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Abstract

Purpose of Review Patients diagnosed with CLL have an increased susceptibility to infections. Over the years, there has been
a shift of the treatment arsenal to an increasing use of chemotherapy-free regimens, particularly small molecule inhibitors.
These therapies have proven to be effective and have a favorable toxicity profile. Infections continue to represent a significant

complication in the era of novel therapies.

Recent Findings Recent studies continue to bring new insights into the effects of modern therapies on the immune system.
Evidence supporting infection prevention strategies is scarce. We will review the available recommendations to prevent

infections in patients with CLL treated with novel therapies.

Summary New CLL therapies are broadly adopted in routine practice, requiring optimization of their side effects. Timely preven-
tion, recognition, and treatment of infections should remain an important aspect of the standard management of a patient with CLL.

Keywords Chronic lymphocytic leukemia - Treatment of CLL - Infections in CLL - COVID-19 and CLL

Introduction

Chronic lymphocytic leukemia (CLL) is the most prevalent
leukemia in adults in the Western world [1]. At the time of
diagnosis, the median age is 72 years, with an incidence
of 4-5/100,000 population per year, which can go up to
30/100,000 in people older than 80 years [1-3]. CLL is a
clonal B-cell lymphoproliferative neoplasm that is diag-
nosed by the detection of sustained lymphocytosis for at
least 3 months (> 5 x 10°/L) with the accumulation of small
mature lymphocytes in the peripheral blood, bone marrow,
spleen, and other lymphoid tissues. These lymphocytes are
characterized by CD5 + CD19 + aberrant co-expression and
immunoglobulin light chain restriction detected through
flow cytometry [4]. This disease can have a heterogene-
ous clinical course, with most cases being indolent. Several
disease-associated factors bear a negative prognostic impact;
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these include IGHV unmutated, chromosome 11q and 17p
deletions, complex karyotype, CD49 expression, and muta-
tions in TP53 [5-7]. Patients with CLL have various degrees
of immunosuppression due to T-cell deregulation and a shift
toward an increased number of exhausted T-cells, abnormal
differentiation of macrophages toward a suppressive pheno-
type, and often marked and prolonged hypogammaglobu-
linemia resulting in an increased risk for infections [8].

In the last 20 years, major therapeutic discoveries have
reshaped the treatment landscape in CLL. Small molecule
inhibitors targeting BTK, PI3K, and BCL-2 have been
approved for CLL treatment and are being increasingly used
both as initial therapy and in treating recurrent disease. These
therapies are less immunosuppressive and myelosuppressive
compared to traditional chemoimmunotherapy regimens.
However, they are not free of infectious complications.

Review

Risk of Infection Associated with Chronic
Lymphocytic Leukemia

CLL precipitates the dysfunction of the innate and adaptive
immune system. T-cells can exhibit malfunction activity
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leading to reduced cell-to-cell interaction blocked by CLL
cells. Dendritic cells show incomplete maturation, lacking
the maturation marker CD83 and costimulatory molecule
CD80 generating ineffective stimulation of T-cells due to
reduced IL-12 release. Of note, dendritic cell deficits are
reversible once CLL achieves remission [9, 10]. Again,
monocyte phagocytic capacity is impaired; for this reason,
the production of reactive oxygen species is halted with
poor reaction to bacterial lipopolysaccharide. Moreover,
natural killer cells have reduced cytotoxic capabilities due
to the defective expression of the NKG2D coreceptor [11,
12]. In like manner, complement dysfunction of the clas-
sical and alternate pathways has been reported, which can
be worsened with CLL progression, further reducing its
levels, and the inability to coat bacteria with C3b. Com-
paratively, hypogammaglobulinemia has been observed in
up to 85% of patients. Progressive CLL is associated with
areduction of IgG and IgA. Patients are more susceptible
to have recurrent infections when there is a deficiency of
IG subtypes such as IgG3 and IgG4. Additionally, previ-
ous reports have observed that IgG subclass deficiency has
been associated with shorter treatment-free survival [13,
14]. Neutropenia can result from CLL infiltration in the
bone marrow in advanced cases. Additionally, functional
deficiencies of the neutrophils can lead to defective bac-
tericidal activity coupled with the decline of C5a-induced
chemotaxis [15].

