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Abstract: The use of targeted biologic therapies for hematological malignancies has greatly expanded
in recent years. These agents act upon specific molecular pathways in order to target malignant cells
but frequently have broader effects involving both innate and adaptive immunity. Patients with
hematological malignancies have unique risk factors for infection, including immune dysregulation
related to their underlying disease and sequelae of prior treatment regimens. Determining the
individual risk of infection related to any novel agent is challenging in this setting. Invasive fungal
infections (IFIs) represent one of the most morbid infectious complications observed in hematological
malignancy. In recent years, growing evidence suggests that certain small molecule inhibitors,
such as BTK inhibitors and PI3K inhibitors, may cause an increased risk of IFI in certain patients.
It is imperative to better understand the impact that novel targeted therapies might have on the
development of IFIs in this high-risk patient population.
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1. Introduction

Invasive fungal infections (IFIs) are an important cause of morbidity and mortality
in patients with hematological malignancies [1,2]. Defects in innate and cell-mediated
immunity related to the underlying disease, cytotoxic chemotherapies, novel targeted
immunotherapies, as well as long-term intravenous catheters, and loss of mucosal in-
tegrity related to toxic chemoradiation can significantly increase patients’ risk of fungal
disease [3–5]. Manifestations of fungal infection in patients with hematological malig-
nancies include invasive yeast infections, including invasive candidiasis (IC) including
candidemia and deep-seated tissue infection, invasive mold infections (IMI) such as pul-
monary and invasive aspergillosis (IA); endemic fungal diseases, such as histoplasmosis or
blastomycosis; and classically opportunistic infections (OI) including Pneumocystis jirovecii
pneumonia (PJP) and cryptococcosis. The epidemiology of IFIs in hematological malig-
nancy has evolved in recent years, driven by the development of novel antineoplastic
treatments, changes in practices related to hematopoietic cell transplantation (HCT), and
introduction of new antifungal agents for treatment and prophylaxis [1,2,6–9]. Increased
numbers of fluconazole-resistant IC and IMIs present challenges for diagnosis and treat-
ment [2,10]. This shift has occurred in parallel to a rapid expansion of immunotherapeutic
and molecular targeted agents [11–13]. These agents act on specific molecular pathways
theoretically leading to a narrower spectrum of toxicity. However, down-stream sequelae
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of pathway inhibition may not be fully characterized in early studies and important or
unique infectious complications including risks of IFI may not come to light until therapies
are applied to broader populations outside of the clinical trial setting. Thus, it is critical to
continue to develop a deeper understanding of the unique risks that each agent may have
for development of IFIs.

This review describes the reported risk of IFI in patients receiving a variety of tar-
geted agents for hematological malignancies, including monoclonal antibodies; bispecific
T-cell engagers (BiTE), such as blinatumomab; tyrosine kinase inhibitors, including phos-
phoinositide 3-kinase (PI3K) inhibitors, Bruton’s tyrosine kinase (BTK) inhibitors, and
janus-associated kinase (JAK) inhibitors; as well as the B-cell lymphoma 2 (BCL-2) inhibitor
venetoclax. Given the breadth of this topic and the number of targeted agents now avail-
able, the review focuses on the targeted therapies most commonly used in hematological
malignancy, where data are present on associated risk or incidence of IFI. For the included
therapies, we discuss indications for use, effects on innate and adaptive immunity, reported
risk of IFI, and any recommendations regarding antifungal prophylaxis including prophy-
laxis for PJP. Importantly, as these biologic agents act on specific immune pathways, risk
of particular fungal infections may be increased more than others, and it is important to
evaluate the reports of invasive yeast infections, invasive mold infections, PJP, and other
fungal infections individually. In this way, optimal recommendations may be provided
regarding screening, prophylaxis, or preemptive treatment for each agent or class of agents.

2. Monoclonal Antibodies
2.1. B-cell Depleting Agents

Monoclonal antibodies (MAbs) directed against the B-cell CD20 antigen have revolu-
tionized the treatment of CD20-positive hematological malignancies. In 1997, rituximab
was the first anti-CD20 monoclonal antibody approved for the treatment of lymphoid
malignancy [14]. Rituximab is a chimeric monoclonal antibody, while newer agents such
as obinutuzumab and ofatumumab are humanized and human monoclonal antibodies, re-
spectively [13,15,16]. Rituximab is used to treat non-Hodgkin lymphoma (NHL), Hodgkin
lymphoma (HL), chronic lymphocytic leukemia (CLL), and in combination with ibrutinib
for Waldenstrom’s macroglobulinemia (WM). Ofatumumab is approved for treatment of
CLL, and obinutuzumab is approved for treatment of CLL and follicular lymphoma (fL).

Anti-CD20 MAbs have multiple immune modulating effects that increase risk of
infections, as seen in Table 1. Most importantly, Anti-CD20 monoclonal antibodies cause
prolonged B-cell depletion through induction of apoptosis, complement-mediated cytotoxi-
city, and cell-mediated cytotoxicity, leading to deficits in humoral immunity [17]. Decreased
B-cell numbers may be seen for at least 6 to 9 months after administration and impaired
B-cell maturation may continue for years [13,18]. As plasma cells and B-cell precursors
do not express CD20, hypogammaglobulinemia is less frequent, however it can occur
following multiple courses of therapy [15]. Though less well defined, downstream effects
on cell-mediated immunity may also occur due to the important relationship between B
and T-cell function related to antigen presentation and cytokine release [19].

Important effects are also exerted on non-lymphoid cells. Neutropenia is well estab-
lished as a risk factor of IFI [3,20–22]. Severe neutropenia has been reported frequently
following rituximab therapy, including late onset neutropenia [23]. Dunleavy et al. reported
on 130 previously untreated patients with diffuse large B-cell lymphoma (DLBCL)—76 re-
ceived chemotherapy (DA-EPOCH) with rituximab and 54 received chemotherapy alone.
The incidence of late-onset neutropenia in patients who received rituximab-based therapy
was low, but was significantly higher than those who did not receive rituximab (8% vs.
0%; p = 0.04) [23]. The median time to onset of late neutropenia was 175 days (range,
77–204 days), with a median nadir of 0.2 × 109/L. Other studies have reported incidence
of late neutropenia that ranges from 13% to 24.9% [24–26].
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Table 1. Novel targeted therapies: immune sequelae.
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SLAMF7 Elotuzumab - - - -

CD19/CD3 Blinatumomab +++ + ++ ++

BTK
Ibrutinib

Acalabrutinib
Zanubrutinib

++ - + +

PI3K
Idelalisib

Copanlisib
Duvelisib

++ + - +

JAK Ruxolitinib - + - -
BCL-2 Venetoclax - - - ++

Plus signs indicate relative effect (e.g., mild, moderate, significant). 1 Hypogammaglobulinemia. 2 Late neutrope-
nia may occur (median time 175 days, Dunleavy et al.). 3 Neutropenia typically resolves in 2–4 weeks.

Less data regarding neutropenia are available on newer anti-CD20 agents, such as
obinutuzumab and ofatumumab. One open-label multi-center phase III trial for ofatu-
mumab as a monotherapy in refractory CLL showed 24% of patients in the ofatumumab
group developed neutropenia as compared to 10% in the observation group [27]. Another
randomized controlled trial (RCT) compared the efficacy and safety of induction and main-
tenance therapy with obinutuzumab versus rituximab in patients with fL. Patients received
CHOP, CVP, or bendamustine in combination with the anti-CD20 agent for induction,
and continued on the anti-CD20 monoclonal antibody as monotherapy for maintenance.
Patients in the obinutuzumab group had an increased incidence of grade 3 to 5 neutropenia
(45.9% vs. 39.5%) compared to those in the rituximab group, suggesting that obinutuzumab
may have an even higher risk of neutropenia than rituximab [28].

Despite the humoral and cell-mediated defects described, the risk of IFI after treatment
with anti-CD20 monoclonal antibodies appears to be low as shown in Table 2 [13,15,29]. The
exception to this is PJP, where some studies have suggested that there may be an increased
risk [13,14]. It remains challenging to determine the impact of individual targeted therapies,
including antibodies targeting CD20, on incidence of infectious complications in patients
with hematological malignancies given that patients are frequently treated with combina-
tion regimens, have often received multiple preceding cytotoxic and targeted treatment
regimens, and have significant baseline immune defects related to their underlying disease.
The data on any independent increase in risk of infections with the addition of rituximab
to existing chemotherapy regimens remain mixed. A systematic review and meta-analysis
performed by Lanini et al. reviewed infections in 17 RCTs comparing rituximab with
chemotherapy (R-C) to standard chemotherapy (C) for patients with CD20+ malignant
lymphomas. Pooled relative risks (RRs) did not indicate increased risk of infections (RR
1.00, CI 0.87–1.14; p = 0.943) or death as a consequence of infection (RR 1.60, CI 0.68–3.75;
p = 0.279) in patients receiving R-C compared to those receiving C, despite increased risk of
leukopenia and granulocytopenia in patients receiving R-C [29]. Alternatively, a different
meta-analysis of RCTs that included studies evaluating rituximab maintenance therapy
versus observation or single-arm phase II trials of rituximab for treatment of lymphoid
malignancy showed increased pooled relative risk of infection (RR 2.8, CI 1.3–6.2; p = 0.010)
for patients receiving rituximab [30]. Fungal infections were not reported individually in
these studies. In another review on infectious complications related to MAbs in cancer
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treatment, no significant increase in the incidence of infections was observed with the
addition of rituximab to chemotherapy in eight randomized controlled trials [31].

Table 2. Novel targeted therapies: risk of invasive fungal infections.

Target Agents Risk for IFI Prophylaxis

BTK
Ibrutinib

Acalabrutinib
Zanubrutinib

High

• Consider antifungal prophylaxis if
other risk factors present.

• PJP prophylaxis if receiving
corticosteroid therapy 1.

CD52 Alemtuzumab High • PJP prophylaxis recommended

PI3K
Idelalisib

Copanlisib
Duvelisib

Moderate/High • PJP prophylaxis recommended

CD19/CD3 Blinatumomab Moderate • PJP prophylaxis recommended

BCL-2 Venetoclax Moderate • PJP prophylaxis if receiving
corticosteroid therapy 1.

CD20
Rituximab

Ofatumumab
Obinutuzumab

Moderate/Low
• PJP prophylaxis if receiving

corticosteroid therapy 1.
• Consider for RCHOP14.

JAK Ruxolitinib Moderate/Low • PJP prophylaxis if receiving
corticosteroid therapy 1.

SLAMF7 Elotuzumab Low Minimal additional risk added
CD38 Daratumumab Low Minimal additional risk added

FLT3 Midostaurin
Gilterinib Low Minimal additional risk added 2

1 Prednisone equivalent ≥20 mg/day for >4 weeks. 2 Given with standard induction therapy during
which there is a recommendation for anti-mold prophylaxis.

Novel therapies, such as anti-CD20 monoclonal antibodies, may lead to increased
infectious complications in patients with unique immunologic deficits. One randomized
trial by Kaplan et al. assessing a unique patient population compared R-CHOP to CHOP
for HIV seropositive patients with non-Hodgkin lymphoma. In this study, there were
trends toward increased risk of neutropenia and infection with R-CHOP, but most notably
there was an increase in deaths related to infections in the R-CHOP group compared to
the CHOP group (14% vs. 2%; p = 0.035). This was driven principally by patients with
low CD4 counts, with 36% of patients with baseline CD4 counts of <50 in the rituximab
group that developed fatal infections. Of the 16 infectious deaths, there was one fungal
pneumonia, but the majority of infections represented bacterial sepsis. Further reported
in the R-CHOP group was a single episode of IC and three episodes of PJP [32]. These
frequent and serious complications seem to be unique in the HIV seropositive population.

One small study by Lin et al. looked specifically at fungal infections in 34 patients
with DLBCL who received R-CHOP versus 35 patients who received CHOP. They found a
significant difference in incidence of fungal infections between the two groups (R-CHOP
41.7%; CHOP 17.1%; p = 0.03). All of the cases except for two, in which the organisms
were not identified, were due to Candida species. No IMIs were reported. The majority of
patients (18/20) developed IFI while on chemotherapy. R-CHOP, age > 80 years of age,
and bone marrow involvement were risk factors of the development of IFI in univariate
analysis. However, while the authors used a definition of IFI that required a positive
microbiologic culture for a fungal species, they did not use the European Organization for
Research and Treatment of Cancer/Mycoses Study Group (EORTC/MSG) criteria that are
commonly used to define IFI, so it is difficult to compare these results to IFI rates in other
cohorts with hematological malignancies [33,34].

Non-Candida yeast infections have only been reported in isolated cases following
treatment with rituximab. In one single-center retrospective study of adults with lympho-
proliferative malignancies treated with bendamustine plus rituximab, or bendamustine
plus ofatumumab, a single case of cryptococcal infection was reported. Additionally, five
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patients developed PJP and one patient died of disseminated histoplasmosis 1.5 years after
completing rituximab maintenance without additional treatment [35].

