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Abstract: Chimeric antigen receptor (CAR) T-cell therapy has brought hope for patients
with cancer and showed promising results and a high cure rate in various types of hemato-
logical malignancies. However, cellular therapy can lead to profound immunodeficiency of
the innate and adaptive immune systems, whether at the systemic or at the local cellular
immune response, which is a major predisposing risk factor for invasive opportunistic
infection, including fungal, viral, and bacterial pathogens. The role of regulatory T-cells
(Tregs) and their antigen specificity in humans remains largely unknown, but Tregs have
been implicated in a wide range of modulating viral and fungal infections. Though there
have been many advancements regarding the use of CAR T-cells in treating hematolog-
ical malignancies, the intricate and homeostatic role of Tregs in influencing therapeutic
outcomes and infection risk remains underexplored. Most published literature on this
topic focuses on the role of Treg in the immunosuppression necessary for successful CAR
T-cell therapy rather than the dual function of Treg in immunosuppression and immune
recovery. We intend to bridge this gap with a specific focus on the contribution of Tregs in
the modulation of CAR T-cell efficacy and their role in opportunistic infections after therapy.
In this review, we described the potential role and dynamics of Tregs following CAR T-cell
therapy, offering an expanded understanding of their impact on patient outcomes and
highlighting areas for future research.
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1. Overview of CAR T-Cell Therapy and the Effects on the Host T-Cell
Chimeric antigen receptor (CAR) T-cell therapy showed immense growth in advancing

cancer treatment. The process involves collecting the patient’s T-cells, genetically modifying
them to express a synthetic receptor that recognizes cancer cells and reintroducing these
reprogrammed and engineered cells into the patient. The process begins with collecting
peripheral blood mononuclear cells (PBMCs) from the patient through leukapheresis
(Figure 1). The isolated T-cells are then genetically modified to express a chimeric antigen
receptor (CAR) and expanded to a therapeutic dose [1]. The CAR T-cell is designed to
bind specific tumor antigens, enabling T-cells to attack and destroy cancer cells. Prior to
CAR T-cell infusion, it is necessary to administer lymphodepleting chemotherapy to reduce
the host immune cells, modify the tumor microenvironment, and augment CAR T-cell
expansion and the antitumor efficacy of the transferred T-cell [2].
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The preparative regimen significantly reduces CD4 and CD8 T-cells, and following 
the CAR T-cell infusion, cytokine release syndrome (CRS) and immune effector cell-asso-
ciated neurotoxicity syndrome (ICANS) might occur and require the use of tocilizumab 
and/or corticosteroids or other immunosuppressive therapies to control these severe tox-
icities. These therapeutic strategies further damage T-cell populations and delay cellular 
recovery [2]. The lymphodepleting chemotherapy also damages the thymus and the T-cell 
pool [3]. All of these are aspects of CAR T-cell therapy that can delay CD4+ T-cell recovery. 
The recovery of the adaptive immunity is slow and can take two years or more, contrib-
uting to prolonged immune vulnerability to opportunistic infections. 

Recently, innovative epigenetics have been used to evaluate a patient’s response to 
CAR T-cell therapy. One study reports that a patient’s clinical benefit from CAR T-cells 
directed against CD19 (CART19) can be predicted by analyzing the preinfusion CART19 
cell’s DNA methylation landscape [4]. There are now epigenetic biomarker libraries in-
cluding DNA methylation-based immune profiling which has the potential to improve 
cell characterization, tracking, and patient response prediction in relation to CAR T-cell 
therapy [5]. There is still a need for identification of specific disease and cell epigenetic 
markers to ensure predictive models are as accurate as possible [6]. Innovations such as 
these will hopefully aid in increasing successful CAR T-cell therapeutic treatments. 

 

Figure 1. The steps illustrate the process of beginning CAR T-cell therapy. 
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The preparative regimen significantly reduces CD4 and CD8 T-cells, and following the
CAR T-cell infusion, cytokine release syndrome (CRS) and immune effector cell-associated
neurotoxicity syndrome (ICANS) might occur and require the use of tocilizumab and/or
corticosteroids or other immunosuppressive therapies to control these severe toxicities.
These therapeutic strategies further damage T-cell populations and delay cellular recov-
ery [2]. The lymphodepleting chemotherapy also damages the thymus and the T-cell
pool [3]. All of these are aspects of CAR T-cell therapy that can delay CD4+ T-cell recovery.
The recovery of the adaptive immunity is slow and can take two years or more, contributing
to prolonged immune vulnerability to opportunistic infections.