Risk of Infection Associated with BTK
Inhibitor-Based Regimen

Bruton’s tyrosine kinase inhibitors (BTKi) block the B-cell
receptor signaling pathway resulting in an effective anti-
tumor activity with good overall tolerability. Ibrutinib is a
first-generation irreversible BTKj; its effect is achieved by
binding covalently to the cysteine 481 in the ATP binding
site. Ibrutinib also has an affinity to other kinases such
as interleukin-2-inducible T-cell kinase (ITK) and three
epidermal growth factor receptor family kinases (EGFR):
EGFR, ErbB2/HER2, and ErbB4/HER4, thereupon caus-
ing off-target effects [16e]. Ibrutinib’s safety and efficacy
have been evaluated in several clinical trials. The RESO-
NATE-2 and iLLUMINATE trials evaluated first-line ibru-
tinib single agent and in combination with obinutuzumab,
respectively, demonstrating superior overall survival (OS)
over 80% and progression-free survival (PFS) between 70
and 80% with high overall response rates (ORRs) of about
90%. In like manner, in patients with relapsed/refractory
(R/R) CLL, ibrutinib was evaluated in the RESONATE
and RESONATE-17 trials, demonstrating improved OS
of over 70%, with a PFS of about 60%, and ORR of 90%
(Table 1) [17e, 18-20].
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The second-generation BTKi acalabrutinib has shown the
capacity to covalently bind BTK with less off-target effects.
The ELEVATE-TN trial evaluated acalabrutinib in untreated
CLL, while the ASCEND trial studied acalabrutinib in
patients with R/R CLL, demonstrating an OS of over 90%
with and PFS that ranges between 80 and 93%. Additionally,
the ORR ranged from 80 to 94% (Tablel). [21, 22] More
recently, the safety and efficacy of zanubrutinib have been
reported in a phase I trial showing a PFS at 1 year of 100%
with an ORR over 95%. Preliminary data on pirtobrutinib
shows an ORR of over 60%, and the adverse events grade
3 or higher associated with these BTKi were uncommon
[23, 24e].

The immune system has several critical functions that can
be affected by inhibiting BTK (Fig. 1). Preclinical studies have
shown that ibrutinib can impair NK cell function, halting the
capacity of antibody-dependent cellular cytotoxicity [25, 26].
Fioraci et al. demonstrated that ibrutinib and acalabrutinib
could reduce the production of pro-inflammatory cytokines
such as TNFa and IL-1f and phagocytic function of mono-
cytes and macrophages. Moreover, the immune response of
nurse-like cells (NLCs) and the level of IkBa and AKT phos-
phorylation levels are markedly inhibited during fungal infec-
tion [27]. Multer and coll. showed that treatment with ibruti-
nib decreases CD4 +and CD8 + T-cells and CD3-CD56+NK
cells, with possible T-cell recovery after 6 months of therapy
and reducing the disease tumor burden. However, CD4 +and
CD8 +effector memory cells can decrease after 12 months of
treatment. Similarly, a reduction in CTLA-4 and PD-1 express-
ing T-cells has also been observed [28]. Yin, et al. reported
that ibrutinib carries a selective effect reducing Thl1, Th2,
and Th17 type cytokines, in addition to an increased ratio of
INF-y/IL-4 after 12 months of therapy, suggesting that [FN-y-
producing Thl cells became more prevalent during ibrutinib
treatment. [29] The incidence of all-grade infections reported
in clinical trials with ibrutinib is about 56%. Upper respiratory
tract infection (URI) and urinary tract infection (UTI) were the
most common source of infection [30]. Grade >3 infections
occurred in 26% of the patients, with pneumonia being the
most frequent infection in 13%. In clinical studies with acala-
brutinib, grade >3 pneumonia was seen in 8% of the patients
[16e, 31].

In terms of fungal infections, the first 6 months of treat-
ment with ibrutinib carry the highest risk for acquiring this
type of infection [32]. Aspergillus species were the most
frequent type of fungus causing infection in 61% of the
patients, whereas Cryptococcus species caused 25% of the
fungal infections [32-34]. Another opportunistic infection
to remember is Pneumocystis jirovecii pneumonia (PJP),
previously reported in clinical trials and case series. The
possibility of acquiring this opportunistic infection sup-
ports the idea of ibrutinib-associated T-cell dysfunction.
[35-37]
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Table 1 Managing the risk of infection in chronic lymphocytic leukemia in the era of new therapies

Clinical trial

Agent

PFS (%)

OS (%)

ORR/MRD (%)

All-grade infection (%)

RESONATE-2 [179]

iLLUMINATE [18]

RESONATE [19]

RESONATE-17 [20]

ELEVATE TN [21]

ASCEND [22]

NCT02343120 [23]

BRUIN [24¢]
CLL-14 [41e]