The strongest signal of IFI following treatment with rituximab is for Pneumocystis
pneumonia, though the attributable risk remains small [13,36,37]. Jiang et al. performed a
systematic review and meta-analysis of PJP in lymphoma patients treated with rituximab-
containing regimens. Seven studies were included in the review—942 patients treated with
rituximab and 977 patients treated without rituximab. Patients subjected to rituximab had
a higher risk of PJP (RR 3.65, CI 1.65–8.07; p = 0.001). Notably, antimicrobial prophylaxis
was found to provide a benefit in this setting (RR 0.28, CI 0.09–0.94; p = 0.039) [36]. A small
case series by Martin-Garrido et al. reviewed 30 cases of PJP in patients who received
rituximab, of which 90% were treated for hematologic malignancy. Glucocorticoids were
used concomitantly in 73% of patients. Clinical manifestations were severe with 88%
developing hypoxemic respiratory failure and 30% mortality [38]. Nonetheless, given the
generally weak evidence suggesting increased risk of PJP in patients receiving rituximab-
based regimens, the current recommendations are to consider Pneumocystis prophylaxis in
patients with lymphoma receiving R-CHOP with a 14-day regimen who may be at higher
risk or if other risk factors are present. Prophylaxis is recommended for patients receiving
fludarabine, cyclophosphamide, and rituximab (FCR) but is otherwise optional in all other
cases of rituximab treatment for hematological malignancies [39].

Data on the development of IFI after treatment with novel anti-CD20 monoclonal
antibodies, such as ofatumumab and obinutuzumab, are more limited. In a pivotal phase
III trial for ofatumumab as maintenance therapy for CLL, infections that represented grade
3 or higher adverse events (AEs) occurred in 13% of patients in the ofatumumab group
and 8% of patients in the observation group [27]. In another phase I/II trial by Wierda et al.
that evaluated single agent ofatumumab in patients with relapsed or refractory CLL, 189 in-
fectious events were reported among 92 patients. Thirteen infections were fatal, including
one related to Fusarium infection [40]. Finally, the RESONATE study compared ibrutinib to
ofatumumab in R/R CLL with lower rates of infection in the ofatumumab group (54% vs.
70%). There were two cases of bronchopulmonary aspergillosis reported in the ibrutinib
group and no fungal infections reported in the group that received ofatumumab [41]. Sev-
eral other studies have reported isolated cases of IFI related to treatment with ofatumumab,
including hepatosplenic candidiasis and other Candida infections [42,43].

Obinutuzumab is a third generation anti-CD20 MAb with an engineered Fc region to
boost complement-dependent cytotoxicity and antibody-mediated cytotoxicity. In one trial
comparing rituximab to obinutuzumab for treatment of fL, the obinutuzumab group had
an increased incidence of any grade infection (77.3% vs. 70%) as well as serious infections
(18.2% vs. 14.4%) [28]. The GREEN study evaluated the safety of obinutuzumab alone or
in combination with chemotherapy for CLL and reported infections in 53.7% of patients
(grade ≥ 3 20.1%) [44]. No fungal infections were reported in either of these trials, though
a letter to the editor in Annals of Hematology reported two cases of IFI in patients on
obinutuzumab monotherapy for CLL, arguing that this may be related to increased potency
related to the engineered Fc region. In the first case, the patient developed PJP pneumonia
and Candida krusei fungemia leading to multiorgan failure and death after being treated
with obinutuzumab. In the second case, the patient developed fever unresponsive to
broad-spectrum antimicrobials after treatment with obinutuzumab and was ultimately
diagnosed with talaromycosis. Both patients were heavily pre-treated with cytotoxic drugs
leading to prolonged preceding cytopenias, however both patients also received antifungal
therapy during the time of obinutuzumab treatment [45].

2.2. Combination Lymphodepleting Agents

Several combination B-cell and T-cell lymphodepleting agents are used for the treat-
ment of hematological malignancy. Alemtuzumab is a humanized IgG1 kappa MAb
directed against CD52, a cell surface protein expressed on most normal and malignant
B and T lymphocytes [46]. Binding of alemtuzumab to CD52 may cause cell death by
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complement activation or antibody-dependent cytotoxicity. The CD52 receptor is present
on B-cells, T-cells, natural killer (NK) cells, and monocytes. Alemtuzumab leads to pro-
longed lymphocyte depletion, in particular of CD4+ T-cells that can last up to a year or
longer [13,47]. Neutropenia can also occur but typically improves after 2–3 weeks [46].
Alemtuzumab is approved for treatment of CLL.

Alemtuzumab increases the risk of IFI via defects in cell-mediated immunity [47].
In a phase II single-arm multi-center trial evaluating alemtuzumab treatment in patients
with CLL who had failed prior fludarabine treatment, multiple episodes of IFI were
reported. Fifty-one patients (55%) experienced at least one infection during the study.
Fungal infections reported included one case of PJP, three cases of invasive IA including one
fatal case, one case of fatal rhinocerebral mucormycosis, one case of IC, and one case of fatal
cryptococcal pneumonia [46]. Several other trials were stopped early after internal review,
due to high incidence of severe infections in patients who received alemtuzumab [48,49].

Another retrospective study by Martin et al. of infectious complications in patients
treated with alemtuzumab for lymphoproliferative disorders in a single institution found
that amongst 27 patients, 15 (56%) developed an OI during the study period, including
three cases of pulmonary IA, one case of disseminated histoplasmosis, and one case of
disseminated cryptococcosis. Nine patients with CLL who went on to receive allogeneic
HCT were followed, with 44.4% developing post-transplant OIs, while only 29.6% devel-
oped post-transplant OIs in a comparator non-alemtuzumab group. Pulmonary IA was the
most common post-transplant OI that was reported. Due to the deficits in cell-mediated
immunity and risks of developing PJP, routine prophylaxis is recommended for all patients
who receive alemtuzumab [15,50].

Other mixed lymphodepleting monoclonal antibodies include daratumumab and
elotuzumab. Daratumumab is a human IgG1 kappa MAb directed against CD38, a cell
surface protein that is highly expressed on myeloma cells as well as at low levels on
other lymphoid cells, such as regulatory T-cells and B-cells [13,51,52]. It exerts effects
via induction of apoptosis, complement-dependent cytotoxicity, and antibody-dependent
cytotoxicity. Elotuzumab is a humanized IgG1 MAb directed to signaling lymphocytic
activation molecule family member 7 (SLAMF7), a receptor on natural killer cells and
plasma cells. Binding of the MAb activates natural killer cells to cause antibody-dependenT-
cellular cytotoxicity of SLAMF7-bound plasma cells. Both of these agents are approved for
treatment of multiple myeloma [13,53].

There are limited data on infectious complications related to treatment with dara-
tumumab and elotuzumab. In one pivotal study of daratumumab, bortezomib, and
dexamethasone for treatment of multiple myeloma, rates of grade 3 or greater infections in
the treatment group were similar to the control group (bortezomib and dexamethasone
alone) [51]. In another major trial of daratumumab with lenalidomide and dexamethasone
for treatment of multiple myeloma, there were slightly more grade 3 or 4 infections in the
daratumumab group (28.3% vs. 22.8%). No fungal infections were reported in these tri-
als [54]. Notably another retrospective review of infections in heavily pre-treated myeloma
patients receiving daratumumab reported no IFI, suggesting that the risk of IFI may be
low in this population [55]. Elotuzumab had similar results in a large phase III trial with
infections reported in 81% of patients versus 74% in the control group. After adjustment
for drug exposure, rates were equal in the two groups, though the rate of herpes zoster
was greater in the elotuzumab group [53]. Again, no fungal infections were reported.

3. Bispecific T-Cell Engagers (BiTE)

Blinatumomab is a bispecific anti-CD19 and anti-CD3 human monoclonal antibody.
The bispecific antigen binding leads to close interaction between CD3+ T-cells and CD19+
B-cells with resulting T-cell activation and lysis of CD19+ B-cells [11–13,16]. It has an
indication for treatment of relapsed and refractory B-cell acute lymphoblastic leukemia
(ALL) or precursor B-ALL. Blinatumomab leads to sustained B-cell depletion and transient
T-cell depletion [11,13]. CD19+ plasmablasts are affected, leading to hypogammaglobu-
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linemia that can last beyond one year [11,15,56]. Neutropenia is also a consequence of
blinatumomab with incidence reported from 17–31%, though in one major trial there was
a lower rate of neutropenia in the blinatumomab group than the standard chemotherapy
group [15,57,58]. Finally, due to T-cell activation, cytokine release syndrome (CRS) and
neurotoxicity can occur after administration, frequently requiring administration of corti-
costeroids or tocilizumab which may represent additional risk factors of infection [13,57].

There appears to be a moderate risk of fungal infections following treatment with
blinatumomab, though it remains unclear if this is directly related to the mechanism of
blinatumomab, preceding therapies including HCT, or additional immunosuppression
related to corticosteroids and tocilizumab in the setting of CRS and neurotoxicity. In
a randomized phase III trial of 405 patients with ALL who received blinatumomab or
standard chemotherapy, the incidence of grade 3 or higher infection was lower in the
blinatumomab group (34.1% vs. 52.3%). However, the rate of IFI was high overall at
10% and IMI appeared more prevalent in the blinatumomab group with six cases of
bronchopulmonary aspergillosis and two cases of mucormycosis reported, as shown in
Table 3 [57]. The standard chemotherapy group had one case of bronchopulmonary
aspergillosis, zero cases of mucormycosis, and one case of Fusarium infection. Yeast
infections appeared to be more frequent in the chemotherapy group [57]. Notably, following
a death from disseminated IFI involving the brain in the phase I TOWER study cohort,
antifungal prophylaxis was required for all patients who had undergone prior allogeneic
HCT in the subsequent phase II/III trials [12,59]. A small retrospective study of patients
receiving blinatumomab with ponatinib for refractory/relapsed ALL also reported one
death related to fungal infection [60]. Several other case reports have identified serious IFIs
in patients who received blinatumomab [61,62]. While many of these study protocols did
not specify whether patients received Pneumocystis prophylaxis, it is typically standard of
care for patients with ALL, so this should be noted when assessing cases of IFI [39]. Further
evidence is needed to clarify the risks of IFI in patients receiving blinatumomab.

Table 3. Major studies reporting IFI related to use of targeted therapies.

Target Indication Reference Ref No. Manifestations of IFI

BTK PCNSL Lionakis et al. [63] IFI incidence 44%; 7 cases of IA including 2
involving CNS; 1 PJP

CLL
NHL Varughese et al. [64] IFI incidence 4.2%; 8 cases of IA; 3 PJP, 1 concurrent IA

+ PJP, 1 cryptococcosis; 1 Candida albicans fungemia
CLL
NHL Ghez et al. [65] 33 cases of IFI amongst 16 centers over 4 years; 27 cases

IA with 11 involving CNS; 4 cryptococcosis; 1 PJP

CLL
NHL Rogers et al. [66]

IFI incidence 3%; 12 cases of IA included 1 involving
CNS; 2 mucormycosis; 1 cryptococcosis;

1 blastomycosis; 1 histoplasmosis

CLL Frei et al. [67]
IFI incidence 2.5%; 13 cases of IA; 2 cases invasive

candidiasis; 5 cryptococcosis; 1 histoplasmosis;
1 PJP; 1 Fusarium infection

PI3K CLL Zelenetz et al. [68] 1 patient died from pulmonary mycosis;
4 cases of PJP

NHL Dreyling et al. [69] IFI incidence 2%; 1 case of IA; 2 PJP

CD19/CD3 ALL Kantarjian et al. [57] IFI incidence 10% in blinatumomab group;
6 cases of IA; 2 mucormycosis; 1 PJP

BCL-2 AML Aldoss et al. [70] IFI incidence 12.6%; 7 cases of IA; 5 cases of
mucormycosis; 2 Scedosporium; 1 Penicillium

CLL Davids et al. [71] IFI incidence 2%; 2 cases of IA; 3 cases
oral/esophageal candidiasis; 2 PJP

4. Tyrosine Kinase Inhibitors
4.1. Bruton’s Tyrosine Kinase (BTK) Inhibitors

Tyrosine kinases are a family of enzymes that act in intracellular signaling cascades
in response to activation by an extracellular messenger [13,16]. Tyrosine kinases may be
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overexpressed in malignancy and targeted inhibitors are now broadly used for treatment
of hematological malignancies [13,72]. Ibrutinib, acalabrutinib, and zanubrutinib are
Bruton’s Tyrosine Kinase (BTK) inhibitors, irreversible inhibitors of the BTK protein that
act as a signaling molecule in the B-cell receptor pathway, a critical pathway for normal
and malignant B-cell maturation and survival [72]. Ibrutinib was the first BTK inhibitor
approved and has indications for treatment of CLL, mantle cell lymphoma (MCL), WM,
and marginal zone lymphoma (MZL). Acalabrutinib is a more selective second-generation
BTK inhibitor approved for MCL and CLL, while zanubrutinib is approved for MCL, WM,
and MZL.