Recently, innovative epigenetics have been used to evaluate a patient’s response
to CAR T-cell therapy. One study reports that a patient’s clinical benefit from CAR T-
cells directed against CD19 (CART19) can be predicted by analyzing the preinfusion
CART19 cell’s DNA methylation landscape [4]. There are now epigenetic biomarker
libraries including DNA methylation-based immune profiling which has the potential
to improve cell characterization, tracking, and patient response prediction in relation to
CAR T-cell therapy [5]. There is still a need for identification of specific disease and cell
epigenetic markers to ensure predictive models are as accurate as possible [6]. Innovations
such as these will hopefully aid in increasing successful CAR T-cell therapeutic treatments.
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2. The Dynamics of T-Regulatory Cells and CAR T-Cell Therapy
2.1. T-Regulatory Cells (Tregs)

A subset of CD4+ T-cells is affected by the CAR T-cell therapy process called Tregs,
characterized by the expression of the transcription factor FOXP3. These cells are critical in
maintaining immune homeostasis and preventing autoimmune responses by suppressing
the activity of effector T-cells [7]. Tregs modulate the immune response of CD4+ and CD8+
T-cells, B-cells, NK cells, and dendritic cells through various mechanisms and are known
to be reduced in number and function in autoimmune diseases. There are established epi-
genetic determinants of Treg function including the hypomethylation of Treg-specific
demethylated region stabilizing FOXP3 expression and the DMA methyltransferases
DNMT1 and UHR1 aiding in the maintenance of the Treg-specific methylation pattern to
ensure Treg stability [8]. Tregs also contain the Satb1 chromatin organizer, which helps
form chromatin loops. This enables interaction between enhancers and promoters, which
stabilizes Treg identity [8]. The current evidence and findings demonstrated that im-
munosuppression is mediated by the secretion of anti-inflammatory cytokines (IL-10, IL-35,
TGF-B), expression of inhibitory receptor CTLA-4, cytotoxic pathways (granzyme/perforin),
modulating antigen-presenting cell (APC) function, and metabolic disruption through the
utilization of adenosine and cAMP to inhibit effector cells [7].

2.2. The Role of T-Regulatory Cells (Tregs) in CAR T-Cell Therapy

Since Treg cells belong to a subset of specialized CD4+ T-cells that act as key modula-
tors of immune responses, balance pathogen control, dampen the effects of an exaggerated
immune response, and reduce the risk of end-organ tissue damage [7]. Tregs are a heteroge-
nous subgroup of T-cells with several subpopulations that have been identified that consist
of conventional thymic (tTregs), peripheral (pTregs), and tissue-specific Tregs such as bone
marrow [9]. The nature of Treg cells has brought to light the importance of enhancing or
depleting Tregs to optimize immune responses against infection or autoimmunity. These
mechanisms of immunosuppression help mediate tissue injury but may also inhibit protec-
tive immune responses to pathogens and vaccines [10]. It has been purported that Tregs
can also hinder effective immune responses against cancerous cells. CAR T-cell therapy is a
revolutionary anti-cancer treatment that has ushered oncological therapy into a potentially
curative era. The infused CAR T-cells combat malignancies by triggering T-cell cytotoxicity
response via cytokine release and apoptosis induction [11]. In the context of CAR T-cell
therapy, Tregs can inhibit therapeutic efficacy by creating an immunosuppressive tumor
microenvironment as they produce immunosuppressive cytokines such as IL-10 and TGF-β.
This can hinder CAR T-cell activation and proliferation and limit CAR T-cells’ cytotoxic
activity. This has raised concerns that Tregs can lead to suboptimal therapeutic anti-cancer
benefits and might have an impact on survival outcomes.