MURANO [43]

NCT01539512 [49]

IDELA [50]

DUO [52]

DYNAMO [51]

Ibrutinib vs. chloram-
bucil

Ibrutinib + obunutu-
zumab vs. chloram-
bucil + obinutuzumab

Ibrutinib vs. ofatu-
mumab

Ibrutinib single-arm

Acalabrutinib + obi-
nutuzumab vs.
acalabrutinib single-
agent vs. chlorambu-
cil + obinutuzumab

Acalabrutinib single-
agent vs. I-R or BR

Zanubrutinib

Pirtobrutinib

Venetoclax + vs. obinu-
tuzumab chlorambu-
cil + obinutuzumab

Venetoclax + rituximab
vs. BR

Idelalisib + rituximab
vs. placebo + rituxi-
mab

Idelalisib + rituximab
vs. placebo + rituxi-
mab, with open-label
idelalisib extension

Duvelisib vs. ofatu-
mumab

Duvelisib single-agent

5 years: 70 vs. 12

30 months: 79 vs. 31

3 years: 59 vs. 3

24 months: 63

24 months: 93 vs. 87
vs. 47

16 months: 83 vs. 56

12 months: 100

3 years: 81 vs. 49

4 years: 57 vs. 4.6

24 weeks: 93 vs. 46

48 weeks: 76

12 months: 60 vs. 39

6 months: 62

5 years: 83 vs. 68

3 years: 74 vs. 65

24 months: 75

24 months: 95 vs. 95
vs. 92

12 months: 94 vs. 91

NR vs. NR

4 years: 85 vs. 66

12 months: 92 vs. 80

24 months: 69 vs. 51

12 months: 86 vs. 86

12 months: 77

92 vs. 37

88 vs. 73

91

83

94 vs. 86 vs. 79

81 vs. 75

96

63
PB MRD: 75 vs. 35

92 vs. 72

81 vs. 13

85 vs. 47

73 vs. 45

67

URI 26
PNA 12

URI 20
PNA 20
UTI 19
FN 13

PNA 17
Infections after 3 years
10%

PNA 24
UTI 21
URI 17

URI 21; 18
UTI 125 12
PNA 10;7

URI 14
RTI 11
PNA 10

URI 33

UTI 10.6
PNA 7.4
Cellulitis 5.3

URI7

PNA 10

FN 6

Sepsis 5
Infections 17
FN 3.6

PNA 5.2

PNA 6

EN 5

Sepsis 4

PIP 3

Neutropenic sepsis 3
Cellulitis 1

FN 4.5

PIP 3.6
CMV 0.9
PNA 2.7
URI 2.7
Infections 69
PNA 18
URI 16
FN9

PNA 7

PFS progression-free survival, OS overall survival, ORR overall response rate, MRD measurable residual disease, VS versus, URI upper res-
piratory tract infection, R7/ respiratory tract infection, PNA pneumonia, U7/ urinary tract infection, FN febrile neutropenia, PJP Pneumocystis

Jirovecii

Risk of Infection Associated with BCL-2
Inhibitor-Based Regimen

Venetoclax is an oral BH-3 mimetic and selective BCL-2
inhibitor; it also interacts weakly with BCL-XL and BCL-W.

In CLL, BCL-2 is overexpressed, and its inhibition leads
to the initiation of apoptosis mediated by BAX and BAK
[38, 39]. For untreated CLL, the BCL-2 containing arm of
the CLL-14 trial evaluated the combination of venetoclax
plus obinutuzumab, showing a PFS of 81%, while the OS
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was non-reached in the venetoclax arm. Additionally, higher
rates of undetectable measurable residual disease (U-MRD)
were observed with venetoclax. The MURANO study in
patients with R/R CLL also randomized patients to a BCL-2
containing arm venetoclax plus rituximab showing a PFS of
57%, with an OS of 85%, and the ORR was 92% (Table 1)
[40, 41e, 42, 43]. Cytopenia seems to be the primary immu-
nosuppressive effect of venetoclax (Fig. 1). In the CLL-14
trial, neutropenia was the most common grade >3 adverse
event in 53% of patients, of which 13% required dose-
reduction and venetoclax discontinuation in 2% of patients.
Grade > 3 infection occurred in 18% of patients in the vene-
toclax arm, and pneumonia represented the most frequent
type of grade >3 infection in 5% of patients. Infection was
the most common cause of death in 1% of the patients in
the venetoclax arm, which did not differ from the chloram-
bucil arm [41e]. In the MURANO trial, 60% of patients in
the venetoclax plus rituximab arm experienced any grade of
neutropenia. Neutropenia was the most common grade >3
adverse event in the venetoclax plus rituximab (57%) with a
median duration of 8 days. The incidence of grade >3 febrile
neutropenia was about 3% in the venetoclax plus rituximab
arm. Grade >3 infections occurred in 17%, with pneumo-
nia being the most frequent type of infection in 5% of the
patients [42].