BTK protein regulates multiple components of adaptive and innate immunity. BTK is
expressed in B-cells, myeloid cells such as macrophages and neutrophils, and platelets [11,13].
Its central role in the B-cell receptor pathway makes it a critical modulator of adaptive
immunity [73]. Correlates of BTK inhibition can be derived from the well-known syndrome
of X-linked (Bruton) agammaglobulinemia, which is caused by mutation of the BTK gene.
Patients experience hypogammaglobulinemia and severe deficits in early B-cell maturation
with subsequent risk of life-threatening bacterial infections [72]. BTK is also thought to play
a role in innate immunity [73,74]. Recent studies have demonstrated BTK function in Toll-
like receptor-mediated recognition of infectious pathogens and recruitment and function
of innate immune cells, including phagocytosis by myeloid cells [73,75,76]. Additional
immune deficits may be caused by off-target effects on alternative kinases, particularly by
the less selective agent ibrutinib [13,72,77].

In terms of characterizing risk of infections, early clinical trials of ibrutinib varied with
some reporting a mild increase in risk of infections, including pneumonia, and others re-
porting no increased risk of infections following treatment with ibrutinib [41,78–83]. There
was no evidence to suggest an increased risk of IFI specifically until several isolated reports
of serious fungal infections, often involving the central nervous system (CNS) in patients
receiving ibrutinib were published in 2016 [84]. Compounding those findings, a clinical
trial by Lionakis et al. using ibrutinib in combination with chemotherapy for the treatment
of primary CNS lymphoma (PCNSL) in 18 patients demonstrated an exceedingly high rate
of fungal infections, with seven patients (39%) who developed invasive aspergillosis (five
pulmonary; two CNS and pulmonary) and one patient who developed PJP. Two patients
who had received systemic corticosteroids prior to treatment for brain edema developed
fatal pulmonary and CNS Aspergillus infection despite antifungal treatment. To further
investigate the high rate of IA, the team developed a BTK knockout model in mice. Mice
with the BTK mutation who were infected with Aspergillus fumigatus had higher mortality,
greater weight loss, and more severe fungal burden assessed by histology, suggesting that
BTK may play an important role in the immune response to Aspergillus infection [63].

Following the dissemination of this data, multiple other case reports and observa-
tional studies were published demonstrating evidence for serious IFI after treatment with
ibrutinib. These studies documented cases of disseminated Fusarium infection, invasive
pulmonary aspergillosis, disseminated cryptococcal infection, and atypical Pneumocystis
pneumonia [67,82,85–92]. Several systematic reviews reported a significantly elevated risk
of infection, with one study describing infectious complications in 56% of patients, with 2%
of all patients dying from fatal pneumonia including PJP, histoplasmosis, cryptococcosis,
and aspergillosis [91]. Another review that evaluated reports of non-Aspergillus IMI in
patients who received ibrutinib identified 13 cases in the literature. Nearly all of the patients
had underlying CLL, and 10/13 were on ibrutinib monotherapy at the time of diagnosis.
Seven patients (54%) had no neutropenia documented—one of the key risk factors of IMI
historically. The majority of infections were caused by Mucorales spp. and five patients
(38.5%) died as a result of the IMI [77]. Observational studies also identified a moderate to
high incidence of IFI after treatment with ibrutinib, with infections typically occurring in
the first 6 months after initiation of treatment. A multicenter study by Ghez et al. identified
33 patients treated with ibrutinib who developed IFI. The majority (82%) developed IA and
40% had CNS involvement, suggesting a possible increased risk of cerebral involvement in
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particular [65]. Other cases of IFI identified in this series included disseminated cryptococ-
cosis, mucormycosis, or PJP [65]. Varughese et al. analyzed findings in 378 patients with
lymphoid malignancy who received ibrutinib. Serious infections developed in 11.4% of
patients with 16 IFIs (37.2%) observed. Risk factors of the development of IFI in univariate
analysis included ≥ 3 prior treatment regimens, and receipt of corticosteroids at any time
during ibrutinib therapy [64]. One retrospective study following 566 patients at a single
center observed a 4.7% 5-year cumulative incidence of OIs, the majority of which were
IFIs, though no OIs were observed in patients receiving ibrutinib as first-line treatment [66].
While further clarity is needed, some studies suggest that IFIs may be more frequent for
particular underlying diseases, including CLL [77,93].

More limited data on infectious complications are available for newer agents, such
as acalabrutinib or zanubrutinib [12,13,94–96]. In a phase III, randomized, open-label
non-inferiority trial comparing ibrutinib to acalabrutinib for treatment of CLL, the rate of
grade 3 or higher infections was comparable between the two groups (30.8% vs. 30.0%).
Notably, there were more fungal infections reported in the acalabrutinib group (10; 5 PJP
and 5 aspergillosis) compared to the ibrutinib group (5; 2 aspergillosis) [97]. In a pooled
analysis of safety data from clinical trials including 1040 patients with B-cell malignan-
cies treated with acalabrutinib, infections of any grade were reported in 67%, and the
most common serious infection was pneumonia [98]. Sixty-three fungal infections were
identified, including three fatal infections. Amongst the cases of IFI classified as serious,
four cases were due to Aspergillus, one case was due to Candida, and one case was due to
Cryptococcus [98]. One case report described a patient with CLL treated with acalabrutinib
and obinutuzumab who developed cerebral aspergillosis [96]. The ASPEN trial, a phase
III study comparing ibrutinib and zanubrutinib showed a similar incidence rate of infec-
tions in the two groupsm with only 0.1 OIs per 100 person-months in both groups [99].
Importantly, one zanubrutinib patient developed cryptococcal sepsis. Further monitoring
is needed to determine any difference in risk of IFI between these three agents.

An increased risk of OIs and in particular IMI following treatment with BTK inhibitors
was identified primarily through post-marketing surveillance. This risk seems to be most
elevated in patients with CLL who have received previous antineoplastic treatment or who
receive corticosteroids in conjunction with BTK inhibitor therapy, though it can be difficult
to determine the true attributable risk given these other factors [65,66,91,92]. Because of
this, guidelines suggest consideration of antifungal prophylaxis in patients treated with
BTK inhibitors only if other risk factors are present, such as prolonged neutropenia, old age,
high-risk combination therapy, or refractory disease [12,72,100]. Notably, the decision to
initiate antifungal prophylaxis or treatment in patients on BTK inhibitors is complicated by
significant interactions between BTK inhibitors and triazoles via the cytochrome P450 3A4
(CYP3A4) enzyme [12]. The risk of PJP appears to be low, and Pneumocystis prophylaxis is
not specifically recommended for patients receiving BTK inhibitors [39,100]. There is also a
suggestion that CNS infection may be more frequent after treatment with BTK inhibitors
with multiple cases reported. Typical radiographic manifestations of these infections are
displayed in Figure 1. Nonetheless, these findings highlight the challenges of identifying
serious adverse events related to novel agents in early studies with limited eligibility. In
particular, it emphasizes the need for standardized reporting of OIs, including IFI in clinical
trials [92].

4.2. Phosphoinositide 3-Kinase (PI3K) Inhibitors

Phosphoinositide 3-kinase (PI3K) inhibitors are selective small molecule inhibitors of
PI3K, a lipid kinase that acts as a mediator of the B-cell receptor pathway [13,101,102]. PI3K
is involved in cell survival and proliferation, and can be hyperactive in B-cell malignan-
cies [11,13,101]. There are multiple isoforms of PI3K, and the δ form which is restricted to
hematopoietic cells plays a central role in B-cell development and function, and is the most
important isoform involved in the malignant phenotype in CLL [11,16,101,102]. Idelalisib
is a reversible inhibitor of PI3K- δ and was the first agent in class approved for treatment
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of CLL and fL. Duvelisib was later approved for both indications, while copanlisib was
approved for relapsed fL alone.
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Figure 1. Central nervous system manifestations of IFI in patients receiving BTK inhibitors. IFIs involving the CNS have
frequently been reported in patients receiving treatment with BTK inhibitors. The most common and earliest reported
CNS infection was IA, by Ruchlemer et al. and Lionakis et al. However, other non-Aspergillus mold infections including
Scedosporium, Rhizomucor, and Lichthemia sp. have been reported (Anastasopoulo et al.) as well as multiple cases of CNS
cryptococcal infections (Chamilos et al.). (A) MRI brain of patient with Scedosporium boydii infection following treatment with
ibrutinib for CLL. (B) MRI brain of patient with Aspergillus fumigatus brain abscess following treatment with ibrutinib for
CLL. (C) MRI brain of patient with cryptococcoma following treatment with ibrutinib for Waldenstrom’s macroglobulinemia.

PI3K inhibitors are principally known to inhibit B-cell function via their action in the
B-cell receptor pathway. In vitro, PI3K inhibitors have been found to reduce B-cell survival,
migration, and antigen-presentation functions, as well as TLR-induced cytokine production,
and BCR-mediated B-cell activation and antibody secretion [103,104]. In vivo it can reduce
antigen-specific antibody responses and lead to significantly decreased plasma levels of
chemokines, including CXCL13, CCL4, and TNFα [104–106]. Additionally, idelalisib has
been demonstrated to play a role in T-cell function, with one study demonstrating inhibi-
tion of T-cell mediated cytokine production, migration, and proliferation [107]. In phase III
clinical trials of idelalisib as monotherapy or combination therapy for B-cell malignancies,
idelalisib caused grade 3 or higher neutropenia in 27–60% of patients [68,101,102]. Lym-
phocytosis rather than lymphocytopenia is frequently seen after administration of PI3K
inhibitors as monotherapy [101,108]. While patients may suffer from hypogammaglobu-
linemia driven by their underlying disease, PI3K inhibitors are not thought to confer an
additional risk of hypogammaglobulinemia [13,15,101,108].

In terms of risk of infections, initial clinical trials of PI3K inhibitors can be difficult
to interpret. While there appears to be an acceptable rate of infectious complications in
published trials, multiple phase III trials were halted in 2016 due to high rates of death
and serious adverse events for patients receiving idelalisib [109–111]. These were largely
attributed to OIs, including Pneumocystis pneumonia [110]. Amongst published data,
one randomized placebo-controlled phase III trial comparing rituximab with idelalisib to
rituximab with placebo in patients with CLL reported that incidence of serious pneumonia
was similar between the groups (6% vs. 8%), though there were more cases of PJP in the
idelalisib group (3% vs. 1%). A second placebo-controlled trial of idelalisib or placebo
in combination with bendamustine and rituximab for CLL demonstrated a higher rate of
overall infections in the idelalisib group (69% vs. 59%) as well as grade 3 or higher infections
(39% vs. 25%). Three patients in the idelalisib group died of pneumonia, including one
pulmonary mycosis, three died of sepsis, and two died of septic shock. Importantly, this trial
specifically looked at OIs with PJP, which occurred in four patients in the idelalisib group
compared to none in the placebo group [68]. Clinical trials for copanlisib also reported
several cases of IFIs, including PJP, bronchopulmonary aspergillosis, and cryptococcal
meningitis [13,69].
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Clinical trials are frequently limited in their assessment of OIs, and these events are
rarely reviewed or reported separately. Observational studies can provide additional
information by more rigorously reviewing infectious complications in a “real world”
population receiving the drug. A study by Marchesini et al. described opportunistic
infections in 362 patients with lymphoproliferative disorders treated with ibrutinib or
idelalisib. IFI was diagnosed in 13.7% of patients who received ibrutinib and 3.8% of
those receiving idelalisib, suggesting that idelalisib may have a lower risk of IFI than
ibrutinib [112]. One patient receiving idelalisib died of PJP. In another retrospective study
of 462 patients receiving targeted therapies for lymphoid malignancy, the majority of
fungal infections was seen in patients receiving ibrutinib, however one case of aspergillosis
was reported in a patient receiving idelalisib for treatment of CLL [113]. Additional
case reports describe several other serious fungal infections that have arisen in patients
receiving idelalisib, including disseminated aspergillosis, concomitant PJP and pulmonary
coccidioidomycosis, disseminated cryptococcal infection, and disseminated Lomentaspora
prolificans infection [114–117].

While additional studies are needed to clarify the individual risk that PI3K inhibitors
may contribute to the development of OIs, early trials demonstrating an increased incidence
of PJP in patients not receiving prophylaxis have prompted recommendations that patients
receiving PI3K inhibitors should receive Pneumocystis prophylaxis [11,72,110,111]. Routine
antifungal prophylaxis is not recommended at this time, and CYP3A4 interactions should
be considered if prophylaxis or treatment is initiated.

