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Abstract

:

Anti-CD19 chimeric antigen receptor (CAR) T-cell and anti-CD20 bispecific antibody therapies (BsAbs) are rapidly moving to earlier treatment lines for patients with B-cell non-Hodgkin lymphoma (B-NHL). The rapid pace of the advancement of these T-cell-engaging therapies is juxtaposed by a lack of a comprehensive understanding of the scope and kinetics of immunodeficiency following these treatments. We review emerging studies detailing the safety and efficacy of CD19 CAR-T and CD20 BsAbs in earlier lines for B-NHL, as well as a discussion of the limited knowledge of immune recovery following these treatments. We integrate the limited consensus prevention and management recommendations, advocating that the management of secondary immunodeficiency following these transformative therapies is an urgent unmet need in immune oncology research. A collaboration between hematologists/oncologists and immunologists in the management of these patients is critical to optimize patient care.






Keywords:


CAR-T; bispecific antibody; cytopenia; hypogammaglobinemia; immunoglobulin replacement therapy; B-cell aplasia; prophylactic antibiotics












1. Introduction


B-cell non-Hodgkin lymphomas (B-NHLs) are a heterogeneous class of malignancies with a complexity that is highlighted in the fifth edition of the World Health Organization Classification of Haematolymphoid Tumours and International Consensus Classification [1,2]. Despite recent advances in frontline therapy, 30–40% of patients with B-NHL will have relapsed or refractory (R/R) disease [3]. One of the most important advancements in R/R B-NHL is the advent of T-cell-engaging immunotherapies, including bispecific antibodies (BsAbs) and chimeric antigen receptor T-cell therapy (CAR-T). However, paradigm-shifting, T-cell-engaging immunotherapy manipulates multiple compartments of the immune system, altering an already complex landscape of immune dysregulation in B-NHL. The offer of an unprecedented chance to improve outcomes is juxtaposed with risks of secondary immunodeficiency and dysregulation. The spectrum of immunologic changes could range from prolonged cytopenia and B-cell aplasia to life-threatening infection and second primary malignancy (SPM) [4]. Patients who receive both anti-CD20 BsAbs and anti-CD19 CAR-T during their disease course are at a particularly high risk of being subjected to a dual depletion of CD19+ and CD20+ B-cell populations [5]. Despite regulatory approvals, data describing immune dysregulation such as hypogammaglobulinemia or other immunologic etiologies of severe infections are not routinely reported in clinical trials, and the management of secondary immunodeficiency is not standardized; this constitutes a significant unmet need in R/R B-NHL [6]. As T-cell-engaging immunotherapies are being studied in earlier lines, a multidisciplinary approach involving hematologists and immunologists is necessary to combat the sequelae of secondary immune dysregulation.



This review focuses on secondary immunodeficiency after T-cell-engaging immunotherapies for R/R B-NHL. This review will not focus on the choice or sequencing of BsAbs and CAR-T for R/R B-NHL or the management of toxicities such as cytokine release syndrome (CRS), immune effector cell-associated neurotoxicity syndrome (ICANS) or tumor flare, although the management of these entities can result in further immune compromise. While the management of CRS and ICANS should remain at the forefront of adverse event assessments, this review argues a more detailed assessment is needed regarding the development of secondary immunodeficiency by recording neutropenia duration and recovery, pre- and post-treatment B/T-cell subset populations, and the development/duration of hypogammaglobulinemia. This review provides an overview of studies assessing T-cell-engaging immunotherapies in earlier treatment lines, the kinetics of immune recovery, and clinical consequences associated with secondary immunodeficiency, with an emphasis on management considerations.




2. T-Cell-Engaging Immunotherapeutic Agents for B-NHL: Moving to Earlier Lines of Therapy


The advent of anti-CD20 BsAb therapy and anti-CD19 CAR-T has generated great excitement by demonstrating robust response rates in the R/R setting where prior therapies have elicited little hope amongst patients and providers alike. These powerful therapies for B-NHL, as shown in Figure 1, are specifically engineered to enhance our immune system’s ability to target and destroy hematologic malignancies that have escaped our natural surveillance mechanism, but as with all novel therapies, they incur a cost. To date, both CRS and ICANS are better understood, described, prevented, and treated than the development of secondary immunodeficiency. The data documenting the onset, duration, and attempts to mitigate secondary immunodeficiency are an unmet need worthy of a rigorous investigation going forward. As these therapies continue to rise through the therapeutic strata, improved data collection is key to understanding their ability to promote prolonged cytopenia, persistent CD4 T-cell lymphopenia, B-cell aplasia, and hypogammaglobulinemia, putting patients at risk of serious infections [6,7]. Table 1 and Table 2 highlight the current data related to immune alterations with Food and Drug Administration (FDA) approved BsAbs and CAR-T for R/R B-NHL. The significant effort to integrate these therapies into earlier lines of treatment highlights the urgency of a more complete understanding of the “on-target, off-tumor” effects of these agents.