While the lymphodepleting chemotherapy regimen before CAR T-cell therapy, initially
reduces Treg populations, their eventual recovery and impact on tumor cells have not been
clearly elucidated in the literature yet. Still, they may contribute to tumor tolerance and
immune suppression [12]. Conversely, insufficient Treg cells recovery has been linked to a
heightened risk of autoimmune disease [13]. Therapeutic strategies such as Treg depletion,
checkpoint blockade immunotherapy, and tumor microenvironment modulation aim to
optimize CAR T-cell therapy outcomes by mitigating Treg-related effects. Balancing these
approaches is critical to enhancing CAR T-cell therapy effectiveness without disrupting
immune equilibrium [14]. In contrast, in bone marrow transplant recipients, utilizing tissue-
specific Tregs may have an adjunctive role of immunosuppressive therapy in reducing
the risk of graft-versus-host disease and the number of immunosuppressive treatments
required, and improving bone marrow engraftment (Figure 2) [15]. This highlights the
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dual role of Tregs. The roles can be described as (1) maintaining immune balance by
suppressing excessive inflammation and preventing autoimmunity through mechanisms
such as cytokine production (e.g., IL-10, TGF-β), and modulation of antigen-presenting
cells (APCs); and (2) limiting antitumor immunity by creating an immunosuppressive
tumor microenvironment, suppressing cytotoxic T-cells, and promoting tumor immune
evasion. The functions of Tregs are complex and opposing, which emphasizes their impact
on therapeutic outcomes and infection risks in CAR T-cell therapy as Tregs are critical cells
in immune homeostasis [16] and can play a role in cancer progression (Figure 2).

Int. J. Mol. Sci. 2025, 26, 1602 4 of 12 
 

 

immunosuppressive treatments required, and improving bone marrow engraftment (Fig-
ure 2) [15]. This highlights the dual role of Tregs. The roles can be described as (1) main-
taining immune balance by suppressing excessive inflammation and preventing autoim-
munity through mechanisms such as cytokine production (e.g., IL-10, TGF-β), and mod-
ulation of antigen-presenting cells (APCs); and (2) limiting antitumor immunity by creat-
ing an immunosuppressive tumor microenvironment, suppressing cytotoxic T-cells, and 
promoting tumor immune evasion. The functions of Tregs are complex and opposing, 
which emphasizes their impact on therapeutic outcomes and infection risks in CAR T-cell 
therapy as Tregs are critical cells in immune homeostasis [16] and can play a role in cancer 
progression (Figure 2). 

 

Figure 2. Tregs play a dual role in immune homeostasis. 

2.3. Treg Cells Immune Reconstitution 

The lymphodepletion treatment before CAR T-cell therapy leads temporarily to se-
vere T-cell immunodeficiency, including Tregs, and can persist for over a year. After CAR 
T-cell therapy, the immune system undergoes substantial changes, and the recovery is 
delayed and multifaceted. The Initial Phase (Days 0–30) can be characterized by severe 
lymphodepletion, CRS, and ICANS. During the Intermediate Phase (Days 30–90), gradual 
recovery of Tregs and effector T-cells begins, but patients remain vulnerable to opportun-
istic infections such as bacterial, viral, and fungal pathogens. By the Late Phase (Day 90+), 
immune homeostasis is largely restored, with the recovery of adaptive immunity and 
Treg-mediated balance. These changes in immune function emphasize the role of Tregs 
throughout the recovery process [16]. Over time, the recovery of T-cell immunity relies 
mainly on peripheral memory T-cell expansion, and Tregs tend to repopulate, potentially 
re-establishing their immunosuppressive roles. The recovery rate and extent depend on 
several factors such as patient health, tumor burden, and CAR T-cell design (Figure 3). 
Post-therapy Tregs may exhibit altered phenotypes or functions due to immune modula-
tion induced by CAR T-cells [17]. Of note, this complex T-cell recovery depends on the 
interaction of T-cell progenitors with the host thymic epithelium. Moreover, this process 
can be affected by various factors that could occur following cell infusion, including the 

Figure 2. Tregs play a dual role in immune homeostasis.