4.3. Janus-Associated Kinase (JAK) Inhibitors

Janus-associated kinases (JAKs) are non-receptor tyrosine kinases that regulate signal-
ing of cytokine receptors via the signal transducer and activator of transcription (STAT)
pathway [13,16,72]. JAKs are critical to the function of immune and hematopoietic cells.
Ruxolitinib inhibits JAK1 and JAK2, which leads to downregulation of T-helper cell type
1 (Th1) responses and cytokines including IL-1, IL6, and TNFα [16]. More recent studies
suggest that ruxolitinib may inhibit NK cell and dendritic maturation and function as
well [118]. Ruxolitinib is approved for treatment of myelofibrosis, polycythemia vera, and
acute and chronic graft versus host disease.

Infections were initially reported as common but largely mild in pivotal trials of ruxoli-
tinib. In the RESPONSE trial, a phase III open-label randomized trial of ruxolitinib versus
standard therapy for polycythemia vera, infections occurred in 41.8% of patients in the rux-
olitinib group and 36.9% in the standard-therapy group. The rate of grade 3 or 4 infections
was slightly higher in the ruxolitinib group (3.6% vs. 2.7%) [119]. In the COMFORT trial, a
placebo-controlled phase III trial of ruxolitinib for myelofibrosis, herpes zoster infection
was more common in the treatment group but otherwise infectious complications appeared
similar between the two groups [120]. No fungal infections were reported. In contrast to
these findings, several isolated but serious fungal infections were reported in the literature
including cryptococcal pneumonia, PJP, and talaromycosis [121–123]. A retrospective study
in France identified 4 IFI amongst a cohort of patients receiving ruxolitinib including
aspergillosis, cryptococcal pneumonia, PJP, and Rhizomucor spp. pulmonary infection [124]

These findings prompted a closer investigation of infections in patients receiving
ruxolitinib, and one systematic review by Lussana et al. found an increased risk of Herpes
zoster infection but did not report any increased risk of fungal infections in patients receiving
JAK inhibitors [125]. Further data are needed to understand the immunosuppressive effects
of ruxolitinib, however at this point the greatest risks appear to relate to bacterial and
viral infections, and in particular Herpes zoster, with the risk of fungal infections remaining
low [11,13,125]. No specific antifungal or Pneumocystis prophylaxis is recommended, unless
other indications are present [39,72].
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5. B-Cell Lymphoma 2 (BCL-2) Inhibitors

Venetoclax, a small molecule inhibitor of the B-cell lymphoma 2 (BCL-2) antiapoptotic
protein, is another novel targeted therapy that has seen broad applications in patients with
hematological malignancies [11,12]. BCL-2 may be overexpressed by malignant cells in
lymphoid malignancies, and inhibition of BCL-2 leads to apoptosis of these cells, repre-
senting a promising treatment for lymphoid malignancies [11,126,127]. Venetoclax is an
oral agent that is used for the treatment of CLL and in combination with hypomethylating
agents for treatment of acute myeloid leukemia (AML). Treatment with venetoclax may
actually lead to improvement in T and NK cell immune function related to treatment of un-
derlying CLL [11,128]. Neutropenia is the most notable immune defect reported following
treatment with venetoclax. In the MURANO trial, a phase III randomized open-label trial
comparing venetoclax plus rituximab with standard chemoimmunotherapy (bendamustine
and rituximab) for treatment of CLL, neutropenia was seen in 57.7% of patients in the
venetoclax group compared to 38.8% in the standard group, and represented the most
common grade 3 or 4 adverse event [127]. Patients with AML may have an even higher
risk of neutropenia, given the baseline neutrophil dysfunction that can be caused by the
disease. In the VIALE-A trial, a phase III randomized placebo-controlled trial evaluating
azacitadine with either venetoclax or placebo for treatment of AML, neutropenia occurred
in 42% of patients in the venetoclax group versus 29% that received the placebo [129,130].

The associated risk of infection and in particular fungal infection with venetoclax
appears to be low. In the MURANO trial, the incidence of grade 3 or 4 infections was
lower in the venetoclax group (17.5% vs. 21.8%) [127]. A comprehensive safety analysis
of venetoclax monotherapy for CLL from several phase I/II trials described infections
occurring in 72% of patients, with the most common being upper respiratory tract infection
(25%) and pneumonia (11%). OIs were reported in 11 patients, including two cases of
pulmonary aspergillosis, two cases of PJP, and one case of Candida esophagitis, but there
were no deaths related to these infections [71]. Patients with AML may have a slightly
higher risk of infections, given frequent baseline neutropenia and the effects of cytotoxic
chemotherapy potentially exacerbated by venetoclax administration. In the VIALE-A trial,
infections of any grade were more common in the venetoclax group (84% vs. 67%) as
well as grade 3 or higher infections (64% vs. 51%) [129]. However, no fungal infections
were reported. One retrospective study analyzed IFI in a cohort of 119 patients with AML
receiving venetoclax with hypomethylating agents [70]. A majority of patients received
antifungal prophylaxis, including micafungin (38%), posaconazole (21%), isavuconazole
(13%), voriconazole (4%), fluconazole (4%). The overall rate of IFI was low, with fifteen
patients (12.6%) who developed IFI including seven cases of aspergillosis, and five cases of
mucormycosis. Notably, there were several cases of breakthrough IFI while on prophylaxis.
The median time to infection was 72 days. Relapsed or refractory disease and non-response
to therapy were risk factors of IFI in the multivariable analysis [70]. Antifungal or Pneumo-
cystis prophylaxis is not recommended for patients receiving venetoclax, however patients
undergoing initial-induction or salvage-induction chemotherapy for acute leukemia or
those with profound, protracted neutropenia are typically recommended to receive an-
tifungal prophylaxis [37,70]. This is particularly important as venetoclax may also have
clinically significant interactions with triazoles via CYP3A4 metabolism [131,132].

6. Other Novel Agents

There are multiple other novel targeted agents and small molecules with less available
evidence regarding increased risk of infections. Antibody-drug conjugates (ADC) are a new
class of antineoplastic agents that combine a targeted monoclonal antibody with a linked
cytotoxic payload [11]. Inotuzumab ozogamicin is an ADC targeted against CD22, that is
used in the treatment of B-ALL [12,16]. In phase III trials, similar rates of neutropenia and
lower rates of infection were seen with inotuzumab compared to standard therapy [133].
Gemtuzumab ozogamicin is a similar anti-CD33 ADC used for treatment of AML that
also showed no increased incidence of infections in clinical trials [134]. Polatuzumab-
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vedotin targets CD79b, a B-cell receptor component, and has also not shown a significantly
increased rate of infections in trials with combination treatment for DLBCL [135]. Brentux-
imab vedotin is a fourth in-class ADC that targets CD30 and is used for treatment of HL and
certain T-cell lymphomas. One large phase III trial in patients with HL by Moskowitz et al.
showed no major increase in infections in the group that received brentuximab, though
increased incidence of neutropenia was observed in the brentuximab group [136]. Another
trial evaluating brentuximab in combination with chemotherapy for HL showed a slightly
increased rate of infections in the brentuximab group that was mitigated by GCSF admin-
istration [137]. No fungal infections were reported and the overall risk of IFI with these
agents appears to be low.

FMS-like tyrosine kinase 3 (FLT3) inhibitors are another class of selective small
molecule inhibitors with widely increased use over recent years. Multiple agents are
FDA approved for treatment of FLT3-mutated AML, including midostaurin, gilterinib, and
others. Incidence of infection appeared to be similar in a pivotal trial of midostaurin versus
placebo in combination with standard chemotherapy for treatment of FLT-3 mutated AML,
though in another similar study of gilterinib there were more fatal infectious events in
the gilterinib group (28 vs. 7) [138,139]. Continued surveillance is needed to ensure no
increased risk of IFI, particularly given the risk factors already present in patients with
AML undergoing induction chemotherapy, as well as the potential drug interactions with
common antifungal agents used for treatment or prophylaxis [12].

Other agents include BCR-ABL inhibitors used for treatment of CML, ALL, and other
hematological malignancies as well as IDH inhibitors used for treatment of AML. These
have thus far shown a low risk of infectious complications, particularly IFIs [13,140–142].

7. Conclusions

Novel targeted therapies are rapidly expanding for treatment of hematological ma-
lignancies, and have demonstrated profound impacts on prognosis and treatment-related
toxicity. Patients receiving these targeted therapies have myriad underlying risk factors
related to their hematological malignancy and previous therapeutic regimens, placing them
at risk of infections. This presents significant challenges in determining the individual risk
of any particular agent. These novel agents act in signaling pathways leading to down-
stream effects and unique immunologic sequelae that may not be fully characterized in
early studies. Furthermore, targeted therapies are often used in combination with cytotoxic
chemotherapy or other novel targeted agents, compounding the impacts on the innate and
adaptive immune system.

BTK inhibitors, such as ibrutinib, represent a key example where serious fungal
infections were observed frequently outside of the clinical trial setting. This highlights
the importance of close monitoring of these agents in a real-world setting, particularly
as they are used in an expanded population and in novel combinations. PI3K inhibitors,
which act along a similar pathway, also have been reported to have an increased risk of
IFI, particularly Pneumocystis pneumonia. Blinatumomab and alemtuzumab, monoclonal
antibodies that impact B and T-cell function also may increase the risk of developing
IFI in patients with hematological malignancy. While thus far there appears to be no
increased risk in post-marketing reports, further evidence is needed for many of the
newer agents, including the BCL-2 inhibitor venetoclax, the JAK inhibitor ruxolitinib,
antibody-drug conjugates, and FLT-3 inhibitors. It is vital to continue to investigate the
risk of IFI contributed by these novel agents in populations with a high baseline risk of
infectious complications due to immune defects related to the underlying disease, as well
as prior treatment regimens. Improved clarity on these risks can optimize prophylactic
and preemptive treatment strategies, though it should be noted that significant challenges
stem from the major interactions between many of these targeted therapies and traditional
antifungal agents such as triazoles.
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IFI Invasive fungal infections
IC Invasive candidiasis
IMI Invasive mold infection
IA Invasive aspergillosis
OI Opportunistic infection
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JAK Janus-associated Kinase
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DLBCL Diffuse large B-cell lymphoma
RCT Randomized controlled trial
R-C Rituximab + chemotherapy
C Standard chemotherapy
RR Relative risk
AE Adverse event
EORTC/MSG European Organization for Research and Treatment of Cancer/Mycoses Study

Group
NK Natural killer cell
SLAMF7 Signaling lymphocytic activation molecule family member 7
ALL Acute lymphoblastic leukemia
MCL Mantle cell lymphoma
MZL Marginal zone lymphoma
CNS Central nervous system
PCNSL Primary central nervous system lymphoma
CYP3A4 Cytochrome P450 3A4
AML Acute myeloid leukemia
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FLT3 FMS-like tyrosine kinase 3
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30. Aksoy, S.; Dizdar, Ö.; Hayran, M.; Harputluoğlu, H. Infectious complications of rituximab in patients with lymphoma during
maintenance therapy: A systematic review and meta-analysis. Leuk. Lymphoma 2009, 50, 357–365. [CrossRef]

31. Rafailidis, P.I.; Kakisi, O.K.; Vardakas, K.; Falagas, M.E. Infectious complications of monoclonal antibodies used in cancer therapy:
A systematic review of the evidence from randomized controlled trials. Cancer 2007, 109, 2182–2189. [CrossRef]

32. Kaplan, L.D.; Lee, J.Y.; Ambinder, R.F.; Sparano, J.A.; Cesarman, E.; Chadburn, A.; Levine, A.M.; Scadden, D.T. Rituximab does
not improve clinical outcome in a randomized phase 3 trial of CHOP with or without rituximab in patients with HIV-associated
non-Hodgkin lymphoma: AIDS-Malignancies Consortium Trial 010. Blood 2005, 106, 1538–1543. [CrossRef] [PubMed]

33. Lin, P.-C.; Hsiao, L.-T.; Poh, S.-B.; Wang, W.-S.; Yen, C.-C.; Chao, T.-C.; Liu, J.-H.; Chiou, T.-J.; Chen, P.-M. Higher fungal infection
rate in elderly patients (more than 80 years old) suffering from diffuse large B cell lymphoma and treated with rituximab plus
CHOP. Ann. Hematol. 2006, 86, 95–100. [CrossRef] [PubMed]

34. De Pauw, B.; Walsh, T.J.; Donnelly, J.P.; Stevens, D.A.; Edwards, J.E.; Calandra, T.; Pappas, P.G.; Maertens, J.; Lortholary, O.;
Kauffman, C.A.; et al. Revised Definitions of Invasive Fungal Disease from the European Organization for Research and Treatment
of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses
Study Group (EORTC/MSG) Consensus Group. Clin. Infect. Dis. 2008, 46, 1813–1821. [CrossRef] [PubMed]

35. Sarlo, K.M.; Dixon, B.N.; Ni, A.; Straus, D.J. Incidence of infectious complications with the combination of bendamustine and an
anti-CD20 monoclonal antibody*. Leuk. Lymphoma 2019, 61, 364–369. [CrossRef]