3. Immune Recovery Following T-Cell-Engaging Immunotherapy


3.1. Immune Recovery Following Anti-CD20 BsAbs


Data on immune recovery following anti-CD20 BsAb therapy in B-NHL are very sparse and represent an unmet need in immuno-oncology research. Data on immune recovery can be gleaned from biochemical structural design or extrapolated from clinical trial data.



The structural design of anti-CD20 BsAbs has an impact not only on the efficacy of treatment but potentially subsequent immune recovery and the risk of infection. CD20 is a relatively stable cell surface antigen that is widely expressed on the surface of both malignant and non-malignant B-cell populations. These BsAbs facilitate immunologic synapse formation between CD20+ B-cell populations and all T-cell populations via the CD3 moiety. Importantly, this synapse is formed in a major histocompatibility complex (MHC)-independent manner, leading to rapid B-cell aplasia. A phase I trial of glofitamab in R/R B-NHL noted a depletion of CD19+/CD20+ B-cell populations within 24 h of administration [19]. In the case of mosunetuzumab, tumor killing peaked at 24 h and decreased around day three when all CD20+ populations had been cleared [20]. The duration of response (DOR) for anti-CD20 BsAbs can be used to extrapolate the expected depletion of non-malignant CD20+ B-cell populations given the shared moiety, with the median DOR ranging from 18.4 months with glofitamab to 22.4 months with mosunetuzumab. The CD20 to CD3 ratio, or valency, has been shown to have increased CD20+ population depletion due to the increased avidity and stabilization of the immunologic synapse, even at low pre-treatment population densities [21]. The rates and duration of hypogammaglobinemia following CD20 BsAbs have not been reported in clinical trials and are extrapolated from data from anti-CD20 monoclonal antibody data; this represents a significant unmet research need.



The engagement of all T-cell populations via the BsAb CD3 moiety leads to the rapid activation and proliferation of CD3+ T-cell populations [20]. The T-cell proliferation induced is indiscriminate, but in vitro studies have shown that mosunetuzumab exerts tumor-killing effects through activated effector CD8+ T-cells [22].



One known effect of BsAbs related to persistent T-cell activation and proliferation is T-cell exhaustion, which is characterized by the progressive loss of effector function and an increase in the expression of inhibitory receptors including programmed cell death protein 1 (PD1), lymphocyte activation gene 3 protein (LAG3), and T cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), among others. The progression of this phenotypic change includes an initial loss of interleukin-2 (IL-2) production, leading to decreased proliferative capacity. This is followed by defects in the production of interferon-γ (IFNγ) and other functional cytokines and, finally, by the inability to survive through the loss of interleukin-7 (IL-7) production [23]. The effects of the uncontrolled proliferation of both naïve and effector T-cells remain poorly understood, highlighting a significant unmet need in immuno-oncology research.



A recent systematic review and meta-analysis of BsAbs in B-NHL noted that grade ≥3 neutropenia occurred at a rate of 22% [6]. The depth, duration, steroid burden, and timing of neutropenia has not been reported across studies. Additionally, the mechanism of neutropenia is poorly understood and thought to be multifactorial, including changes in the bone marrow microenvironment, chronic inflammation leading to neutrophil consumption, prior therapies, and a direct BsAb effect [24]. Importantly, fragment crystallizable (Fc) silencing mutations incorporated into the design of anti-CD20 BsAbs inhibit antigen-independent antibody-dependent cell cytotoxicity (ADCC) through the lack of FcγR binding (mosunetuzumab, plamotamab, and glofitamab) or C1q binding (epcoritamab) [25]. Both ADCC and complement-dependent cytotoxicity are important additional mechanisms involved in tumor killing, but the impact of these mechanisms on the innate humoral immune system is not well understood and warrants further investigation.




3.2. Immune Recovery Following Anti-CD19 CAR-T


Patterns of immune recovery in patients receiving anti-CD19 CAR-T demonstrate similarities and notable differences when compared to anti-CD20 BsAbs, although this is challenging to discern in the setting of patients receiving both treatments. The differences are largely attributed to the tumor specificity and antecedent lymphodepletion required for CAR-T. Trends in neutrophil, naïve CD4+ T-cell, and IgG quantities during both treatments are schematically represented in Figure 2.



Cytopenia is a well-known adverse effect of CAR-T. There are numerous, interplaying mechanisms for cytopenia following CAR-T, including increased cytokine production, changes in the bone marrow microenvironment, hemophagocytic lymphohistiocytosis (HLH), and a therapy-induced myeloid neoplasm (t-MN) [26]. An analysis of the FDA Adverse Events Reporting System (FAERS) places the incidence of t-MN at 4.3% [27], while the incidence of HLH following anti-CD19 CAR-T ranges from 2.7 to 3.5% [28]. Another potential mechanism of post-CAR-T cytopenia is the presence of the underlying clonal hematopoiesis of indeterminate potential (CHIP). Although more recent studies have found an increased risk of CRS/ICANS in patients with CHIP, Teipel et al. found no difference in the dynamics of hematopoietic recovery between patients with or without CHIP [29,30].