2.3. Treg Cells Immune Reconstitution

The lymphodepletion treatment before CAR T-cell therapy leads temporarily to severe
T-cell immunodeficiency, including Tregs, and can persist for over a year. After CAR T-cell
therapy, the immune system undergoes substantial changes, and the recovery is delayed
and multifaceted. The Initial Phase (Days 0–30) can be characterized by severe lymphode-
pletion, CRS, and ICANS. During the Intermediate Phase (Days 30–90), gradual recovery of
Tregs and effector T-cells begins, but patients remain vulnerable to opportunistic infections
such as bacterial, viral, and fungal pathogens. By the Late Phase (Day 90+), immune
homeostasis is largely restored, with the recovery of adaptive immunity and Treg-mediated
balance. These changes in immune function emphasize the role of Tregs throughout the
recovery process [16]. Over time, the recovery of T-cell immunity relies mainly on periph-
eral memory T-cell expansion, and Tregs tend to repopulate, potentially re-establishing
their immunosuppressive roles. The recovery rate and extent depend on several factors
such as patient health, tumor burden, and CAR T-cell design (Figure 3). Post-therapy
Tregs may exhibit altered phenotypes or functions due to immune modulation induced
by CAR T-cells [17]. Of note, this complex T-cell recovery depends on the interaction of
T-cell progenitors with the host thymic epithelium. Moreover, this process can be affected
by various factors that could occur following cell infusion, including the development of
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CRS or ICANS and other cellular therapy-related toxicities that, in many situations, require
the use of glucocorticoids, steroids-sparing immunomodulators, and biologic therapies.
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2.4. Complications Related to Tregs Post-CAR T-Cell Therapy

Tregs might contribute to both positive and negative outcomes after CAR T-cell therapy.
While Tregs help restore immune balance, excessive Treg activity can dampen anti-tumor
effects [16]. Tumor cells may exploit Treg-mediated suppression to evade immune detection,
leading to disease relapse or immune tolerance. In a recent study, authors explored how
normal immune cell reconstitution impacts progression-free survival, overall survival,
and risks of adverse events like infections or secondary cancers in chronic lymphocytic
leukemia (CLL) patients. They found that Tregs in the CLL microenvironment have been
shown to promote CLL survival and immune evasion. High CD4+ T-cell counts after
lymphodepletion may indicate a reconstitution of these supportive immune properties,
which could facilitate relapse [18].

In addition, it has been demonstrated that early CD4+ T-cell recovery following
CAR T-cell infusion may indicate CAR T-cell therapy dysfunction rather than effective
immune reconstitution. This could reflect suboptimal lymphodepleting chemotherapy
or underlying CAR T-cell resistance mechanisms. Delayed CD4+ T-cell recovery aligns
with better outcomes, suggesting the need for careful monitoring and tailored interven-
tions based on early immune reconstitution patterns [16]. Researchers found that early
recovery of CD4+ T-cells at Day 30+ after CAR T-cell therapy was associated with worse
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overall survival and progression-free survival in diffuse large B-cell lymphoma patients
(HR = 4.47, p = 0.03). Tumor relapse occurred in 82% of patients with early CD4+ T-cell
recovery versus 47% in those without [16]. Although early recovery was associated with
worse cancer outcomes, prolonged CD4+ T-cell lymphopenia was linked to severe life-
threating infections such as viral reactivations and invasive mold infections. In addition,
studies have shown a regulatory role of type 2 CD8+ T suppressors cells in modulating
immune cells hemostasis and protecting against the development of chronic inflammatory
disease and the cells’ potential role in a tumor microenvironment [19].

2.5. Comorbid Conditions and Immune Recovery After CAR T-Cell Therapy

Medical comorbidities such as cardiac, pulmonary, and psychiatric underlying con-
ditions may have a critical role in predicting early mortality. In one study, researchers
investigated the impact of medical comorbidities on patients with relapsed/refractory large
B-cell lymphoma. Cardiac comorbidities were found to significantly increase the 100-day
non-relapse mortality (NRM), experiencing a 26.9% NRM compared to 8.1% for those
without cardiac conditions. Severe hepatic dysfunction also posed a significant increased
risk, exhibiting a 50% higher 100-day NRM compared to 8.9% for those patients without
liver complications. Psychiatric disturbances, including anxiety or depression that required
treatment, also displayed an increased 100-day NRM of 19.6% compared to 7.8% for patients
who did not experience these conditions. Patients > 60 of age showed significantly higher
mortality rates than younger patients within the first 100 days post-therapy [20]. Comorbid
conditions such as cardiac and liver dysfunction may exacerbate immune homeostatic
disruption. This may impact the recovery and function of Tregs post-therapy. Since Tregs
are essential for mitigating excessive immune responses such as those exhibited in the
potentially fatal CRS, heart, and liver issues that contribute to systemic inflammation, Treg
recovery may be hindered. This would leave patients with comorbidities more susceptible
to immune-related toxicities and infections.

