scholar] [CrossRef]

	



Fendler, A.; Shepherd, S.T.C.; Au, L.; Wilkinson, K.A.; Wu, M.; Schmitt, A.M.; Tippu, Z.; Farag, S.; Rogiers, A.; Harvey, R.; et al. Immune responses following third COVID-19 vaccination are reduced in patients with hematologic malignancies com-pared to patients with solid cancer. Cancer Cell 2021, in press. [CrossRef]

	



Lindemann, M.; Klisanin, V.; Thümmler, L.; Fisenkci, N.; Tsachakis-Mück, N.; Ditschkowski, M.; Schwarzkopf, S.; Klump, H.; Reinhardt, H.C.; Horn, P.A.; et al. Humoral and Cellular Vaccination Responses against SARS-CoV-2 in Hematopoietic Stem Cell Transplant Recipients. Vaccines 2021, 9, 1075. [Google Scholar] [CrossRef]

	



Harrington, P.; Doores, K.J.; Saha, C.; Saunders, J.; Child, F.; Dillon, R.; Saglam, S.; Raj, K.; McLornan, D.; Avenoso, D.; et al. Repeated vaccination against SARS-CoV-2 elicits robust polyfunctional T cell response in allogeneic stem cell transplantation recipients. Cancer Cell 2021, 39, 1448–1449. [Google Scholar] [CrossRef]

	



Moor, M.B.; Suter-Riniker, F.; Horn, M.P.; Aeberli, D.; Amsler, J.; Möller, B.; Njue, L.M.; Medri, C.; Angelillo-Scherrer, A.; Borradori, L.; et al. Humoral and cellular responses to mRNA vaccines against SARS-CoV-2 in patients with a history of CD20 B-cell-depleting therapy (RituxiVac): An investigator-initiated, single-centre, open-label study. Lancet Rheumatol. 2021, 3, e789–e797. [Google Scholar] [CrossRef]

	



Liebers, N.; Speer, C.; Benning, L.; Bruch, P.-M.; Kraemer, I.; Meissner, J.; Schnitzler, P.; Kräusslich, H.-G.; Dreger, P.; Mueller-Tidow, C.; et al. Humoral and cellular responses after COVID-19 vaccination in anti-CD20-treated lymphoma patients. Blood 2022, 139, 142–147. [Google Scholar] [CrossRef] [PubMed]

	



Terpos, E.; Gavriatopoulou, M.; Ntanasis-Stathopoulos, I.; Briasoulis, A.; Gumeni, S.; Malandrakis, P.; Fotiou, D.; Papanagnou, E.-D.; Migkou, M.; Theodorakakou, F.; et al. The neutralizing antibody response post COVID-19 vaccination in patients with myeloma is highly dependent on the type of anti-myeloma treatment. Blood Cancer J. 2021, 11, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Van Oekelen, O.; Gleason, C.R.; Agte, S.; Srivastava, K.; Beach, K.F.; Aleman, A.; Kappes, K.; PVI/Seronet Team; Mouhieddine, T.H.; Wang, B.; et al. Highly variable SARS-CoV-2 spike antibody responses to two doses of COVID-19 RNA vaccination in patients with multiple myeloma. Cancer Cell 2021, 39, 1028–1030. [Google Scholar] [CrossRef]

	



Aleman, A.; Upadhyaya, B.; Tuballes, K.; Kappes, K.; Gleason, C.; Beach, K.; Agte, S.; Srivastava, K.; PVI/Seronet Study Group; Van Oekelen, O.; et al. Variable cellular responses to SARS-CoV-2 in fully vaccinated patients with multiple myeloma. Cancer Cell 2021, 39, 1442–1444. [Google Scholar] [CrossRef]

	



Lasagna, A.; Agustoni, F.; Percivalle, E.; Borgetto, S.; Paulet, A.; Comolli, G.; Sarasini, A.; Bergami, F.; Sammartino, J.; Ferrari, A.; et al. A snapshot of the immunogenicity, efficacy and safety of a full course of BNT162b2 anti-SARS-CoV-2 vaccine in cancer patients treated with PD-1/PD-L1 inhibitors: A longitudinal cohort study. ESMO Open 2021, 6, 100272. [Google Scholar] [CrossRef]

	



Harrington, P.; Doores, K.J.; Radia, D.; O’Reilly, A.; Lam, H.P.J.; Seow, J.; Graham, C.; Lechmere, T.; McLornan, D.; Dillon, R.; et al. Single dose of BNT162b2 mRNA vaccine against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) induces neutralising antibody and polyfunctional T-cell responses in patients with chronic myeloid leukaemia. Br. J. Haematol. 2021, 194, 999–1006. [Google Scholar] [CrossRef]

	



Rammensee, H.-G.; Gouttefangeas, C.; Heidu, S.; Klein, R.; Preuß, B.; Walz, J.; Nelde, A.; Haen, S.; Reth, M.; Yang, J.; et al. Designing a SARS-CoV-2 T-Cell-Inducing Vaccine for High-Risk Patient Groups. Vaccines 2021, 9, 428. [Google Scholar] [CrossRef]

	



Rammensee, H.-G.; Wiesmüller, K.-H.; Chandran, P.A.; Zelba, H.; Rusch, E.; Gouttefangeas, C.; Kowalewski, D.J.; Di Marco, M.; Haen, S.P.; Walz, J.S.; et al. A new synthetic toll-like receptor 1/2 ligand is an efficient adjuvant for peptide vaccination in a human volunteer. J. Immunother. Cancer 2019, 7, 307. [Google Scholar] [CrossRef]

	



Pozzetto, B.; Legros, V.; Djebali, S.; Barateau, V.; Guibert, N.; Villard, M.; Peyrot, L.; Allatif, O.; Fassier, J.-B.; Massardier-Pilonchéry, A.; et al. Immunogenicity and efficacy of heterologous ChAdOx1–BNT162b2 vaccination. Nature 2021, 600, 701–706. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  vaccines-10-00182


  
    		
      vaccines-10-00182
    


  




  





media/file0.png