Rejeski et al. created the CAR-HEMATOTOX model, which combines factors associated with hematopoietic reserve (platelet count, absolute neutrophil count, and hemoglobin) with markers of baseline inflammation (ferritin and C-reactive protein) to assess the risk of delayed cytopenia after axicabtagene ciloleucel or tisagenlecleucel for large B-cell lymphoma (LBCL) [31]. Importantly, this model characterized three patterns of cytopenia following axicabtagene ciloleucel: quick recovery, intermittent recovery, and aplastic. Intermittent recovery was the most common outcome, defined as initial neutrophil recovery (absolute neutrophil count (ANC) > 1500 cells/ μL) by day 21 followed by a decline to ANC <1000 cells/ μL. A high CAR-HEMATOTOX discriminated patients with severe neutropenia for <14 days vs. >14 days (AUC, 0.89; sensitivity, 89%; specificity, 68%) and predicted a longer duration of neutropenia (12 vs. 5.5 days; p < 0.001). A more recent study found that the CAR-HEMATOTOX model was able to assess the risk of protracted neutropenia and severe infection in patients with mantle cell lymphoma treated with brexucabtagene autoleucel [32]. Patients with increased CAR-HEMATOTOX scores exhibited prolonged neutropenia (median 14 vs. 6 days, p < 0.001) and an increased rate of severe infections (30% vs. 5%, p = 0.001). Overall, 1-year non-relapse mortality (NRM) was 10.4%, primarily attributed to infections, and it differed by baseline CAR-HEMATOTOX scores (high vs. low: 17% vs. 4.6%, p = 0.04).



Though B-cell aplasia is an expected on-target off-tumor effect of CAR-T, CD4+ T-cell lymphopenia is also common. Due to the lack of pre-treatment lymphocyte evaluation in most trials, it is difficult to discern whether CD4+ lymphopenia is present prior to CAR-T. One retrospective trial performed by Bansal et al. found that nearly half of the patients receiving CAR-T had CD4+ lymphopenia prior to the initiation of therapy, which decreased even further after treatment (median 182.5 cells/μL; range, 7 to 1094 cells/μL) [33]. In a single retrospective study assessing the change in immunologic parameters following axicabtagene ciloleucel, 75% of the patients assessed had decreased CD4+ T-cell counts, with a median of 220 cells/mL (range: 34–1720) prior to the initiation of therapy [34].



Hypogammaglobinemia is a known complication of CAR-T. Its incidence is variable and likely a function of differences in hypogammaglobulinemia definitions, the timing of immunoglobulin measurements, and study protocols [35]. Within the first 90 days, hypogammaglobulinemia (defined as IgG < 400 mg/dL) was present in 35%, 27%, and 46% of adult patients between days 15–30, 31–60, and 61–90, respectively [36]. As many as 40% of patients undergoing CAR-T have baseline hypogammaglobinemia prior to initiation, with CAR-T known to worsen this deficit both quantitatively and qualitatively [37]. In the ZUMA-1 trial, 31% of patients were noted to develop significant and persistent hypogammaglobinemia requiring intravenous immunoglobulin replacement (IVIG) [38]. Hypogammaglobinemia has been reported to last for at least four years [39].





4. Infections and Second Primary Malignancy Following T-Cell-Engaging Immunotherapy


4.1. Anti-CD20 BsAbs


Reynolds et al. characterized infection risk after anti-CD20 BsAbs for R/R B-NHL, including over 2000 patients from three clinical trials and four observational studies [6]. In total, 44% of patients experienced an infection, 23% experienced a grade ≥ 3 infection, and fatal infections occurred in 3% of patients. Only 42% of patients with severe infections had an etiology reported, which largely consisted of COVID-19, pneumonia, and sepsis. Opportunistic infections included herpes simplex virus/varicella-zoster virus reactivations (HSV/VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), severe influenza, toxoplasmosis, Pneumocystis pneumonia (PJP), and fungal pneumonia. The subtype of R/R B-NHL, line of therapy of BsAbs, and use of BsAb therapy as a single agent vs. part of combination therapy did not affect infection outcomes [6].