A study investigating the mechanisms of heart disease and Treg cells stated that since
Tregs have such a critical role in immune regulation and inflammation, their disruption
can lead to rogue immune responses which may lead to pathological changes. They also
highlight a central role of Tregs in atherosclerosis, hypertension, myocardial infarction and
remodeling, myocarditis, dilated cardiomyopathy, and heart failure [21]. In addition, they
observed that enhancement of inflammatory reactions was observed in the absence of Tregs,
which emphasizes their integral role in maintaining cardiovascular health. Adding another
layer to Tregs’ role in how comorbid conditions affect CAR T-cell therapy, this study shines
light on the importance of recognizing and understanding the complex nature of Treg cells.

This same concept is observed in liver dysfunction. One study found that Treg
deficiency can have significant effects on the liver such as exacerbation of inflammatory
injury in nonalcoholic fatty liver disease, autoimmune hepatitis, primary biliary cholangitis,
and acute liver transplant rejection. Depletion of Tregs is also linked to anxiety and
depression. A study using a Treg-depleted mice model found that transient depletion of
Foxp3-expressing cells (Tregs) may influence anxiety or depression-like behaviors. They
stated that this is potentially due to inflammatory response and immune cell trafficking
in the hippocampal formation of the Treg-depleted mice, as the hippocampal formation
is strongly linked to anxiety and depression-like behaviors in rodents [22]. Tregs’ vast
involvement in a variety of different comorbidities known to impact CAR T-cell therapy
mortality should be a focus of future research, as the depletion of Tregs from this therapy
may have many unexplored effects outside of the most commonly researched, like ICANS
and CRS.
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3. Infectious Complications Post-CAR T-Cell Therapy
Infections are a prominent complication of CAR T-cell therapy, driven by im-

mune suppression and therapy-related factors. During the early phase of infection
(days 0–30), bacterial infections predominate due to neutropenia induced by lymphodeplet-
ing chemotherapy. Common bacterial pathogens include gram-positive and gram-negative
organisms such as Streptococcus species, Clostridium difficile, and Enterobacteriaceae. During
the late phase of infection (day 30+), viral infections, primarily respiratory viruses, become
more common due to sustained lymphopenia and hypogammaglobulinemia. Herpesvirus
reactivation (e.g., cytomegalovirus [CMV]) and opportunistic invasive fungal infections
are noted during this phase and are increasingly reported following CAR T-cell therapy in
patients with hematologic malignancies [23].

3.1. Cytomegalovirus Infection

CMV reactivation is a growing issue reported following CAR T-cell therapy with a
high disease burden in CAR T-cell therapy recipients, especially in the absence of robust
data to guide optimal clinical monitoring, preventive measures, and management [24].
Treg’s role in the prevalence of opportunistic infections in an immunosuppressed state
is emphasized through a study investigating the contributions of CMV-specific Treg and
T-cell effector subsets to CMV end-organ disease in HIV-infected individuals. The study
investigators discovered a potentially detrimental role for CMV-specific Treg in patients
with advanced HIV infection. By suppressing effective immune responses to CMV, Treg
cells may facilitate progression to CMV end-organ disease [25]. Authors demonstrated
that excessive Tregs immune suppression can undermine defense mechanisms. However,
several scenarios were postulated that Treg cells could survive longer compared to T-cell
effectors in chronic HIV infection.