36. Jiang, X.; Mei, X.; Feng, D.; Wang, X. Prophylaxis and Treatment of Pneumocystis jiroveci Pneumonia in Lymphoma Patients
Subjected to Rituximab-Contained Therapy: A Systemic Review and Meta-Analysis. PLoS ONE 2015, 10, e0122171. [CrossRef]

37. Maertens, J.A.; Girmenia, C.; Brüggemann, R.J.; Duarte, R.F.; Kibbler, C.C.; Ljungman, P.; Racil, Z.; Ribaud, P.; Slavin, M.A.;
Cornely, O.A.; et al. European guidelines for primary antifungal prophylaxis in adult haematology patients: Summary of
the updated recommendations from the European Conference on Infections in Leukaemia. J. Antimicrob. Chemother. 2018, 73,
3221–3230. [CrossRef]

38. Martin-Garrido, I.; Carmona, E.M.; Specks, U.; Limper, A.H. Pneumocystis Pneumonia in Patients Treated with Rituximab. Chest
2013, 144, 258–265. [CrossRef] [PubMed]

39. Maertens, J.; Cesaro, S.; Maschmeyer, G.; Einsele, H.; Donnelly, J.P.; Alanio, A.; Hauser, P.; Lagrou, K.; Melchers, W.J.G.; Helweg-
Larsen, J.; et al. ECIL guidelines for preventing Pneumocystis jirovecii pneumonia in patients with haematological malignancies
and stem cell transplant recipients. J. Antimicrob. Chemother. 2016, 71, 2397–2404. [CrossRef] [PubMed]

40. Wierda, W.G.; Kipps, T.J.; Mayer, J.; Stilgenbauer, S.; Williams, C.D.; Hellmann, A.; Robak, T.; Furman, R.R.; Hillmen, P.; Trneny,
M.; et al. Ofatumumab As Single-Agent CD20 Immunotherapy in Fludarabine-Refractory Chronic Lymphocytic Leukemia. J. Clin.
Oncol. 2010, 28, 1749–1755. [CrossRef]

41. Byrd, J.C.; Brown, J.R.; O’Brien, S.; Barrientos, J.C.; Kay, N.E.; Reddy, N.M.; Coutre, S.; Tam, C.S.; Mulligan, S.P.; Jaeger, U.; et al.
Ibrutinib versus Ofatumumab in Previously Treated Chronic Lymphoid Leukemia. N. Engl. J. Med. 2014, 371, 213–223. [CrossRef]
[PubMed]

42. Österborg, A.; Wierda, W.G.; Mayer, J.; Hess, G.; Hillmen, P.; Schetelig, J.; Schuh, A.; Smolej, L.; Beck, C.; Dreyfus, B.; et al.
Ofatumumab retreatment and maintenance in fludarabine-refractory chronic lymphocytic leukaemia patients. Br. J. Haematol.
2015, 170, 40–49. [CrossRef]

43. Ujjani, C.; Ramzi, P.; Gehan, E.; Wang, H.; Wang, Y.; Cheson, B.D. Ofatumumab and bendamustine in previously treated chronic
lymphocytic leukemia and small lymphocytic lymphoma. Leuk. Lymphoma 2014, 56, 915–920. [CrossRef]

44. Leblond, V.; Aktan, M.; Coll, C.M.F.; Dartigeas, C.; Kisro, J.; Montillo, M.; Raposo, J.; Merot, J.-L.; Robson, S.; Gresko, E.; et al. Safety
of obinutuzumab alone or combined with chemotherapy for previously untreated or relapsed/refractory chronic lymphocytic
leukemia in the phase IIIb GREEN study. Haematologica 2018, 103, 1889. [CrossRef] [PubMed]

45. Tse, E.; Leung, R.Y.Y.; Kwong, Y.-L. Invasive fungal infections after obinutuzumab monotherapy for refractory chronic lymphocytic
leukemia. Ann. Hematol. 2014, 94, 165–167. [CrossRef]

46. Keating, M.J.; Flinn, I.; Jain, V.; Binet, J.L.; Hillmen, P.; Byrd, J.; Albitar, M.; Brettman, L.; Santabarbara, P.; Wacker, B.; et al.
Therapeutic role of alemtuzumab (Campath-1H) in patients who have failed fludarabine: Results of a large international study.
Blood 2002, 99, 3554–3561. [CrossRef] [PubMed]

http://doi.org/10.1038/sj.bmt.1704467
http://www.ncbi.nlm.nih.gov/pubmed/15034544
http://doi.org/10.1002/ajh.21420
http://doi.org/10.1016/S1470-2045(15)00143-6
http://doi.org/10.1056/NEJMoa1614598
http://doi.org/10.1186/1741-7015-9-36
http://www.ncbi.nlm.nih.gov/pubmed/21481281
http://doi.org/10.1080/10428190902730219
http://doi.org/10.1002/cncr.22666
http://doi.org/10.1182/blood-2005-04-1437
http://www.ncbi.nlm.nih.gov/pubmed/15914552
http://doi.org/10.1007/s00277-006-0191-4
http://www.ncbi.nlm.nih.gov/pubmed/17031689
http://doi.org/10.1086/588660
http://www.ncbi.nlm.nih.gov/pubmed/18462102
http://doi.org/10.1080/10428194.2019.1666378
http://doi.org/10.1371/journal.pone.0122171
http://doi.org/10.1093/jac/dky286
http://doi.org/10.1378/chest.12-0477
http://www.ncbi.nlm.nih.gov/pubmed/23258406
http://doi.org/10.1093/jac/dkw157
http://www.ncbi.nlm.nih.gov/pubmed/27550992
http://doi.org/10.1200/JCO.2009.25.3187
http://doi.org/10.1056/NEJMoa1400376
http://www.ncbi.nlm.nih.gov/pubmed/24881631
http://doi.org/10.1111/bjh.13380
http://doi.org/10.3109/10428194.2014.933217
http://doi.org/10.3324/haematol.2017.186387
http://www.ncbi.nlm.nih.gov/pubmed/29976743
http://doi.org/10.1007/s00277-014-2120-2
http://doi.org/10.1182/blood.V99.10.3554
http://www.ncbi.nlm.nih.gov/pubmed/11986207


J. Fungi 2021, 7, 1058 17 of 21

47. Lundin, J.I.; Porwit-MacDonald, A.; Rossmann, E.D.; Karlsson, C.T.; Edman, P.; Rezvany, M.R.; Kimby, E.; Osterborg, A.; Mellstedt,
H. Cellular immune reconstitution after subcutaneous alemtuzumab (anti-CD52 monoclonal antibody, CAMPATH-1H) treatment
as first-line therapy for B-cell chronic lymphocytic leukaemia. Leukemia 2004, 18, 484–490. [CrossRef] [PubMed]

48. Tang, S.C.; Hewitt, K.; Reis, M.D.; Berinstein, N.L. Immunosuppressive toxicity of CAMPATH1H monoclonal antibody in the
treatment of patients with recurrent low grade lymphoma. Leuk. Lymphoma 1996, 24, 93–101. [CrossRef] [PubMed]

49. Wendtner, C.-M.; Ritgen, M.; Schweighofer, C.D.; Fingerle-Rowson, G.; Campe, H.; Jäger, G.; Eichhorst, B.; Busch, R.; Diem, H.;
Engert, A.; et al. Consolidation with alemtuzumab in patients with chronic lymphocytic leukemia (CLL) in first remission—
Experience on safety and efficacy within a randomized multicenter phase III trial of the German CLL Study Group (GCLLSG).
Leukemia 2004, 18, 1093–1101. [CrossRef]

50. Thursky, K.A.; Worth, L.; Seymour, J.F.; Prince, H.M.; Slavin, M. Spectrum of infection, risk and recommendations for prophylaxis
and screening among patients with lymphoproliferative disorders treated with alemtuzumab*. Br. J. Haematol. 2006, 132, 3–12.
[CrossRef]

51. Palumbo, A.; Chanan-Khan, A.; Weisel, K.; Nooka, A.K.; Masszi, T.; Beksac, M.; Spicka, I.; Hungria, V.; Munder, M.; Mateos,
M.V.; et al. Daratumumab, Bortezomib, and Dexamethasone for Multiple Myeloma. N. Engl. J. Med. 2016, 375, 754–766. [CrossRef]
[PubMed]

52. Drgona, L.; Gudiol, C.; Lanini, S.; Salzberger, B.; Ippolito, G.; Mikulska, M. ESCMID Study Group for Infections in Compromised
Hosts (ESGICH) Consensus Document on the safety of targeted and biological therapies: An infectious diseases perspective
(Agents targeting lymphoid or myeloid cells surface antigens [II]: CD22, CD30, CD33. Clin. Microbiol. Infect. 2018, 24 (Suppl. S2),
S83–S94. [CrossRef]

53. Lonial, S.; Dimopoulos, M.; Palumbo, A.; White, D.; Grosicki, S.; Spicka, I.; Walter-Croneck, A.; Moreau, P.; Mateos, M.-V.; Magen,
H.; et al. Elotuzumab Therapy for Relapsed or Refractory Multiple Myeloma. N. Engl. J. Med. 2015, 373, 621–631. [CrossRef]

54. Dimopoulos, M.A.; Oriol, A.; Nahi, H.; San-Miguel, J.; Bahlis, N.J.; Usmani, S.Z.; Rabin, N.; Orlowski, R.Z.; Komarnicki, M.;
Suzuki, K.; et al. Daratumumab, Lenalidomide, and Dexamethasone for Multiple Myeloma. N. Engl. J. Med. 2016, 375, 1319–1331.
[CrossRef]

55. Nahi, H.; Chrobok, M.; Gran, C.; Lund, J.; Gruber, A.; Gahrton, G.; Ljungman, P.; Wagner, A.K.; Alici, E. Infectious complications
and NK cell depletion following daratumumab treatment of Multiple Myeloma. PLoS ONE 2019, 14, e0211927. [CrossRef]
[PubMed]

56. Zugmaier, G.; Topp, M.S.; Alekar, S.V.; Viardot, A.; Horst, H.-A.; Neumann, S.; Stelljes, M.; Bargou, R.C.; Goebeler, M.; Wessiepe,
D.; et al. Long-term follow-up of serum immunoglobulin levels in blinatumomab-treated patients with minimal residual
disease-positive B-precursor acute lymphoblastic leukemia. Blood Cancer J. 2014, 4, e244. [CrossRef]

57. Kantarjian, H.; Stein, A.; Gökbuget, N.; Fielding, A.K.; Schuh, A.C.; Ribera, J.-M.; Wei, A.; Dombret, H.; Foà, R.; Bassan, R.; et al.
Blinatumomab versus Chemotherapy for Advanced Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2017, 376, 836–847.
[CrossRef] [PubMed]

58. Topp, M.S.; Gökbuget, N.; Stein, A.S.; Zugmaier, G.; O’Brien, S.; Bargou, R.C.; Dombret, H.; Fielding, A.K.; Heffner, L.; Larson,
R.A.; et al. Safety and activity of blinatumomab for adult patients with relapsed or refractory B-precursor acute lymphoblastic
leukaemia: A multicentre, single-arm, phase 2 study. Lancet Oncol. 2015, 16, 57–66. [CrossRef]

59. Topp, M.S.; Goekbuget, N.; Zugmaier, G.; Viardot, A.; Stelljes, M.; Neumann, S.; Horst, H.A.; Reichle, A.; Marks, R.; Faul, C.; et al.
Anti-CD19 BiTE Blinatumomab Induces High Complete Remission Rate and Prolongs Overall Survival in Adult Patients with
Relapsed/Refractory B-Precursor Acute Lymphoblastic Leukemia (ALL). Blood 2012, 120, 670. [CrossRef]

60. Couturier, M.-A.; Thomas, X.; Huguet, F.; Berthon, C.; Simand, C.; Hicheri, Y.; Hunault, M.; Chevallier, P. Blinatumomab +
Ponatinib for Relapsed Ph1-Positive Acute Lymphoblastic Leukemia: The French Experience. Blood 2018, 132, 4014. [CrossRef]

61. Vogt, N.; Heß, K.; Bialek, R.; Buerke, B.; Brüggemann, M.; Topp, M.S.; Groth, C.; Berdel, W.E.; Lenz, G.; Stelljes, M. Epileptic
seizures and rhinocerebral mucormycosis during blinatumomab treatment in a patient with biphenotypic acute leukemia. Ann.
Hematol. 2016, 96, 151–153. [CrossRef]

62. Chan, T.S.Y.; Kwong, Y.-L. Systemic trichosporonosis mimicking disseminated varicella zoster viral infection during blinatu-
momab therapy. Ann. Hematol. 2017, 97, 371–373. [CrossRef]

63. Lionakis, M.S.; Dunleavy, K.; Roschewski, M.; Widemann, B.C.; Butman, J.A.; Schmitz, R.; Yang, Y.; Cole, D.E.; Melani, C.; Higham,
C.S.; et al. Inhibition of B Cell Receptor Signaling by Ibrutinib in Primary CNS Lymphoma. Cancer Cell 2017, 31, 833–843.e5.
[CrossRef]