4.2. Anti-CD19 CAR-T


Numerous factors contribute to a high infection risk in patients receiving CAR-T. A wide range of infection rates are reported specifically following CD19 CAR-T and are dependent upon the lymphoma subtype, study setting (clinical trial vs. real-world data), prophylactic treatment practices, and definition of infection (clinical vs. microbiological). This heterogeneity has made generalizable incidence rates elusive. A recent meta-analysis of 27 studies and 2450 patients reported a pooled major infection incidence rate of 34% after anti-CD19 CAR-T (95% CI 26–43%) [40]. Five-year follow-up data were recently reported from the U.S. Lymphoma CAR-T Consortium on 275 patients who received axicabtagene ciloleucel as standard of care after two or more lines of therapy, revealing a lymphoma-specific survival rate of 53% and PFS of 29%, similar to ZUMA-1 [41]. However, the NRM was high at 16.2%, largely due to infections (n = 21). Deaths secondary to infection occurred evenly over the 5-year timespan and were enriched in patients ≥ 60 years of age. Late infections were frequent, occurring in 31.2% of patients between 6 months and 1 year post infusion and in 23.6% of patients between 1 and 2 years post infusion. Severe infections occurred in 17% and 10% of patients between 6 months and 1 year and 1 and 2 years post infusion, respectively.



The temporal patterns for infections following anti-CD19 CAR-T have been conventionally divided into the “early” phase, constituting the first 30 days after treatment, and the “late” phase from day 30 to 365. These phases correspond with known changes to immunologic parameters, as schematically depicted in Figure 2. Neutropenia occurs early after treatment with a nadir around day nine but can progress to the “late” phase [31,42]. The early phase with associated neutropenia also corresponds to the highest infection density post CAR-T, with a density of 0.48 to 2.89 infections per 100 days [43,44,45]. Bacterial infections, particularly bacteremia, predominate within the first 30 days after anti-CD19 CAR-T, representing about 32–68% of all infections [45]. Clostridium difficile (C. Diff) infections are also commonly reported early in the treatment course; however, over-diagnosis is possible in the setting of multifactorial diarrhea and sensitive polymerase chain reaction (PCR) assays [42]. Fungal infections following CAR-T infusion appear to be rare. Eleven anti-CD19 CAR-T trials reported a total of 19 invasive fungal infections, including aspergillosis, mucormycosis, and fusariosis, with an average incidence rate of 8.5%. All infections occurred during the first 30 days of CAR-T [46].



CRS and ICANS, as well as the treatment of these conditions with systemic corticosteroids and tocilizumab, are additional factors that increase the risk of infection. An extensive discussion of the pathophysiology, treatment courses, and management of CRS and ICANS is beyond the scope of this review. However, there has been recent interest in CMV reactivation following CRS and ICANS through post-marketing surveillance. In the ZUMA-2 and TRANSCEND trials, CMV incidence was <3%; however, routine CMV serologic testing prior to treatment was not performed. A recent single-center retrospective trial assessed rates of CMV reactivation in CMV-seropositive patients undergoing CAR-T [47]. Reactivation rates were 33%, while the clinically significant infection rate was 11%, principally in patients who received systemic corticosteroids and/or tocilizumab [47]. Despite this compelling data, currently, there are no recommendations for monitoring for the presence of CMV viremia and other viruses such as EBV or human herpesvirus-6 after anti-CD19 CAR-T [48].



During the late phase following CAR-T infusion, infection density declines up to 5-fold, but 55% of patients report at least one major infection by 365 days [49]. Immunologically, the late phase is typified by B-cell aplasia and hypogammaglobinemia, which can be persistent. Data on immune recovery and infections were collated from 13 academic institutions on 582 patients with R/R LBCL treated with CAR-T from 2015 to 2022 [50]. At day 90 post CAR-T, 61.5% of patients had hypogammaglobulinemia (IgG < 500 mg/dL) that persisted in 48.3% of patients at 2 years. In total, 66% of patients developed bacterial infections after a median time of 6.7 months (Pseudomonas, E. Coli, S. Aureus, C. Diff, and Klebsiella), and 31% of patients developed viral infections after a median of 5.4 months. Hypogammaglobulinemia heightened the risk of both bacterial and viral infection. Fungal and PJP infections occurred in 19 and 6 patients, respectively. IVIG was administered in 34.3% of patients after a median of 4 months post CAR-T. Strikingly, the median OS was higher among patients receiving IVIG than those who did not receive IVIG, and the lack of IVIG use in patients with hypogammaglobulinemia was associated with higher mortality.