3.2. Herpesvirus

Herpetic infections are a cause for concern in individuals who have received CAR T-
cell therapy due to potential B-cell depletion and hypogammaglobulinemia and the overall
profound immunosuppression that comes along with a successful treatment. Human
herpesvirus 6B (HHV-6B) reactivation and disease have been reported as increasing in
number, which raised questions about incidence and outcomes of HHV-6B infection after
CAR T-cell therapy, and routine monitoring was called into question [26]. One study
found that out of 89 individuals who received CAR T-cell therapy who were monitored for
12 weeks post-infusion, HHV-6B reactivation occurred in only eight patients. They interpret
this as HHV-6B reactivation being infrequent and not requiring monitoring [27]. CMV and
HSV have also been reported to cause pneumonia in individuals with CRS from CAR T-cell
therapy. A study reporting and analyzing these cases attributes the increased severity to the
subsequent reactivation of CMV and HSV-1, which ultimately lead to respiratory failure and
death [28]. This highlights the growing threats of CMV and HSV to cause fatal pneumonia
in CAR T-cell recipients and the need for consideration of herpesviruses when dealing with
end-organ disease after CAR T-cell therapy. The presence of intense viral reactivation in
CAR T-cell therapy recipients is closely related to severe immunosuppression, including
the depletion of Tregs. The individuals discussed above experienced exaggerated immune
responses in the form of CRS, with the depletion of Tregs being a leading cause of this
reaction. Since functional Tregs are typically low post-CAR T-cell therapy, the exaggerated
inflammatory response of CRS may have further compromised the patient’s ability to
manage viral reactivation.
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3.3. Epstein-Barr Virus (EBV)

The role of EBV infection in mediating lymphoproliferative diseases has been well
documented in the literature to occur as a complication of organ transplants or hematopoi-
etic stem cell transplantation, but there have also been cases reported after CAR T-cell
therapy [29]. One study reported that two patients experienced this phenomenon. The
recommended treatment for EBV-associated lymphoproliferative disorders post-CAR T-cell
therapy can be immune checkpoint inhibitors or B-cell depleting agents [29]. In the case of
EBV-associated lymphoproliferative disorders, the depletion of Tregs may have allowed
for the unchecked proliferation of EBV-infected B-cells [30]. Tregs play a crucial role in
EBV latency and preventing its reactivation. When functional Tregs are diminished, EBV-
infected B-cells can escape immune surveillance. This can then progress to uncontrolled
cell proliferation and the development of EBV-associated lymphoproliferative disorders.

The severely weakened adaptive immunity post-CAR T-cell therapy is compounded
by a delayed recovery of Tregs, which play a pivotal role in the immune response to these
opportunistic infections. Since they are essential to preventing excessive inflammation,
their delayed recovery post-CAR T-cell therapy can lead to an inadequate balance between
controlling viral replication and avoiding tissue damage. The case studies presented
above call for increased and careful monitoring as well as early interventions should these
infections arise in this vulnerable population.

3.4. Coronavirus Disease 2019 (COVID-19)

The COVID-19 pandemic affected people’s healthcare in many ways, including those
who have received CAR T-cell therapy for B-cell malignancies. One study investigated
COVID-19 infection’s impact on this population and found that 80% of the 56 individuals
analyzed who received CAR T-cell therapy required hospitalization due to COVID-19,
with a median stay of 26.5 days. Around 49% were admitted to the intensive Care Unit
(ICU) and 73% of ICU patients required invasive ventilation. The mortality attributable
to COVID-19 was 41% and the study found increased age and other pre-existing medical
comorbidities as significant independent risk factors for mortality in patients who received
CAR T-cell therapy. They also found that neither the elapsed time since CAR T-cell infusion
nor a history of ICANS or CRS proved significant in impacting outcomes [31].

This highlights that the profound immunosuppression in CAR T-cell therapy recipients
can have lasting and potentially fatal outcomes when met with COVID-19 infection. This is
likely driven by B-Cell depletion, hypogammaglobulinemia, and ongoing cytopenias, Treg
cells may also play a multi-faceted role in increased severity of COVID-19 infections in CAR
T-cell therapy recipients. Severe COVID-19 can result in cytokine release syndrome, which
is attributable to depletion of Tregs as preventing inflammation-induced injury caused by
the infection [32].