Davids et al. reported that all-grade infections could occur
in up to 72% of patients, with upper respiratory tract infec-
tions being the most frequent in 25% of patients followed
by pneumonia in 11%, nasopharyngitis in 10%, and urinary
tract infection in 10%. They also identified patients with prior
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exposure to fludarabine to have a higher risk of infections
when subsequently treated with venetoclax. The incidence
of opportunistic infections is 3.1%, including Aspergil-
lus pneumonia, PJP, ocular toxoplasmosis, nocardiosis, her-
pes pharyngitis, multidermatomal herpes zoster, and candida
esophagitis. The median time to opportunistic infection was
4.5 months; there were no deaths related to opportunistic
infections in patients treated with venetoclax [44].

Risk of Infection Associated with PI3K
Inhibitor-Based Regimen

Phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT/
PKB)/mammalian target of rapamycin (mTOR) path-
ways is an important signaling pathway promoting B-cell
development and function. CLL cells rely on signaling
through BCR, which activates the PI3K-dependent path-
way resulting in increased survival, proliferation, adhe-
sion to stromal cells via VLA-4, and chemokine secretion
(CCL3 and CCL4) [45]. PI3K inhibitors such as idelalisib
bind the pocket of the catalytic subunit of PI3K, nullify-
ing the PI3K/AKT/mTOR cascade resulting in apoptosis
of CLL cells [46, 47]. There are four different isoforms of
the catalytic subunits (p110a, p110p, p110y, p110d). The
expression of the isoforms p110a and p110p is present in
various tissues, while p110y and p1105 are restricted to
leukocytes [48]. Idelalisib has been evaluated in clinical
trials in R/R CLL. The PFS ranges between 76 and 93%,
with an OS of 90% at 1 year and 70% at 2 years. The ORR
is over 80% [49, 50]. Duvelisib is another PI3K inhibitor
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with dual PI3Ky/d activity approved in 2018 for R/R CLL
after > 2 prior therapies. The DUO and DYNAMO trials
reported a PFS of about 60%, with an OS between 77 and
86%. The ORR was about 70% (Table 1) [51, 52]. Studies
have shown that the knockout of p110y leads to altered
T-cell, neutrophil, and macrophage function; moreover,
the dual blockade of p110y, p110d resulted in survival
impairment of B-cells (Fig. 1) [53]. PI3K inhibition has
been associated with a decrease in Treg and surface levels
of PD-1 and CTLA-4. Furthermore, Maus et al. have dem-
onstrated in preclinical studies that inhibition of PI3Ky
leads to disruption of the innate immune response of the
lung to the challenge by S. pneumoniae [54]. Similarly,
PI3Ky-deficient neutrophils exhibit defects in migration
and oxidative burst [55]. In the multicenter, randomized,
double-blind placebo-controlled phase 3 study with ide-
lalisib plus rituximab, the reported serious adverse events
included pneumonia 6% and febrile neutropenia 5%. Addi-
tionally, sepsis was observed in 4% of the patients. In the
multicenter, randomized, double-blind placebo-controlled
phase 3 study in patients with R/R CLL with idelalisib
versus bendamustine-rituximab (BR), the most common
grade > 3 adverse events in the idelalisib arm were febrile
neutropenia in 23% and neutropenia in 60% of the cases.
Sixty-nine percent of patients in the idelalisib arm devel-
oped infections. Furthermore, in this group of patients,
the causes of death included pneumonia in three patients,
sepsis in three patients, and septic shock in two patients
[49, 56]. In the DUO trial, a global phase 3 randomized to
oral duvelisib or ofatumumab. In the duvelisib arm, infec-
tions occurred in 69% of the cases, with pneumonia in 18%
(grade >3 in 14%) and upper respiratory tract infection
in 16% of the patients. In the open-label global phase 2
DYNAMO trial, patients treated with duvelisib acquired
CMYV pneumonia and bronchopulmonary aspergillosis in
one patient, respectively. Duvelisib was discontinued due
to pneumonia in three patients, and three patients with
febrile neutropenia required dose reduction. In this study,
one patient died from a suspected fatal viral infection, one
died from grade 4 neutropenia with septic shock, and one
died from pneumonia [51, 52].