4.3. Second Primary Malignancies Following T-Cell-Engaging Immunotherapies


Apart from the secondary immunodeficiency noted above, CAR-T has garnered worldwide attention due to the risk of second primary malignancy, particularly T-cell lymphomas. An analysis of the FAERS database noted 536 reports of SPM out of 12,394 reported adverse events (4.3%) [27]. The most frequent SPMs noted were myelodysplastic syndrome (MDS) (38.8%) followed by cutaneous neoplasms including non-melanoma skin cancers (7.8%) and melanoma (2.2%). A more recent analysis of both the FAERS and VigiBase databases using multivariable logistic regression analysis to account for confounders and missing data continued to report an increased risk of T-cell lymphoma (OR, 8.93 [3.58–20.24]), the squamous cell carcinoma of the skin (OR, 3.08 [1.54–6.16]), and MDS (OR, 3.52 [2.75–4.46]) [51]. While insertional oncogenesis [52] and pre-CAR-T treatment modalities [53,54] could play a role in the pathogenesis of hematologic SPMs, diminished tumor immune surveillance due to a reduction in T helper 1 (Th1) CD4+ T cells, T-cell exhaustion, and reduced NK-cell quantity or function (particularly ADCC) are also possible mechanisms for the increase in SPMs. The precise mechanisms related to increased SPM risk are likely multifactorial and warrant further study including a baseline immunologic assessment.





5. Prevention and Management of Secondary Immunodeficiency Following T-Cell Engaging Immunotherapy


Recommendations for the evaluation and management of secondary immunodeficiency following T-cell-engaging immunotherapy have been adopted largely from the primary immunodeficiency literature. Treatment guidance for immunodeficiency following anti-CD19 CAR-T or anti-CD20 BsAbs has not been standardized, representing another important gap in immuno-oncology. The American Academy of Allergy, Asthma, and Immunology (AAAAI) Primary Immunodeficiency and Altered Immune Response Committee Working Group Report provided practical guidance on the management of immunodeficiency secondary to both oncologic and non-oncologic etiologies [55]. A management algorithm, adapted from this AAAAI Working Group Report, is depicted in Figure 3 and described below.



5.1. Immunologic Surveillance


An immune evaluation in patients with hematologic malignancy, again based on the primary immunodeficiency literature, includes quantitative immunoglobulins, specific antibody response to polysaccharide (pneumococcal) and protein (tetanus) vaccination, and T/B/natural killer cell immunophenotyping [56]. Although a basic cellular quantitative assessment is obtained almost universally via a complete blood count (absolute neutrophil count and absolute lymphocyte count), a humoral immune assessment prior to treatment is currently only recommended for chronic lymphocytic leukemia (CLL) and anti-CD19 CAR-T. Data on the pre-treatment incidence of cytopenia, lymphopenia, or hypogammaglobinemia for patients receiving CAR-T or BsAbs are scarce. A retrospective study of 101 patients receiving anti-CD19 CAR-T for B-NHL found that only 59 (58%) had baseline immunoglobulins assessed with 35/59 (59%) having hypogammaglobinemia (IgG < 650 mg/dL) prior to treatment [57]. Another retrospective evaluation of 581 patients receiving anti-CD19 CAR-T found only 237 (41%) had immunoglobulin levels checked prior to treatment, with 141/237 (60%) having hypogammaglobinemia (<600 mg/dL). In this study, hypogammaglobulinemia pre-CAR-T was associated with worsening hypogammaglobulinemia post CAR-T (OR = 29; 95% CI = 3–258; p = 0.003) [58]. Although both single-center, retrospective analyses, these studies highlight a gap between immunophenotyping recommendations and clinical practice [56].



Immune monitoring has also been recommended given the known “on-target, off-tumor” effects of anti-CD19 CAR-T and resultant hypogammaglobinemia. Hill et al. recommended assessing, in addition to pre-treatment immunoglobulin levels, quantitative immunoglobulins three months following CAR-T infusion [59]. Los-Arcos et al. recommended a more conservative approach, with monthly immunoglobulin levels and T/B/natural killer immunophenotyping until six months post infusion [48].



Data on hypogammaglobinemia prior to CD20 BsAbs in B-NHL have not been reported in clinical trials and are an urgent need in immuno-oncology research.




5.2. Prophylactic Antimicrobials


Antimicrobials are critical tools in the management of established infections in patients with hematologic malignancy and immunodeficiency. Recommendations from professional organizations are primarily for anti-CD19 CAR-T and adopted from recommendations for allogeneic stem cell transplant (ASCT). The American Society of Clinical Oncology (ASCO) and Infectious Disease Society of America (IDSA) have stratified prophylaxis recommendations into antibacterial, antiviral, antifungal, and PJP [60].



ASCO/IDSA recommends fluroquinolone prophylaxis for patients with NHL who are expected to experience severe neutropenia (ANC < 500 cells/uL) and not receiving granulocyte colony-stimulating factor (G-CSF) [61]. However, it is important to note that these recommendations do not explicitly include anti-CD19 CAR-T or anti-CD20 BsAbs, with rates of grade 3 neutropenia ranging from 61 to 71% for CAR-T and 10% for BsAbs. In ten retrospective reviews of patients receiving anti-CD19 CAR-T for B-NHL, only three reported rates of antibacterial prophylaxis and ranged from 0 to 32% [62,63,64]. Importantly, only four studies reported G-CSF use, which ranged widely from 40 to 100% [37]. This discordance highlights a need for additional studies of the impact of antibacterial prophylaxis on clinical outcomes and tailored recommendations for T-cell-engaging therapies.