64. Varughese, T.; Taur, Y.; Cohen, N.; Palomba, M.L.; Seo, S.K.; Hohl, T.M.; Redelman-Sidi, G. Serious Infections in Patients Receiving
Ibrutinib for Treatment of Lymphoid Cancer. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2018, 67, 687. [CrossRef] [PubMed]

65. Ghez, D.; Calleja, A.; Protin, C.; Baron, M.; Ledoux, M.P.; Damaj, G.; Dupont, M.; Dreyfus, B.; Ferrant, E.; Herbaux, C.; et al.
Early-onset invasive aspergillosis and other fungal infections in patients treated with ibrutinib. Blood 2018, 131, 1955–1959.
[CrossRef]

66. Rogers, K.A.; Luay, M.; Zhao, Q.; Wiczer, T.; Levine, L.; Zeinab, E.B.; Blachly, J.S.; Byrd, J.C.; Guerrero, T.; Jones, J.A.; et al.
Incidence and Type of Opportunistic Infections during Ibrutinib Treatment at a Single Academic Center. Blood 2017, 130, 830.
[CrossRef]

67. Frei, M.; Aitken, S.L.; Jain, N.; Thompson, P.; Wierda, W.; Kontoyiannis, D.P.; DiPippo, A.J. Incidence and characterization of
fungal infections in chronic lymphocytic leukemia patients receiving ibrutinib. Leuk. Lymphoma 2020, 61, 2488–2491. [CrossRef]

http://doi.org/10.1038/sj.leu.2403258
http://www.ncbi.nlm.nih.gov/pubmed/14749699
http://doi.org/10.3109/10428199609045717
http://www.ncbi.nlm.nih.gov/pubmed/9049965
http://doi.org/10.1038/sj.leu.2403354
http://doi.org/10.1111/j.1365-2141.2005.05789.x
http://doi.org/10.1056/NEJMoa1606038
http://www.ncbi.nlm.nih.gov/pubmed/27557302
http://doi.org/10.1016/j.cmi.2018.03.022
http://doi.org/10.1056/NEJMoa1505654
http://doi.org/10.1056/NEJMoa1607751
http://doi.org/10.1371/journal.pone.0211927
http://www.ncbi.nlm.nih.gov/pubmed/30759167
http://doi.org/10.1038/bcj.2014.64
http://doi.org/10.1056/NEJMoa1609783
http://www.ncbi.nlm.nih.gov/pubmed/28249141
http://doi.org/10.1016/S1470-2045(14)71170-2
http://doi.org/10.1182/blood.V120.21.670.670
http://doi.org/10.1182/blood-2018-99-111546
http://doi.org/10.1007/s00277-016-2837-1
http://doi.org/10.1007/s00277-017-3153-0
http://doi.org/10.1016/j.ccell.2017.04.012
http://doi.org/10.1093/cid/ciy175
http://www.ncbi.nlm.nih.gov/pubmed/29509845
http://doi.org/10.1182/blood-2017-11-818286
http://doi.org/10.1182/blood.V130.Suppl_1.830.830
http://doi.org/10.1080/10428194.2020.1775215


J. Fungi 2021, 7, 1058 18 of 21

68. Zelenetz, A.D.; Barrientos, J.C.; Brown, J.R.; Coiffier, B.; Delgado, J.; Egyed, M.; Ghia, P.; Illés, Á.; Jurczak, W.; Marlton, P.; et al.
Idelalisib or placebo in combination with bendamustine and rituximab in patients with relapsed or refractory chronic lymphocytic
leukaemia: Interim results from a phase 3, randomised, double-blind, placebo-controlled trial. Lancet. Oncol. 2017, 18, 297–311.
[CrossRef]

69. Dreyling, M.; Santoro, A.; Mollica, L.; Leppä, S.; Follows, G.A.; Lenz, G.; Kim, W.S.; Nagler, A.; Panayiotidis, P.; Demeter, J.; et al.
Phosphatidylinositol 3-Kinase Inhibition by Copanlisib in Relapsed or Refractory Indolent Lymphoma. J. Clin. Oncol. 2017, 35,
3898–3905. [CrossRef] [PubMed]

70. Aldoss, I.; Dadwal, S.; Zhang, J.; Tegtmeier, B.; Mei, M.; Arslan, S.; Malki, M.M.A.; Salhotra, A.; Ali, H.; Aribi, A.; et al. Invasive
fungal infections in acute myeloid leukemia treated with venetoclax and hypomethylating agents. Blood Adv. 2019, 3, 4043.
[CrossRef]

71. Davids, M.S.; Hallek, M.; Wierda, W.; Roberts, A.W.; Stilgenbauer, S.; Jones, J.A.; Gerecitano, J.F.; Kim, S.Y.; Potluri, J.; Busman,
T.; et al. Comprehensive Safety Analysis of Venetoclax Monotherapy for Patients with Relapsed/Refractory Chronic Lymphocytic
Leukemia. Clin. Cancer Res. 2018, 24, 4371–4379. [CrossRef] [PubMed]

72. Reinwald, M.; Silva, J.T.; Mueller, N.J.; Fortún, J.; Garzoni, C.; de Fijter, J.W.; Fernández-Ruiz, M.; Grossi, P.; Aguado, J.M. ESCMID
Study Group for Infections in Compromised Hosts (ESGICH) Consensus Document on the safety of targeted and biological
therapies: An infectious diseases perspective (Intracellular signaling pathways: Tyrosine kinase and mTOR inhibitors). Clin.
Microbiol. Infect. 2018, 24, S53–S70. [CrossRef]

73. Weber, A.N.R.; Bittner, Z.; Liu, X.; Dang, T.-M.; Radsak, M.P.; Brunner, C. Bruton’s Tyrosine Kinase: An Emerging Key Player in
Innate Immunity. Front. Immunol. 2017, 8, 1454. [CrossRef]

74. Fiorcari, S.; Maffei, R.; Vallerini, D.; Scarfò, L.; Barozzi, P.; Maccaferri, M.; Potenza, L.; Ghia, P.; Luppi, M.; Marasca, R. BTK
Inhibition Impairs the Innate Response Against Fungal Infection in Patients With Chronic Lymphocytic Leukemia. Front. Immunol.
2020, 11, 11. [CrossRef]

75. Herbst, S.; Shah, A.; Moya, M.M.; Marzola, V.; Jensen, B.; Reed, A.; A Birrell, M.; Saijo, S.; Mostowy, S.; Shaunak, S.; et al.
Phagocytosis-dependent activation of a TLR9-BTK-calcineurin-NFAT pathway co-ordinates innate immunity to Aspergillus
fumigatus. EMBO Mol. Med. 2015, 7, 240–258. [CrossRef] [PubMed]

76. Stadler, N.; Hasibeder, A.; Lopez, P.A.; Teschner, D.; Desuki, A.; Kriege, O.; Weber, A.N.R.; Schulz, C.; Michel, C.; Heβ, G.; et al.
The Bruton tyrosine kinase inhibitor ibrutinib abrogates triggering receptor on myeloid cells 1-mediated neutrophil activation.
Haematologica 2017, 102, e191. [CrossRef]

77. Anastasopoulou, A.; DiPippo, A.J.; Kontoyiannis, D.P. Non-Aspergillus invasive mould infections in patients treated with
ibrutinib. Mycoses 2020, 63, 787–793. [CrossRef] [PubMed]

78. Byrd, J.C.; Furman, R.R.; Coutre, S.E.; Flinn, I.W.; Burger, J.A.; Blum, K.A.; Grant, B.; Sharman, J.P.; Coleman, M.; Wierda,
W.G.; et al. Targeting BTK with Ibrutinib in Relapsed Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2013, 369, 32–42.
[CrossRef] [PubMed]

79. Dimopoulos, M.A.; Tedeschi, A.; Trotman, J.; García-Sanz, R.; Macdonald, D.; Leblond, V.; Mahe, B.; Herbaux, C.; Tam, C.; Orsucci,
L.; et al. Phase 3 Trial of Ibrutinib plus Rituximab in Waldenström’s Macroglobulinemia. N. Engl. J. Med. 2018, 378, 2399–2410.
[CrossRef]

80. Burger, J.A.; Tedeschi, A.; Barr, P.M.; Robak, T.; Owen, C.; Ghia, P.; Bairey, O.; Hillmen, P.; Bartlett, N.L.; Li, J.; et al. Ibrutinib as
Initial Therapy for Patients with Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2015, 373, 2425–2437. [CrossRef]

81. Chanan-Khan, A.; Cramer, P.; Demirkan, F.; Fraser, G.; Silva, R.S.; Grosicki, S.; Pristupa, A.; Janssens, A.; Mayer, J.; Bartlett,
N.; et al. Ibrutinib combined with bendamustine and rituximab compared with placebo, bendamustine, and rituximab for
previously treated chronic lymphocytic leukaemia or small lymphocytic lymphoma (HELIOS): A randomised, double-blind,
phase 3 study. Lancet Oncol. 2016, 17, 200–211. [CrossRef]

82. Wang, M.L.; Blum, K.A.; Martin, P.; Goy, A.; Auer, R.; Kahl, B.S.; Jurczak, W.; Advani, R.H.; Romaguera, J.E.; Williams, M.E.; et al.
Long-term follow-up of MCL patients treated with single-agent ibrutinib: Updated safety and efficacy results. Blood 2015, 126,
739–745. [CrossRef] [PubMed]

83. Jain, P.; Keating, M.; Wierda, W.; Estrov, Z.; Ferrajoli, A.; Jain, N.; George, B.; James, D.; Kantarjian, H.; Burger, J.; et al. Outcomes
of patients with chronic lymphocytic leukemia after discontinuing ibrutinib. Blood 2015, 125, 2062–2067. [CrossRef]

84. Ruchlemer, R.; Ben Ami, R.; Lachish, T. Letter to the Editor: Ibrutinib for Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2016,
374, 1592–1595. [CrossRef]

85. Messina, J.A.; Maziarz, E.K.; Spec, A.; Kontoyiannis, D.P.; Perfect, J.R. Disseminated Cryptococcosis with Brain Involvement in
Patients with Chronic Lymphoid Malignancies on Ibrutinib. Open Forum Infect. Dis. 2017, 4, ofw261. [CrossRef] [PubMed]

86. Baron, M.; Zini, J.M.; Belval, T.C.; Vignon, M.; Denis, B.; Alanio, A.; Malphettes, M. Fungal infections in patients treated with
ibrutinib: Two unusual cases of invasive aspergillosis and cryptococcal meningoencephalitis. Leuk. Lymphoma 2017, 58, 2981–2982.
[CrossRef]

87. Chan, T.S.Y.; Au-Yeung, R.; Chim, C.-S.; Wong, S.C.Y.; Kwong, Y.-L. Disseminated fusarium infection after ibrutinib therapy in
chronic lymphocytic leukaemia. Ann. Hematol. 2017, 96, 871–872. [CrossRef]

88. Arthurs, B.; Wunderle, K.; Hsu, M.; Kim, S. Invasive aspergillosis related to ibrutinib therapy for chronic lymphocytic leukemia.
Respir. Med. Case Rep. 2017, 21, 27. [CrossRef]

http://doi.org/10.1016/S1470-2045(16)30671-4
http://doi.org/10.1200/JCO.2017.75.4648
http://www.ncbi.nlm.nih.gov/pubmed/28976790
http://doi.org/10.1182/bloodadvances.2019000930
http://doi.org/10.1158/1078-0432.CCR-17-3761
http://www.ncbi.nlm.nih.gov/pubmed/29895707
http://doi.org/10.1016/j.cmi.2018.02.009
http://doi.org/10.3389/fimmu.2017.01454
http://doi.org/10.3389/fimmu.2020.02158
http://doi.org/10.15252/emmm.201404556
http://www.ncbi.nlm.nih.gov/pubmed/25637383
http://doi.org/10.3324/haematol.2016.152017
http://doi.org/10.1111/myc.13120
http://www.ncbi.nlm.nih.gov/pubmed/32458510
http://doi.org/10.1056/NEJMoa1215637
http://www.ncbi.nlm.nih.gov/pubmed/23782158
http://doi.org/10.1056/NEJMoa1802917
http://doi.org/10.1056/NEJMoa1509388
http://doi.org/10.1016/S1470-2045(15)00465-9
http://doi.org/10.1182/blood-2015-03-635326
http://www.ncbi.nlm.nih.gov/pubmed/26059948
http://doi.org/10.1182/blood-2014-09-603670
http://doi.org/10.1056/NEJMC1600328
http://doi.org/10.1093/ofid/ofw261
http://www.ncbi.nlm.nih.gov/pubmed/28480254
http://doi.org/10.1080/10428194.2017.1320710
http://doi.org/10.1007/s00277-017-2944-7
http://doi.org/10.1016/j.rmcr.2017.03.011