How Do We Manage the Risk of Infections in the Era
of New CLL Therapies?

When taking care of a patient with CLL, the risk for infec-
tion complications should always be carefully evaluated as
part of a comprehensive assessment. Several factors con-
tribute to the risk of infections; these include older age;
comorbidities such as chronic kidney disease, type 2 dia-
betes mellitus, or chronic pulmonary disease; and the type
and number of prior therapies. Once the patient has started
a small molecule inhibitor for CLL, it is crucial to monitor

blood counts regularly. If the patient is being treated with
venetoclax or a PI3K inhibitor, either monotherapy or in
combination grade > 3, neutropenia can develop in up to
41% of the cases. In these patients, the incidence of febrile
neutropenia remains low likely because of its short dura-
tion since it responds to dose adjustment and/or granulocyte
colony-stimulating factor (G-CSF) if necessary [44, 51, 56]
and because these regimens are not associated with mucosi-
tis. Patients treated with BTK inhibitors less frequently
develop neutropenia. However, among BTKi, grade >3
neutropenia was observed with acalabrutinib in 16%, going
up to 40% when combined with rituximab. A phase 1 study
with zanubrutinib reported grade > 3 neutropenia in 6.4% of
patients. Recent data on the phase 1/2 study with pirtobru-
tinib reported grade >3 neutropenia in 5% of the patients
[22, 23, 24e].

Prevention of Bacterial Infections

There is no standard recommended antibacterial prophy-
laxis in patients with CLL treated with modern therapies.
The clinicians need to be familiar with the most common
sites of infection that have been observed in patients treated
with these therapies, which include the respiratory tract, the
lungs, and the urinary tract. Moreover, hypogammaglobu-
linemia can be present before therapy or can develop with
these treatments, which can be associated with an increased
risk of infections often caused by Streptococcus pneumo-
niae and Haemophilus influenza [57]. The use of immuno-
globulin (Ig) replacement therapy can be helpful in reduc-
ing the frequency of infections. However, it should only be
administered to patients with severe hypogammaglobuline-
mia (<400 mg/dL) and/or recurrent or severe infections
(Table 2) [2].

Prevention of Fungal Infections

The evidence on the incidence of invasive fungal infections
(IFT) is scarce; according to a multicenter Italian study, the
incidence rate of IFI is 0.5% [58]. There are no guidelines
regarding which patients will benefit from prophylaxis.
However, it has been suggested that prophylaxis should be
considered in frail older patients (> 75 years) with R/R CLL
and/or prolonged neutropenia (> 6 months) [59]. For patients
receiving BTK inhibitors or BCL-2 inhibitors along with
chronic steroid therapy, i.e., to treat autoimmune cytopenias
or with a previous history of fungal infections, prophylaxis
may be advised [60]. If prophylaxis with an azole is started,
it is important to remember that these drugs are potent
CYP3A inhibitors that interact with small molecule inhibi-
tors, temporary discontinuation, or dose adjustment, along
with close monitoring for toxicities will be needed. The risk
of opportunistic infections has decreased with new therapies.
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Table 2 Available strategies for infection prevention

Bacterial infection

1. No routine antibiotic prophylaxis is recommended

2. Monitor ANC, especially with BCL-2i or PI3Ki
3. Ig replacement considered if IgG levels <400 mg/dL
400-600 mg/dL: if severe recurrent infections

Fungal infection 1. Suggested:

a. Elderly patients with comorbidities
b. Prolonged neutropenia (> 6 months)

c. R/R CLL

d. Chronic concomitant steroid therapy

2. Recommended:

a. Pneumocystis jirovecii prophylaxis in patients treated with PI3Ki

Viral infection

1. Pre-treatment of HBV, HCB, HIV, HSV 1/2, VZV, and CMV

2. Treatment with PI3ki, monitor CMYV viral load monthly
3. If HBV reactivation is detected, prophylaxis with entecavir or tenofovir is recommended

Vaccinations

1. Recommended vaccines:

a. Seasonal influenza vaccine, preferably the high dose quadrivalent

b. Pneumococcal vaccine: Pneumovax (PPSV23) followed by Prevnar (PCV13)
c. Recombinant zoster vaccine two doses

d. Recombinant hepatitis B vaccine three doses

SARS-COVID-2

1. Encourage patients to get vaccinated in the US with Pfizer-BioNtech or Moderna

2. If severe COVID-19 infection: Hold CLL treatment until the patient has been asympto-
matic for 48 h, 14 days have elapsed from the start of the infection, and two consecutive
negative RT-PCR tests