Six of the ten clinical trials for anti-CD19 CAR-T in R/R B-NHL reported viral infections following the initiation of treatment, with incidence rates ranging from 1 to 4% for grade 3 and 10% for any grade in the ZUMA-1 trial. The ASCO/IDSA recommends universal screening for hepatitis B virus (HBV) seropositivity in patients receiving any B-cell-depleting agent. Patients with HBV seropositivity should receive antiviral prophylactic treatment with either entecavir or tenofovir prior to the initiation of treatment and for 12 months post treatment [65]. The ZUMA-7 trial reported one case of HBV reactivation following CD19 CAR-T treatment [12].



Although the ASCO/IDSA recommends acyclovir prophylaxis for all patients with a history of HSV seropositivity receiving ASCT, there are no direct recommendations regarding anti-CD19 CAR-T or CD20 BsAbs [60]. The European Society for Blood and Bone Marrow Transplantation (EBMT) recommend acyclovir or valacyclovir prophylaxis from lymphodepletion until 1 year post CAR T-cell infusion and CD4+ T cells > 200/μL [66]. Antiherpetic prophylaxis was reported in four of ten retrospective analyses of anti-CD19 CAR-T recipients and ranged from 35 to 100% of patients. An analysis of viral infection prophylaxis use in anti-CD20 BsAb trials is confounded by incomplete reporting. However, a review of 23 clinical trials for four anti-CD20 BsAbs found that viral infections were the cause of 41% of infection-related mortality [6].



The ASCO/IDSA recommends antifungal prophylaxis with either posaconazole, fluconazole or micafungin in patients at high risk for severe neutropenia and/or grade 4 mucositis where invasive candidiasis is high [60]. The EBMT, however, does not routinely recommend antifungal prophylaxis for patients receiving anti-CD19 CAR-T. The Spanish Infection Prevention in CAR T-cells Study Group recommends antifungal prophylaxis in patients having undergone four or more prior treatment lines, a high dose of CAR-T, and the use of tocilizumab [46].



Like antiviral prophylaxis, the EBMT recommends PJP prophylaxis with trimethoprim–sulfamethoxazole from lymphodepletion until 1 year post CAR T-cell infusion and CD4+ T cells > 200/μL. Again, a wide range of adherence to this guideline is noted, with ranges from 22% reported by Strati et al. to 100% reported by Vora et al. [63,67].




5.3. Granulocyte Colony-Stimulating Factor


Anti-CD19 CAR-T has a relatively high rate of neutropenia as mentioned previously. The incidence of G-CSF use among patients who have received CD19 CAR-T ranges from 40% to 100% [34,63]. On the contrary, there are some data that suggest G-CSF may increase the severity of CRS and ICANS and should be avoided in these conditions [68]. There are limited data on the use of G-CSF in anti-CD20 BsAbs. In a study of mosunetuzumab for R/R B-NHL, a total of 60/218 (27.5%) patients experienced a neutropenic event, and 41/60 patients (68.3%) received G-CSF, with a positive response in 39/41 patients (95.1%). A phase I trial of glofitamab noted that G-CSF was administered in 37 patients (21.6%), while a dose-expansion phase I/II study of epcoritamab noted that only 10.1% of patients required G-CSF [6].




5.4. Vaccination


Vaccination remains the cornerstone of infectious disease prevention, which is of paramount importance given that infections remain the most common cause of NRM following both anti-CD19 CAR-T and CD20 BsAb therapy. However, patients often experience both innate and adaptive immune dysfunction throughout their treatment course, making formal recommendations about vaccination challenging. Given the mechanism of action of both anti-CD19 CAR-T and CD20 BsAbs, hypogammaglobinemia and poor antibody vaccine response are common and expected “on-target, off-tumor effects”. However, correlates of protection from vaccination do not exclusively include antibody response and can include other factors such as T-cell antigen stimulation response and a proliferative index, among others [69]. In a recent study, neither B-cell aplasia or low IgG predicted influenza vaccine immunogenicity and thus should not preclude influenza vaccination after CAR T-cells [70]. Antibody levels post vaccination in patients receiving CAR-T were lowest for pneumococcus, pertussis, and Haemophilus influenzae at 0–15% followed by hepatitis B at 39%. Lee et al. found that only 25% of patients receiving CD19 CAR-T had pneumococcal titers that were considered protective, and this proportion did not change with vaccination [71,72]. In addition, a proportion of patients who had COVID-19 vaccination pre-CAR-T cell therapy developed antibody responses to vaccines after post CAR-T cell booster vaccine dose [73].