J. Fungi 2021, 7, 1058 19 of 21

89. Okamoto, K.; Proia, L.A.; Demarais, P.L. Disseminated Cryptococcal Disease in a Patient with Chronic Lymphocytic Leukemia on
Ibrutinib. Case Rep. Infect. Dis. 2016, 2016, 4642831. [CrossRef]

90. Ahn, I.E.; Jerussi, T.; Farooqui, M.; Tian, X.; Wiestner, A.; Gea-Banacloche, J. Atypical Pneumocystis jirovecii pneumonia in
previously untreated patients with CLL on single-agent ibrutinib. Blood 2016, 128, 1940–1943. [CrossRef] [PubMed]

91. Tillman, B.F.; Pauff, J.M.; Satyanarayana, G.; Talbott, M.; Warner, J.L. Systematic review of infectious events with the Bruton
tyrosine kinase inhibitor ibrutinib in the treatment of hematologic malignancies. Eur. J. Haematol. 2018, 100, 325–334. [CrossRef]

92. Chamilos, G.; Lionakis, M.S.; Kontoyiannis, D.P. Call for Action: Invasive Fungal Infections Associated With Ibrutinib and Other
Small Molecule Kinase Inhibitors Targeting Immune Signaling Pathways. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2018,
66, 140. [CrossRef] [PubMed]

93. Cheng, M.P.; Kusztos, A.E.; Gustine, J.N.; Dryden-Peterson, S.L.; Dubeau, T.E.; Woolley, A.E.; Hammond, S.P.; Baden, L.R.; Treon,
S.P.; Castillo, J.J.; et al. Low risk of Pneumocystis jirovecii pneumonia and invasive aspergillosis in patients with Waldenström
macroglobulinaemia on ibrutinib. Br. J. Haematol. 2019, 185, 788–790. [CrossRef] [PubMed]

94. Byrd, J.C.; Harrington, B.; O’Brien, S.; Jones, J.A.; Schuh, A.; Devereux, S.; Chaves, J.; Wierda, W.G.; Awan, F.T.; Brown, J.R.; et al.
Acalabrutinib (ACP-196) in Relapsed Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2016, 374, 323–332. [CrossRef]

95. Sharman, J.P.; Egyed, M.; Jurczak, W.; Skarbnik, A.; Pagel, J.M.; Flinn, I.W.; Kamdar, M.; Munir, T.; Walewska, R.; Corbett, G.; et al.
Acalabrutinib with or without obinutuzumab versus chlorambucil and obinutuzumab for treatment-naive chronic lymphocytic
leukaemia (ELEVATE-TN): A randomised, controlled, phase 3 trial. Lancet 2020, 395, 1278–1291. [CrossRef]

96. Alkharabsheh, O.; Alsayed, A.; Morlote, D.; Mehta, A. Cerebral Invasive Aspergillosis in a Case of Chronic Lymphocytic
Leukemia with Bruton Tyrosine Kinase Inhibitor. Curr. Oncol. 2021, 28, 837–841. [CrossRef] [PubMed]

97. Byrd, J.C.; Hillmen, P.; Ghia, P.; Kater, A.P.; Chanan-Khan, A.; Furman, R.R.; O’Brien, S.; Yenerel, M.N.; Illés, A.; Kay, N.; et al.
Acalabrutinib Versus Ibrutinib in Previously Treated Chronic Lymphocytic Leukemia: Results of the First Randomized Phase III
Trial. J. Clin. Oncol. 2021, 39, 3441–3452. [CrossRef]

98. Furman, R.R.; Byrd, J.C.; Owen, R.G.; O’Brien, S.M.; Brown, J.R.; Hillmen, P.; Stephens, D.M.; Patel, P.; Schwartz-Sagi, L.; Baek,
M.; et al. Safety of acalabrutinib (Acala) monotherapy in hematologic malignancies: Pooled analysis from clinical trials. J. Clin.
Oncol. 2020, 38, 8064. [CrossRef]

99. Tam, C.S.; Opat, S.; D’Sa, S.; Jurczak, W.; Lee, H.-P.; Cull, G.; Owen, R.G.; Marlton, P.; Wahlin, B.E.; Sanz, R.G.; et al. A randomized
phase 3 trial of zanubrutinib vs. ibrutinib in symptomatic Waldenström macroglobulinemia: The ASPEN study. Blood 2020,
136, 2038. [CrossRef]

100. Ryan, C.E.; Cheng, M.P.; Issa, N.C.; Brown, J.R.; Davids, M.S. Pneumocystis jirovecii pneumonia and institutional prophylaxis
practices in CLL patients treated with BTK inhibitors. Blood Adv. 2020, 4, 1458. [CrossRef]

101. Furman, R.R.; Sharman, J.P.; Coutre, S.E.; Cheson, B.D.; Pagel, J.M.; Hillmen, P.; Barrientos, J.C.; Zelenetz, A.D.; Kipps, T.J.; Flinn,
I.; et al. Idelalisib and Rituximab in Relapsed Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2014, 370, 997–1007. [CrossRef]
[PubMed]

102. Gopal, A.K.; Kahl, B.S.; de Vos, S.; Wagner-Johnston, N.D.; Schuster, S.J.; Jurczak, W.J.; Flinn, I.W.; Flowers, C.R.; Martin, P.;
Viardot, A.; et al. PI3Kδ Inhibition by Idelalisib in Patients with Relapsed Indolent Lymphoma. N. Engl. J. Med. 2014, 370,
1008–1018. [CrossRef]

103. Bilancio, A.; Okkenhaug, K.; Camps, M.; Emery, J.L.; Rückle, T.; Rommel, C.; Vanhaesebroeck, B. Key role of the p110delta isoform
of PI3K in B-cell antigen and IL-4 receptor signaling: Comparative analysis of genetic and pharmacologic interference with
p110delta function in B cells. Blood 2006, 107, 642–650. [CrossRef] [PubMed]

104. Puri, K.D.; Gold, M.R. Selective inhibitors of phosphoinositide 3-kinase delta: Modulators of B-cell function with potential for
treating autoimmune inflammatory diseases and B-cell malignancies. Front. Immunol. 2012, 3, 256. [CrossRef]

105. Durand, C.A.; Hartvigsen, K.; Fogelstrand, L.; Kim, S.; Iritani, S.; Vanhaesebroeck, B.; Witztum, J.L.; Puri, K.D.; Gold, M.R.
Phosphoinositide 3-kinase p110 delta regulates natural antibody production, marginal zone and B-1 B cell function, and
autoantibody responses. J. Immunol. 2009, 183, 5673–5684. [CrossRef] [PubMed]

106. Hoellenriegel, J.; Meadows, S.A.; Sivina, M.; Wierda, W.G.; Kantarjian, H.; Keating, M.J.; Giese, N.; O’Brien, S.; Yu, A.; Miller,
L.L.; et al. The phosphoinositide 3′-kinase delta inhibitor, CAL-101, inhibits B-cell receptor signaling and chemokine networks in
chronic lymphocytic leukemia. Blood 2011, 118, 3603–3612. [CrossRef] [PubMed]

107. Martinelli, S.; Maffei, R.; Fiorcari, S.; Quadrelli, C.; Zucchini, P.; Benatti, S.; Potenza, L.; Luppi, M.; Marasca, R. Idelalisib impairs
T-cell-mediated immunity in chronic lymphocytic leukemia. Haematologica 2018, 103, e598. [CrossRef]

108. Brown, J.R.; Furman, R.R.; Flinn, I.; Coutre, S.E.; Wagner-Johnston, N.D.; Kahl, B.S.; Spurgeon, S.E.F.; Benson, D.M.; Peterman,
S.; Johnson, D.M.; et al. Final results of a phase I study of idelalisib (GSE1101) a selective inhibitor of PI3Kδ, in patients with
relapsed or refractory CLL. J. Clin. Oncol. 2013, 31, 7003. [CrossRef]

109. Bird, S.T.; Tian, F.; Flowers, N.; Przepiorka, D.; Wang, R.; Jung, T.-H.; Kessler, Z.; Woods, C.; Kim, B.; Miller, B.W.; et al. Idelalisib
for Treatment of Relapsed Follicular Lymphoma and Chronic Lymphocytic Leukemia: A Comparison of Treatment Outcomes in
Clinical Trial Participants vs. Medicare Beneficiaries. JAMA Oncol. 2020, 6, 248–254. [CrossRef]

110. Cheah, C.Y.; Fowler, N.H. Idelalisib in the management of lymphoma. Blood 2016, 128, 331. [CrossRef] [PubMed]
111. Cuneo, A.; Barosi, G.; Danesi, R.; Fagiuoli, S.; Ghia, P.; Marzano, A.; Montillo, M.; Poletti, V.; Viale, P.; Zinzani, P.L. Management of

adverse events associated with idelalisib treatment in chronic lymphocytic leukemia and follicular lymphoma: A multidisciplinary
position paper. Hematol. Oncol. 2019, 37, 3–14. [CrossRef] [PubMed]

http://doi.org/10.1155/2016/4642831
http://doi.org/10.1182/blood-2016-06-722991
http://www.ncbi.nlm.nih.gov/pubmed/27503501
http://doi.org/10.1111/ejh.13020
http://doi.org/10.1093/cid/cix687
http://www.ncbi.nlm.nih.gov/pubmed/29029010
http://doi.org/10.1111/bjh.15627
http://www.ncbi.nlm.nih.gov/pubmed/30460682
http://doi.org/10.1056/NEJMoa1509981
http://doi.org/10.1016/S0140-6736(20)30262-2
http://doi.org/10.3390/curroncol28010081
http://www.ncbi.nlm.nih.gov/pubmed/33567487
http://doi.org/10.1200/JCO.21.01210
http://doi.org/10.1200/JCO.2020.38.15_suppl.8064
http://doi.org/10.1182/blood.2020006844
http://doi.org/10.1182/bloodadvances.2020001678
http://doi.org/10.1056/NEJMoa1315226
http://www.ncbi.nlm.nih.gov/pubmed/24450857
http://doi.org/10.1056/NEJMoa1314583
http://doi.org/10.1182/blood-2005-07-3041
http://www.ncbi.nlm.nih.gov/pubmed/16179367
http://doi.org/10.3389/fimmu.2012.00256
http://doi.org/10.4049/jimmunol.0900432
http://www.ncbi.nlm.nih.gov/pubmed/19843950
http://doi.org/10.1182/blood-2011-05-352492
http://www.ncbi.nlm.nih.gov/pubmed/21803855
http://doi.org/10.3324/haematol.2017.187070
http://doi.org/10.1200/jco.2013.31.15_suppl.7003
http://doi.org/10.1001/jamaoncol.2019.3994
http://doi.org/10.1182/blood-2016-02-702761
http://www.ncbi.nlm.nih.gov/pubmed/27252232
http://doi.org/10.1002/hon.2540
http://www.ncbi.nlm.nih.gov/pubmed/30187496


J. Fungi 2021, 7, 1058 20 of 21

112. Marchesini, G.; Nadali, G.; Facchinelli, D.; Candoni, A.; Cattaneo, C.; Laurenti, L.; Fanci, R.; Farina, F.; Lessi, F.; Visentin, A.; et al.
Infections in patients with lymphoproliferative diseases treated with targeted agents: SEIFEM multicentric retrospective study.
Br. J. Haematol. 2021, 193, 316–324. [CrossRef] [PubMed]

113. Infante, M.S.; Fernández-Cruz, A.; Núñez, L.; Carpio, C.; Jiménez-Ubieto, A.; López-Jiménez, J.; Vásquez, L.; Campo, R.; Del
Romero, S.; Alonso, C.; et al. Severe infections in patients with lymphoproliferative diseases treated with new targeted drugs:
A multicentric real-world study. Cancer Med. 2021, 10, 7629–7640. [CrossRef]

114. Tey, A.; Mohan, B.; Cheah, R.; Dendle, C.; Gregory, G. Disseminated Lomentospora prolificans infection in a patient on idelalisib-
rituximab therapy for relapsed chronic lymphocytic leukaemia. Ann. Hematol. 2020, 99, 2455–2456. [CrossRef]

115. Hengeveld, P.J.; de Jongh, E.; E Westerweel, P.; Levin, M.-D. Disseminated cryptococcal disease during treatment with idelalisib
and corticosteroids for follicular lymphoma. BMJ Case Rep. 2020, 13, e235216. [CrossRef] [PubMed]

116. Ward, L.M.; Peluso, M.J.; Budak, J.Z.; Elicker, B.M.; Chin-Hong, P.V.; Lampiris, H.; Mulliken, J.S. Opportunistic coinfection with
Pneumocystis jirovecii and Coccidioides immitis associated with idelalisib treatment in a patient with chronic lymphocytic
leukaemia. BMJ Case Rep. 2020, 13, e234113. [CrossRef]

117. Lafon-Desmurs, B.; Monsel, G.; Leblond, V.; Papo, M.; Caumes, E.; Fekkar, A.; Jaureguiberry, S. Sequential disseminated
aspergillosis and pulmonary tuberculosis in a patient treated by idelalisib for chronic lymphocytic leukemia. Med. Mal. Infect.
2017, 47, 293–296. [CrossRef]