ANC absolute neutrophil count, /g immunoglobulin, /gG immunoglobulin G, BCL-2i BCL-2 inhibitor, PI3Ki PI3K inhibitor, MG milligrams,
dL deciliter, R/R CLL relapsed/refractory chronic lymphocytic leukemia, HBV hepatitis B virus, HCV hepatitis C virus, H/V human immunode-
ficiency virus, HSV1/2 herpes simplex virus 1 and 2, VZV varicella-zoster virus, CMV cytomegalovirus, PPSV23 pneumococcal polysaccharide
vaccine, PCV13 pneumococcal 13-valent conjugate vaccine, SARS-COVID-2/COVID19 severe acute respiratory syndrome coronavirus 2

However, PJP infections have been reported in patients
treated with PI3Ki. In patients with CLL not receiving PJP
prophylaxis, the incidence of PJP pneumonia is 3.5%. The
incidence is lower compared to 9.1% in those treated with
fludarabine-cyclophosphamide and rituximab; however, it
prompted the development of specific recommendations for
patients with CLL treated with PI3Ki [61, 62]. It is recom-
mended that CLL patients treated with idelalisib or duvel-
isib start prophylaxis at the beginning of the CLL therapy,
maintaining it for as long as 2 to 6 months after the end of
the PI3K inhibitor treatment. Clinical trials with idelalisib
reported an incidence of 2 to 3.6% of patients with PJP. All
patients that contracted PJP infection were not taking proph-
ylaxis. In the Idelalisib vs. placebo +BR study, one patient
acquired PJP while on prophylaxis. In the DUO trial, three
patients treated with duvelisib who were not on prophylaxis
developed PJP despite the protocol requiring the patients to
be on prophylaxis. Moreover, in the DYNAMO trial, one
patient who was prescribed prophylaxis acquired PJP [56, 63,
64e]. TMP-SMX has been the drug of choice for prophylaxis
due to its high effectiveness, which uniquely offers protec-
tion against toxoplasmosis, nocardiosis, and actinomycosis.
Patients with intolerance or severe adverse events associated
with TMP-SMX can use atovaquone, dapsone, or pentami-
dine (aerosolized or intravenous) as alternative agents. Of
these, pentamidine has a more favorable profile given the
absence of hematologic toxicity or drug-to-drug interactions
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in addition to a dosing interval of 28 days [63]. TMP-SMX
dosing options include one single-strength (80/400 mg) tab-
let daily or one double-strength (160/800 mg) tablet thrice
a week. These dose regimens have shown no difference in
terms of efficacy (Table 2) [65].

Prevention of Viral Infections

The current practice to monitor for viral infections recom-
mends reviewing the serological evidence of prior exposure
or laboratory evidence of chronic infection with viruses such
as hepatitis B and C viruses, cytomegalovirus (CMV), and
human immunodeficiency virus (HIV), Herpes simplex virus
1/2, and Varicella zoster virus before starting any therapy
for CLL [2, 7, 64e]. Hepatitis B virus (HBV) reactivation is
defined by the elevation of serum alanine aminotransferase
(ALT) and HBV-DNA increased with or without HBsAg
recurrence (reverse seroconversion) in anti-HBc positive
patients [66]. With this in mind, if a patient is found to have
HBYV reactivation, pre-emptive therapy with entecavir or teno-
fovir has been recommended because of their high potency
and low resistance rate, in addition to superior prevention of
further reactivation episodes and reduction of HBV-related
mortality [67]. Important to note is that if an anti-CD20 mon-
oclonal antibody is part of the CLL regimen, HBV therapy
should be maintained for 12 to 18 months after the last dose
of the monoclonal antibody [68]. In the study with idelalisib
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plus rituximab in the IDELA/R-to-IDELA arm, two patients
had gradel-2 non-fatal CMV infection. In the idelalisib vs.
placebo + BR trial, 13 (6%) patients in the idelalisib arm had
CMV infection compared to three (1%) in the placebo group
[56, 69]. For this reason, seronegative patients should receive
CMYV negative or filtered blood products, and CMV serology
should be tested before starting the treatment, and monthly
follow-up of the viral load through quantitative polymerase
chain reaction (qQPCR) testing is required. For patients with
positive CMV PCR and/or increasing viral load or symptoms
suggestive of CMV infection, idelalisib should be discontin-
ued, and ganciclovir or valganciclovir should be initiated [70,
71]. Furthermore, anti-viral prophylaxis against the Herpes
simplex virus in patients treated with idelalisib or duvelisib is
also recommended [64¢]. The impact of latent viral infections
has not been described in patients treated with BTKi or BCL-
2i. Hence, these patients should be managed in a case-to-case
manner (Table 2) [60].