Most professional societies including the ASCO and EBMT adopted vaccination guidelines from recommendations for ASCT patients. In general, it is recommended to start immunization with inactivated/killed pathogen vaccines after 3–6 months and consider giving live attenuated virus vaccine at least 12 months post CAR T-cell (or until CD4 count >200/μL), respectively [71].




5.5. Immunoglobulin Replacement Therapy


Several randomized trials have investigated whether prophylaxis with IgRT protects patients with hematological malignancies who had either suboptimal IgG baseline concentrations or a history of infectious episodes from bacterial infections. The outcomes showed a reduced incidence of serious infection, longer infection-free periods, and reduced morbidity [74,75,76]. It is important to note that many of these trials pre-dated the advent of anti-CD20 B-cell-depleting therapies, which has profoundly impacted the rate of B-cell aplasia and hypogammaglobinemia.



Current evidence-based expert opinion suggests that IgRT should be recommended to those patients with hematological malignancies who develop hypogammaglobulinemia at IgG levels < 400 mg/dL and who have a history of a single severe infection or recurrent or persistent infections, despite anti-infective treatment [55]. Specifically, for anti-CD19 CAR-T, expert opinion recommends prophylactic IgRT for IgG levels < 400 mg/dL during the first 3 months after the initiation of treatment. After the first 3 months, the same expert opinion recommends a consideration of IgRT for patients with IgG levels less than or equal to 400 mg/dL and serious, persistent, or recurrent bacterial infections [59]. Melody et al. assessed infection rates specifically in patients with B-NHL receiving CAR-T and noted a survival benefit for patients receiving IVIG [50].



There are two main administration methods for IgRT, either intravenous (IVIG) or subcutaneous (SCIG). Both have been shown to be safe and efficacious in patients with primary immunodeficiency [77]. The dosing of IgRT is adopted from the primary immunodeficiency literature, which includes dosing recommendations of 400 mg/kg–600 mg/kg of actual body weight [56]. Alternatively, dosing with an ideal body weight has shown no difference in 30- or 60-day infection rates when compared to actual body weight dosing, with notable cost savings [78]. This dosing is administered every four weeks for IVIG and every 1–2 weeks for SCIG.



The goal of IgRT is to reduce infections, and dosing is guided by a combination of interval clinical assessments and IgG trough levels. Trough levels are measured immediately prior to the fourth IVIG dose and every 6 to 12 months [79]. There is a lack of consensus for goal IgG trough levels, which highlights another unmet need in immuno-oncology research. Traditionally, IgG trough goals were set at 400–500 mg/dL in patients with CLL. A study by Orange et al. found pneumonia incidence declined by 27% with each 100 mg/dL increment in trough IgG (the incidence rate ratio, 0.726; 95% confidence interval, 0.658–0.801). Pneumonia incidence with the maintenance of 500 mg/dL IgG trough levels (0.113 cases per patient-year) was 5-fold that of 1000 mg/dL trough level [80].



SCIG may have an advantage over IVIG due to its reduction in adverse events, more stable physiologic IgG trough levels, and improved quality of life [81,82,83]. However, there is sparse literature on comparative efficacy of SCIG and IVIG in immunodeficiency secondary to B-NHL, and there is no current FDA approval for an SCIG product in secondary immunodeficiency. Importantly, there are current clinical trials assessing the efficacy of SCIG for the prevention of major bacterial infections in B-NHL patients (NCT05645107).





6. Conclusions


Despite the rapid growth of T-cell-engaging immunotherapies for B-NHL, long-term immune outcomes are only recently emerging. As anti-CD20 BsAbs and CD19 CAR-T are being explored in earlier lines of therapy and offering patients the chance of improved long-term outcomes, a better understanding of immune reconstitution post therapy is needed. Extensive studies on immune system kinetics pre-, during, and longitudinally post treatment for hematologic malignancy are needed, as well as better reporting of specific etiologies of severe infections and infections resulting in NRM. Standardized guidelines for the monitoring and management of secondary immunodeficiency after anti-CD20 BsAbs and CD19 CAR-T remain an unmet need. Well-designed randomized controlled trials investigating prophylactic antibiotics and/or IgRT for the prevention of infection-related mortality in B-NHL patients with secondary immunodeficiency from novel immunotherapeutic agents could provide the necessary data to generate and implement such guidelines and perhaps gain regulatory approval for IgRT in B-NHL. Additionally, the multidisciplinary management of secondary immunodeficiency between hematology/oncology and immunology, among other subspecialties, is needed to optimize patient care.
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Figure 1. The mechanisms of action of CD19 CAR-T and CD20 BsAbs in B-NHL. Once the variable regions bind to CD19 on a malignant B cell, signal transduction occurs, leading to CD19 CAR-T cell proliferation and activity. This includes the upregulation of FasL/TRAIL and the production of perforin/granzyme B among other processes leading to B-cell cytotoxicity. Glotfitamab, a 2:1 CD20 BsAbs shown on the right, engages CD20 on B-cells via its variable region (light blue) while simultaneously engaging CD3 on naïve T-cells (light orange). This leads to an MHC-independent activation and proliferation of naïve CD4/CD8+ T-cells and the release of similar mediators previously described. Additional potential mechanisms include antibody-dependent cell cytotoxicity and complement-dependent cytotoxicity. 
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Figure 2. A schematic depiction of temporal trends in immunologic parameters and corresponding associated infections are shown. Neutropenia (yellow) occurs early in the treatment course of both CD19 CAR-T and CD20 BsAbs and can be protracted. In patients receiving CD19 CAR-T (light blue), there is an initial expansion followed by the redistribution and eventual decline of naïve CD4+ T-cell in favor of expanding CAR-T cell populations. This contrasts with patients receiving CD20 BsAbs, which tend to expand naïve CD4+ T-cell populations and lead to an exhausted phenotype. Immunoglobulin G levels (light green) have historically not been checked but can be diminished, even prior to starting treatment. These levels can decline further following treatment. 
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Figure 3. Clinical algorithm with recommendations for assessment of immunoglobulin quantity and function in patients initiating CAR-T or BsAbs. Adapted from the American Academy of Allergy, Asthma, and Immunology (AAAAI) Primary Immunodeficiency and Altered Immune Response Committee Working Group Report. 
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Table 1. Rates of neutropenia and infections in FDA-approved anti-CD20 BsAbs for R/R B-NHL.
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Drug