118. McLornan, D.P.; Khan, A.A.; Harrison, C.N. Immunological Consequences of JAK Inhibition: Friend or Foe? Curr. Hematol. Malig.
Rep. 2015, 10, 370–379. [CrossRef]

119. Vannucchi, A.M.; Kiladjian, J.J.; Griesshammer, M.; Masszi, T.; Durrant, S.; Passamonti, F.; Harrison, C.N.; Pane, F.; Zachee, P.;
Mesa, R.; et al. Ruxolitinib versus Standard Therapy for the Treatment of Polycythemia Vera. N. Engl. J. Med. 2015, 372, 426–435.
[CrossRef]

120. Verstovsek, S.; Mesa, R.A.; Gotlib, J.; Gupta, V.; DiPersio, J.F.; Catalano, J.V.; Deininger, M.W.N.; Miller, C.B.; Silver, R.T.; Talpaz,
M.; et al. Long-term treatment with ruxolitinib for patients with myelofibrosis: 5-year update from the randomized, double-blind,
placebo-controlled, phase 3 COMFORT-I trial. J. Hematol. Oncol. 2017, 10, 1–14. [CrossRef]

121. Wysham, N.G.; Sullivan, D.R.; Allada, G. An opportunistic infection associated with ruxolitinib, a novel janus kinase 1,2 inhibitor.
Chest 2013, 143, 1478–1479. [CrossRef]

122. Lee, S.C.; Feenstra, J.; Georghiou, P.R. Pneumocystis jiroveci pneumonitis complicating ruxolitinib therapy. BMJ Case Rep.
2014, 2014. [CrossRef] [PubMed]

123. Chan, J.F.W.; Chan, T.S.Y.; Gill, H.; Lam, F.Y.F.; Trendell-Smith, N.J.; Sridhar, S.; Tse, H.; Lau, S.K.P.; Hung, I.F.N.; Yuen, K.-Y.; et al.
Disseminated Infections with Talaromyces marneffei in Non-AIDS Patients Given Monoclonal Antibodies against CD20 and
Kinase Inhibitors. Emerg. Infect. Dis. 2015, 21, 1101–1106. [CrossRef] [PubMed]

124. Sylvine, P.; Thomas, S.; Pirayeh, E. Infections associated with ruxolitinib: Study in the French Pharmacovigilance database. Ann.
Hematol. 2018, 97, 913–914. [CrossRef]

125. Lussana, F.; Cattaneo, M.; Rambaldi, A.; Squizzato, A. Ruxolitinib-associated infections: A systematic review and meta-analysis.
Am. J. Hematol. 2018, 93, 339–347. [CrossRef] [PubMed]

126. Teh, B.W.; Tam, C.S.; Handunnetti, S.; Worth, L.J.; Slavin, M.A. Infections in patients with chronic lymphocytic leukaemia:
Mitigating risk in the era of targeted therapies. Blood Rev. 2018, 32, 499–507. [CrossRef] [PubMed]

127. Seymour, J.F.; Kipps, T.J.; Eichhorst, B.; Hillmen, P.; D’Rozario, J.; Assouline, S.; Owen, C.; Gerecitano, J.; Robak, T.; la Serna,
J.D.; et al. Venetoclax–Rituximab in Relapsed or Refractory Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2018, 378, 1107–1120.
[CrossRef]

128. Griggio, V.; Perutelli, F.; Salvetti, C.; Boccellato, E.; Boccadoro, M.; Vitale, C.; Coscia, M. Immune Dysfunctions and Immune-Based
Therapeutic Interventions in Chronic Lymphocytic Leukemia. Front. Immunol. 2020, 11, 2899. [CrossRef]

129. DiNardo, C.D.; Jonas, B.A.; Pullarkat, V.; Thirman, M.J.; Garcia, J.S.; Wei, A.H.; Konopleva, M.; Döhner, H.; Letai, A.; Fenaux,
P.; et al. Azacitidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N. Engl. J. Med. 2020, 383, 617–629.
[CrossRef]

130. DiNardo, C.D.; Pratz, K.W.; Letai, A.; Jonas, B.A.; Wei, A.H.; Thirman, M.; Arellano, M.; Frattini, M.G.; Kantarjian, H.; Popovic,
R.; et al. Safety and preliminary efficacy of venetoclax with decitabine or azacitidine in elderly patients with previously untreated
acute myeloid leukaemia: A non-randomised, open-label, phase 1b study. Lancet Oncol. 2018, 19, 216–228. [CrossRef]

131. Agarwal, S.; DiNardo, C.D.; Potluri, J.; Dunbar, M.; Kantarjian, H.M.; Humerickhouse, R.A.; Wong, S.L.; Menon, R.M.; Konopleva,
M.Y.; Salem, A.H. Management of Venetoclax-Posaconazole Interaction in Acute Myeloid Leukemia Patients: Evaluation of Dose
Adjustments. Clin. Ther. 2017, 39, 359–367. [CrossRef] [PubMed]

132. Taplitz, R.A.; Kennedy, E.B.; Bow, E.J.; Crews, J.; Gleason, C.; Langston, A.A.; Flowers, C.R.; Hawley, D.K.; Nastoupil, L.J.; Rolston,
K.V.; et al. Antimicrobial prophylaxis for adult patients with cancer-related immunosuppression: ASCO and IDSA clinical
practice guideline update. J. Clin. Oncol. 2018, 36, 3043–3054. [CrossRef]

133. Kantarjian, H.M.; DeAngelo, D.J.; Stelljes, M.; Martinelli, G.; Liedtke, M.; Stock, W.; Gökbuget, N.; O’Brien, S.; Wang, K.; Wang,
T.; et al. Inotuzumab Ozogamicin versus Standard Therapy for Acute Lymphoblastic Leukemia. J. Clin. Oncol. 2016, 375, 740–753.
[CrossRef] [PubMed]

http://doi.org/10.1111/bjh.17145
http://www.ncbi.nlm.nih.gov/pubmed/33058237
http://doi.org/10.1002/cam4.4293
http://doi.org/10.1007/s00277-020-04087-2
http://doi.org/10.1136/bcr-2020-235216
http://www.ncbi.nlm.nih.gov/pubmed/32624488
http://doi.org/10.1136/bcr-2019-234113
http://doi.org/10.1016/j.medmal.2016.10.001
http://doi.org/10.1007/s11899-015-0284-z
http://doi.org/10.1056/NEJMoa1409002
http://doi.org/10.1186/s13045-017-0417-z
http://doi.org/10.1378/chest.12-1604
http://doi.org/10.1136/bcr-2014-204950
http://www.ncbi.nlm.nih.gov/pubmed/24891492
http://doi.org/10.3201/eid2107.150138
http://www.ncbi.nlm.nih.gov/pubmed/26079984
http://doi.org/10.1007/s00277-018-3242-8
http://doi.org/10.1002/ajh.24976
http://www.ncbi.nlm.nih.gov/pubmed/29150886
http://doi.org/10.1016/j.blre.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29709246
http://doi.org/10.1056/NEJMoa1713976
http://doi.org/10.3389/fimmu.2020.594556
http://doi.org/10.1056/NEJMoa2012971
http://doi.org/10.1016/S1470-2045(18)30010-X
http://doi.org/10.1016/j.clinthera.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28161120
http://doi.org/10.1200/JCO.18.00374
http://doi.org/10.1056/NEJMoa1509277
http://www.ncbi.nlm.nih.gov/pubmed/27292104


J. Fungi 2021, 7, 1058 21 of 21

134. Castaigne, S.; Pautas, C.; Terré, C.; Raffoux, E.; Bordessoule, D.; Bastie, J.-N.; Legrand, O.; Thomas, X.; Turlure, P.; Reman,
O.; et al. Effect of gemtuzumab ozogamicin on survival of adult patients with de-novo acute myeloid leukaemia (ALFA-0701):
A randomised, open-label, phase 3 study. Lancet 2012, 379, 1508–1516. [CrossRef]

135. Sehn, L.H.; Herrera, A.F.; Flowers, C.R.; Kamdar, M.K.; McMillan, A.; Hertzberg, M.; Assouline, S.; Kim, T.M.; Kim, W.S.; Ozcan,
M.; et al. Polatuzumab Vedotin in Relapsed or Refractory Diffuse Large B-Cell Lymphoma. J. Clin. Oncol. 2020, 38, 155–165.
[CrossRef] [PubMed]

136. Moskowitz, C.H.; Nademanee, A.; Masszi, T.; Agura, E.; Holowiecki, J.; Abidi, M.H.; Chen, A.I.; Stiff, P.; Gianni, A.M.; Carella,
A.; et al. Brentuximab vedotin as consolidation therapy after autologous stem-cell transplantation in patients with Hodgkin’s
lymphoma at risk of relapse or progression (AETHERA): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet
2015, 385, 1853–1862. [CrossRef]

137. Connors, J.M.; Jurczak, W.; Straus, D.J.; Ansell, S.M.; Kim, W.S.; Gallamini, A.; Younes, A.; Alekseev, S.; Illés, Á.; Picardi, M.; et al.
Brentuximab Vedotin with Chemotherapy for Stage III or IV Hodgkin’s Lymphoma. N. Engl. J. Med. 2017, 378, 331–344. [CrossRef]
[PubMed]

138. Stone, R.M.; Mandrekar, S.J.; Sanford, B.L.; Laumann, K.; Geyer, S.; Bloomfield, C.D.; Thiede, C.; Prior, T.W.; Döhner, K.; Marcucci,
G.; et al. Midostaurin plus Chemotherapy for Acute Myeloid Leukemia with a FLT3 Mutation. N. Engl. J. Med. 2017, 377, 454–464.
[CrossRef]

139. Perl, A.E.; Martinelli, G.; Cortes, J.E.; Neubauer, A.; Berman, E.; Paolini, S.; Montesinos, P.; Baer, M.R.; Larson, R.A.; Ustun,
C.; et al. Gilteritinib or Chemotherapy for Relapsed or Refractory FLT3-Mutated AML. N. Engl. J. Med. 2019, 381, 1728–1740.
[CrossRef]

140. Stein, E.M.; Fathi, A.T.; DiNardo, C.D.; Pollyea, D.A.; Roboz, G.J.; Collins, R.; Sekeres, M.A.; Stone, R.M.; Attar, E.C.; Frattini,
M.G.; et al. Enasidenib in patients with mutant IDH2 myelodysplastic syndromes: A phase 1 subgroup analysis of the multicentre,
AG221-C-001 trial. Lancet Haematol. 2020, 7, e309–e319. [CrossRef]

141. Zhu, A.X.; Macarulla, T.; Javle, M.M.; Kelley, R.K.; Lubner, S.J.; Adeva, J.; Cleary, J.M.; Catenacci, D.V.T.; Borad, M.J.; Bridgewater,
J.A.; et al. Final Overall Survival Efficacy Results of Ivosidenib for Patients With Advanced Cholangiocarcinoma With IDH1
Mutation: The Phase 3 Randomized Clinical ClarIDHy Trial. JAMA Oncol. 2021, 7, 1669–1677. [CrossRef] [PubMed]

142. DiNardo, C.D.; Stein, E.M.; de Botton, S.; Roboz, G.J.; Altman, J.K.; Mims, A.S.; Swords, R.; Collins, R.H.; Mannis, G.N.; Pollyea,
D.A.; et al. Durable Remissions with Ivosidenib in IDH1-Mutated Relapsed or Refractory AML. N. Engl. J. Med. 2018, 378,
2386–2398. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(12)60485-1
http://doi.org/10.1200/JCO.19.00172
http://www.ncbi.nlm.nih.gov/pubmed/31693429
http://doi.org/10.1016/S0140-6736(15)60165-9
http://doi.org/10.1056/NEJMoa1708984
http://www.ncbi.nlm.nih.gov/pubmed/29224502
http://doi.org/10.1056/NEJMoa1614359
http://doi.org/10.1056/NEJMoa1902688
http://doi.org/10.1016/S2352-3026(19)30284-4
http://doi.org/10.1001/jamaoncol.2021.3836
http://www.ncbi.nlm.nih.gov/pubmed/34554208
http://doi.org/10.1056/NEJMoa1716984
http://www.ncbi.nlm.nih.gov/pubmed/29860938

	Introduction 
	Monoclonal Antibodies 
	B-cell Depleting Agents 
	Combination Lymphodepleting Agents 

	Bispecific T-Cell Engagers (BiTE) 
	Tyrosine Kinase Inhibitors 
	Bruton’s Tyrosine Kinase (BTK) Inhibitors 
	Phosphoinositide 3-Kinase (PI3K) Inhibitors 
	Janus-Associated Kinase (JAK) Inhibitors 

	B-Cell Lymphoma 2 (BCL-2) Inhibitors 
	Other Novel Agents 
	Conclusions 
	References