Vaccine Recommendations

Vaccines represent an essential tool to prevent infections in
healthy individuals. In patients with CLL, response to vac-
cination is blunted by the immunosuppression that accompa-
nies this disease. Recent reports have shown that the immune
system’s capacity to respond to the vaccine in patients treated
with modern therapies is limited. Douglas et al. reported that
only 26% of patients treated with BTKi showed seroconversion
with the high-dose trivalent influenza vaccine [72]. Similarly,
the level of seroconversion after receiving the recombinant
hepatitis B vaccine was diminished in patients with CLL under
treatment with BTK inhibitors (28% vs. 3.8%). Conversely,
seroconversion to the recombinant zoster vaccine did not dif-
fer between treatment-naive CLL and those treated with BTK
inhibitors [73]. Pneumococcal vaccine should also be encour-
aged in patients with CLL. Ideally, like all the other vaccina-
tions, it should be given when CLL is at an early stage and/or
stable disease without requiring treatment to obtain a better
immune response. Factors associated with lower pneumococ-
cal vaccination response are patients aged > 60 years, IgG lev-
els <400 mg/L, prior treatment, and progressive disease [74e].

Current Recommendations for SARS-COVID-2

The occurrence of COVID-19 cases among patients with CLL
and the outcome of the infection is a topic of particular inter-
est during the ongoing COVID pandemic. Early data were
reported in an Italian study conducted between February and
December 2020. The incidence of severe acute respiratory
syndrome coronavirus 2 (SARS-COVID-2) in patients with
CLL was 3437.7 COVID-19 cases per 100,000; 23.3% of them
occurred in people 65 years or older [75]. The mortality rate
was high during the early phases of the pandemic; according to

the European Research Initiative on CLL (ERIC) and Campus
CLL, it was 32.5% in hospitalized patients [76e]. In the world-
wide study of patients with CLL hospitalized with COVID-19,
the median age was 72 in cohort 1 and 68 in cohort 2. A multi-
variate analysis of this patient population identified advanced
age at COVID-19 diagnosis as an independent predictor for
overall survival. For patients with CLL and COVID-19 requir-
ing hospitalization, the case-fatality rate was between 30 and
34%. On the other hand, individual case reports have hypoth-
esized that ibrutinib can abrogate pulmonary inflammatory
cytokines and lung injury. However, this evidence is conflict-
ing. Roeker LE et al. concluded that CLL-directed therapies
were not conclusive for predicting COVID-19-related survival
nor played a protective role for COVID-19 outcome [77e, 78].
In the GAIA/CLL13 multicenter phase 3 investigator-initiated
trial in treatment-naive patients in the venetoclax-based regi-
men arm, six patients developed COVID-19, and the mortality
rate of those diagnosed with COVID-19 was 28.6% [79]. If a
patient requires treatment for his CLL, the clinician should
weigh risks and benefits in addition to contemplating the risk
of contracting COVID-19 infection. The addition of an anti-
CD20 monoclonal antibody should also be delayed because
it compromises humoral immunity, which is an important
mechanism to support recovery from COVID-19. Currently,
there is a debate on making definitive recommendations for
the use of anti-CD20 monoclonal antibodies in this context
[80, 81]. For patients who present with moderate to severe
COVID-19-related symptoms, it is recommended to hold the
CLL treatment, in particular, anti_CD20 monoclonal antibod-
ies, venetoclax, or PI3K inhibitors due to their myelosuppres-
sive effect. The CLL treatment can be resumed if the patient
has been asymptomatic for 48 h, 14 days have elapsed from
the start of the infection, and has two consecutive negative
RT-PCR tests [75, 80].