	
Rate of Neutropenia

	
Rate of Infections

	
Reference






	
Epcoritamab

	
-All Grade: 34%

-Grade ≥ 3: 23%

-Febrile Neutropenia All Grade: 2.5%

-Febrile Neutropenia Grade ≥ 3: not specified

	
-All Grade: 15%

-Grade ≥ 3: 14%

-1.3% grade 5

	
Thieblemont, C., et al. [8]




	
-All Grade: 55%

-Grade ≥ 3: 30%

-Febrile Neutropenia All Grade: 3.1%

-Febrile Neutropenia Grade ≥ 3: not specified

	
-All Grade: not specified

-Grade ≥ 3: 40%

-6% Grade 5

	
Linton, K. M., et al. [9]




	
Glofitamab

	
-All Grade: 37.7%

-Grade ≥3: 26%

-Febrile Neutropenia All Grade: 3.4%

-Febrile Neutropenia Grade ≥3: not specified

	
-All Grade: 16%

- Grade ≥ 3: 10%

	
Dickinson, M. J., et al. [10]




	
Mosunetuzumab

	
-All Grade: 28%

-Grade ≥ 3: 25%

-Febrile Neutropenia All Grade: 3.6%

-Febrile Neutropenia Grade ≥ 3: 3.6%

	
-All Grade: 17%

-Grade ≥ 3: 14%

	
Budde, L. E., et al. [11]











 





Table 2. Rates of neutropenia, hypogammaglobulinemia and infections in FDA-approved CAR-T for R/R B-NHL.
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	Drug
	Rates of Neutropenia
	Rates of Hypogammaglobulinemia
	Rates of Infections
	References





	Axicabtagene
	-All Grade: 71%

-Grade ≥3: 69%

-Febrile Neutropenia All Grade: 31%

-Febrile Neutropenia Grade ≥3: 31%
	-All Grade: 14%

-Grade ≥ 3: 3%
	-All Grade: 45%

-Grade ≥ 3: 17%
	Locke, F. L., et al. [12]

Neelapu, S. S., et al. [13]



	Brexucabtagene
	-All Grade: 97%

-Grade ≥ 3: 95 to 97%

-Febrile Neutropenia All Grade: 6 to 35%

-Febrile Neutropenia Grade ≥ 3: 35%
	-All Grade: 16%

-Grade ≥ 3: 1%
	-All Grade: 44 to 56%

-Grade ≥ 3: 30%
	Wang, M., et al. [14]



	Lisocabtagene
	-All Grade: 79 to 94%

-Grade ≥ 3: 79 to 94%

-Febrile Neutropenia All Grade: 1.6 to 12%

-Febrile Neutropenia Grade ≥ 3: 12%
	-All Grade: 10%

-All Grade: Not Specified
	-All Grade: 34%

-Grade ≥ 3: 12%
	Kamdar, M., et al. [15] Morschhauser, F., et al. [16]



	Tisagenucleucel
	-All Grade: 63 to 82%

-Grade ≥ 3: 63% to 82%

-Febrile Neutropenia All Grade: 13 to 34%

-Febrile Neutropenia Grade ≥ 3: 13 to 34%
	-All Grade: 17 to 53%

-Grade ≥ 3: 1%
	-All Grade: 52 to 72%

-Grade ≥ 3: 21 to 48%
	Schuster, S. J., et al. [17] Fowler, N. H., et al. [18]
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