3.5. Fungal Infection

As discussed, Tregs prevent exuberant immune responses that can damage the host vi-
tal organs. Bacher and colleagues discovered that expanding antigen-specific Tregs against
mucosal Aspergillus fumigatus and Candida albicans antigens is essential to modulate the
immune responses. In support of this, authors found that in patients with significant
allergic reactions to Aspergillus fumigatus, the T-cell response is mainly predominated by
memory T-cell response as opposed to Tregs response, and this was also found in patients
with respiratory tract diseases such as patients with cystic fibrosis [33]. Of note, immuno-
compromised patients such as cellular-therapy recipients are continuously challenged by
the exposure to various fungal pathogens, which are either present in the environment or
part of the commensal microbiota and can have a life-threatening invasive fungal infection
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or hypersensitivity reaction to fungal spores due to the alteration of Tregs function and
other immune T-helper cells.

Strikingly, a study revealed that after bone marrow transplantation, Aspergillus-specific
T-cell response was notable for low IFN-g/IL-10 ratio, which indicated that a TH2 cell
response could potentially prolong the risk for having invasive aspergillosis in contrast to
the protective role of TH1-cell response. As is known, the traditional risk factors for invasive
Aspergillosis are mainly neutropenia and phagocyte dysfunction, but more recently, T-cells
have been shown to play a role in host defense in controlling Aspergillus infections [34].
In light of the growing role of type 1 T-cell cytokines in fungal infection, a group of
scientists developed and validated a novel approach to generate anti-Aspergillus CAR T-cell
therapy as a promising adjunctive treatment modality against recalcitrant invasive fungal
infection [35,36].

Another dimension of immunosuppression is the presence of hypogammaglobuline-
mia and prolonged cytopenia, which contribute to a higher risk of infection post-CAR T-cell
therapy, even beyond 90 days post-infusion. Respiratory infections are the most observed,
as well as opportunistic, fungal infections [37]. In addition, patients undergoing CAR T-cell
therapy are at heightened risk of severe COVID-19 infection due to immune suppression
with prolonged viral clearance observed in some cases [17].

Some other common challenges that arise post-CAR T-cell therapy are CRS and ICANS.
Lu and colleagues found that CRS and ICANS affected 56% and 21% of individuals who
received the first approved CAR T-cellular therapy [11]. As for CRS, though not directly
caused by Tregs, their suppressive functions may interact with the inflammatory milieu of
CRS, complicating its resolution. However, insufficient Treg recovery may result in a loss
of immune tolerance [17]. For example, patients can develop autoimmune pneumonitis,
colitis, and/or thyroiditis [37]. This again highlights the homeostatic role of Tregs even in T-
cell recovery post-CAR T-cell therapy. It has been studied that targeting the Wnt/B-catenin
pathway can suppress immunosuppressive Treg responses, sustaining Th-1-mediated pro-
tective immunity, particularly against invasive fungal infections [38]. This could be useful
in managing immune homeostasis peri- and after CAR T-cell therapy. It could improve
the tumor microenvironment’s immune permissiveness, minimize off-target effects, and
prevent opportunistic fungal infections.

4. Conclusions
Tregs play a complex role following CAR T-cell therapy, acting as guardians of im-

mune balance and obstacles to therapeutic efficacy. Understanding and modulating Treg
dynamics is crucial for enhancing CAR T-cell therapy outcomes and minimizing infectious
complications. Further research is needed to optimize targeting Tregs without compro-
mising immune homeostasis. Elucidating the exact therapeutic role of Tregs post-CAR
T-cell therapy and its clinical effects requires further preclinical and clinical studies and
highlighting of the role of antigen specificity of Tregs and their protective roles.

5. Future Research and Directives
Unlocking the unique role and dynamics of regulatory T-cells in greater depth is an

unmet need for CAR T-cell therapy recipients and patients with cancer. There is a necessity
for further explanation of the long-term immune consequences of CAR T-cell therapy and
its specific alterations to immune dynamics in order to optimize therapeutic outcomes and
minimize complications. These investigations should specifically focus on the dual role
of Tregs in suppressing excessive immune responses and promoting immune recovery.
Studies which aim to identify parameters to predict and manage immune recovery and
infection risk in CAR T-cell therapy patients are highly needed. In addition, new targeted
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therapeutic approaches at balancing Tregs modulation without compromising immune
function are also critical. The more that these gaps are addressed, a clearer path can be
paved for safer administration of and recovery from CAR T-cell therapies.
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