Vaccination against COVID-19 is recommended for
patients with CLL. Several reports have estimated a low
overall antibody response of about 40% to COVID-19
mRNA vaccines in patients with CLL [82]. With this in
mind, younger age, female gender, untreated CLL, and nor-
mal levels of IgG and IgM have been considered predictors
of positive seroconversion in response to the COVID-19 vac-
cine. In patients undergoing treatment regimens involving
BTK inhibitors or BCL-2 inhibitors + anti-CD20 monoclo-
nal antibody, the response rate ranged between 13 and 16%.
If an anti-CD20 monoclonal antibody was given less than
12 months before vaccination, these patients did not exhibit
seroconversion [75]. In our routine practice, we continue to
encourage patients to receive the vaccine, including the third
booster dose; at present, there is a need to elucidate the role
of T-cell populations in supporting the immune response
after vaccination beyond the detection of antibodies through
serological testing. We also continue to reinforce maintain-
ing general safety precautions (Table 2).
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Upcoming Targeted Therapies:

In the upcoming years, additional targeted therapies are likely to
become available to patients with CLL based on the preliminary
efficacy and safety shown by ongoing studies. The third-genera-
tion BTKi pirtobrutinib (LOXO-305), vecabrutinib (SNS-062),
and ARQ-531 have a non-covalent inhibitory capacity that does
not require a cysteine C481S binding site. These agents are in
late-phase clinical trials that will provide more information about
safety profiles and efficacy in the near future [83]. The next-
generation PI3Ki umbralisib (TGR-1202) has a dual inhibitory
effect on PI3K & and casein kinase-1. A phase 2 study showed a
24-month PFS of 46%, and the median OS was not reached with
amedian follow-up of 23 months. The ORR was 44%. All grade
URI incidence was 14% and PNA in 14% of patients [84]
Cellular therapies are also likely to join the treatment
armamentarium in patients with recurrent disease. In clini-
cal trials, chimeric antigen receptor T (CART) therapy has
shown activity in patients with R/R CLL. Fey and coll,
conducted a prospective study in 38 patients treated with
anti-CD19 CART cells (autologous T-cells were collected,
and clinical-grade CD19 TCR-{/4-1BB lentiviral vector was
manufactured). The ORR at 4 weeks was 44%. The OS at
36 months was around 60% in patients treated with both
dose levels (low [5x 107] and high [5 % 108]) [85¢]. Patients
undergoing CART therapy should always be screened for
hepatitis virus B and C in addition to human immunodefi-
ciency virus. Furthermore, screening for other pathogens
is recommended, including herpes simplex virus 1/2, vari-
cella-zoster virus, CMV, human T-cell lymphotropic virus
type 1, Treponema pallidum, and Toxoplasma gondii. 1t is
also important to be aware that Mycobacterium tuberculosis
can be reactivated in those patients with prolonged steroid
exposure or tocilizumab (IL-6 receptor antagonist). For
patients who have spent time in a tropical or subtropical
region, Strongyloides stercolaris should also be considered.
In our center, we implement fluoroquinolone prophylaxis
during any prolonged neutropenic period (< 0.5x 10*/uL),
although it is not routinely used. Anti-viral prophylaxis is
recommended with acyclovir 400 mg twice daily or valacy-
clovir 500 mg once daily (others may consider twice daily),
starting at the time of lymphodepletion and continuing it for
6 months post-CART therapy [86]. Patients with detectable
HBYV DNA in blood should be treated with entecavir 0.5 mg
daily starting pre-CART therapy and continuing it for at least
6 months. If the patient is positive for HBc antibodies with
HBsAg and HBV DNA negative, alanine aminotransferase
and viral DNA could be monitored every 1 to 3 months as
an alternative to entecavir prophylaxis [87]. Antifungal
prophylaxis is also recommended with an azole or echi-
nocandins until the neutrophil count recovers. PJP prophy-
laxis with TMP-SMX should be started after the neutrophil
count is> 0.5 x 10%/uL or at day 28 after CART infusion

@ Springer

and continued for at least 6 months [88e]. Ig replacement
is recommended if serum IgG is <400 mg/dL. If IgG is
between 400 and 600 mg/dL, consider Ig replacement if a
patient has severe recurrent infections [89]. Before CART
therapy, patients should be advised to be vaccinated against
COVID-19. The influenza vaccine can be given 2 weeks
before lymphodepletion during flu season. Six months after
CART therapy, patients should receive the pneumococcal
vaccine, Clostridium tetani, Corynebacterium diphtheriae,
Bordetella pertussis, and HBV vaccines (if required). [90]

Conclusions

Patients diagnosed with CLL and treated with novel thera-
pies achieve better outcomes in terms of progression-free
survival, overall survival, and responses. At the same time,
the risk of infection continues to represent a significant cause
of morbidity and, if not adequately addressed, can cause
mortality. As we continue to incorporate these new therapies
more broadly and become familiar with their effects on the
immune system, the management of infection prevention
will continue to be optimized. With more research on this
matter, new recommended practices will need to be adopted
to optimize supportive care measures as we continue to shift
toward a chemotherapy-free era.
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