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Abstract. Bendamustine is an alkylating agent classified into 
the group of nitrogen mustard analogues, synthesized almost 
sixty years ago. It was registered in former East Germany in 
1971 and approved by the US Food and Drug Administration 
in 2008 for treatment of chronic lymphocytic leukemia and 
indolent B‑cell non‑Hodgkin lymphoma. Considering its 
beneficial properties in the therapy of relapsed or refractory 
hematological malignancies, synergistic effects with other 
antineoplastic agents and increasing recent reports on its 
immunomodulatory effects, bendamustine has once again 
gained its justified attention. The uniqueness of bendamus‑
tine‑mediated effects should be observed keeping in mind 
its distinctive structure with structural similarities to both 
alkylating agents and purine analogs. In the present review, the 
current knowledge on the use of bendamustine in oncology, 
its pharmacokinetics, mechanism of action and toxicity was 
summarized. In addition, its immune‑modulating effects that 
have not been fully elucidated so far are emphasized, hoping to 
encourage further investigations of this unique drug.
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1. Introduction

According to the Anatomical Therapeutic Chemical (ATC) 
classification system (1), bendamustine belongs to the group 
of antineoplastic and immunomodulating agents (L), anti‑
neoplastic agents (L01), alkylating agents (L01A), nitrogen 
mustard analogues (L01AA) and is given an ATC code 
L01AA09. Chemically, bendamustine is 4‑{5‑[bis(2‑chlo‑
roethyl)amino]‑1‑methyl‑2‑bezimidazolyl} butyric acid 
hydrochloride. It was first synthesized in the early 1960s at 
the Institute for Microbiology and Experimental therapy in 
Jena, in the former East German Democratic Republic (2). 
Nitrogen mustard, an alkylating drug after which the 
L01AA ATC group was named, was used in the World 
War I as chemical weapon causing skin lesions, blindness, 
lung damage, nausea, and vomiting. After learning about 
mutagenic properties of nitrogen mustard and its effects on 
lowering the white blood cells count, many other alkylating 
agents had been developed with a goal to treat malignant 
tumors (3). The synthesis of bendamustine was based on the 
idea to produce a nitrogen mustard compound less toxic and 
at least as effective as other alkylating agents. As observed 
in Fig. 1, the specific mechanism of action of bendamustine 
is related to its unique structure with similarities to both 
alkylating agents and purine analogs.

Bendamustine was first registered in 1971 as a treat‑
ment for both hematological malignancies and solid tumors. 
Although not widely prescribed in East Germany, the interest 
for this drug increased after the reunification of Germany in 
the 1990s, mostly as a treatment for lymphoid malignancies. 
The drug gained US Food and Drug Administration (FDA) 
approval in 2008 and European Medicines Agency approval in 
2010. Bendamustine is also on the World Health Organization 
list of essential medicines (4).
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There are several excellent reviews regarding the use of 
bendamustine in hematological and solid malignancies (2,5‑8). 
Since the understanding of its role in hematology has changed 
considerably in the past ten years, the present review focused 
on more recent clinical trials investigating the efficacy and 
safety of bendamustine in comparison or in combination with 
novel, targeted agents. Additionally, more recent studies were 
reviewed regarding its pharmacology, and finally, some light 
was shed on bendamustine‑mediated immunological effects, 
proving to be of great importance in the current COVID‑19 
pandemic.

2. Bendamustine‑mechanism of action, cell death and cell 
cycle

Cytotoxic effects of bendamustine primarily result from alkyl‑
ation‑mediated DNA damage and possibly to a lesser extent 
from antimetabolite properties of its benzimidazole ring. 
Bendamustine is a bifunctional alkylating agent containing 
two reactive groups that can bond to separate DNA sites, a 
feature characteristic of other nitrogen mustards‑related agents 
such as cyclophosphamide, chlorambucil and melphalan (9). 
Monofunctional alkylating agents, on the other hand, contain 
a single active chemical moiety that is able to modify only 
a single DNA site (9). In comparison with other alkylating 
drugs, bendamustine shows a unique cytotoxicity profile 
such as improved penetration and localization within DNA, 
and more DNA double‑strand breaks that persist longer (3). 
Upon alkylation, DNA damage induces DNA damage repair 
signaling pathways (9). In contrast to other alkylating agents 
that induce a repair of DNA by O‑6‑methylguanine‑DNA 
methyltransferase and base excision repair (BER), benda‑
mustine appears to preferably induce BER DNA repair (10). 
This mechanism could additionally be an asset to its unique 
effects since this type of repair is more complex, takes longer 
to perform and therefore further diminishes the capacity of 
cells to repair the damage (3). Except for the mere addition 
of the alkyl group, another mechanism of bendamustine 
cytotoxic properties is cross‑linking of DNA, creating links 
within strands (intrastrand cross‑linking) and between strands 
(interstrand cross‑linking), the latter caused by formation of 
covalent bonds of the electrophilic alkyl group of bendamus‑
tine with electron‑rich nucleophilic moieties (3,8,9,11). If the 
cell is unable to repair DNA damage, cell cycle progression is 
inhibited and cell death via apoptotic mechanism occurs.

It has still not been fully elucidated to what extent may the 
uniqueness of bendamustine‑mediated effects be related to 
its benzimidazole ring. Leoni hypothesized that two mecha‑
nisms of action could be responsible for it (12). First, a direct 
antimetabolite activity of bendamustine could be exerted by 
its incorporation into newly synthesized DNA molecules or by 
inhibiting ribonucleotide reductase or other enzymes involved 
in the generation of deoxynucleoside triphosphates. Second, 
the benzimidazole ring may enhance the alkylating activity 
of bendamustine, possibly by facilitating nuclear transport 
and allowing the drug to reach higher concentrations in the 
nucleus or by inhibiting DNA repair  (12). In mantle‑cell 
lymphoma (MCL), diffuse large B‑cell lymphoma (DLBCL), 
Burkitt lymphoma and multiple myeloma (MM) cell lines, 
bendamustine showed synergistic effects with pyrimidine 

analogues and elicited DNA damage response and subsequent 
apoptosis faster and with a shorter exposure time than other 
alkylating agents examined  (13). Although bendamustine 
cellular uptake is debatable, Hiraoka et al (13) reported that 
it is at least partly mediated through nucleoside transporters, 
suggesting its purine analogue‑like properties. On the other 
hand, Arimany‑Nardi et al (14) found no interaction of benda‑
mustine with hCNT and hENT proteins, known to mediate 
the uptake of purine and pyrimidine drug analogs, suggesting 
a lack of their role in cellular uptake of the drug and empha‑
sizing the importance of human organic cation transporter 
1. The role of organic transporters was further corroborated 
by the finding that renal human organic anion transporter 3 
increases the susceptibility of lymphoma cells to bendamus‑
tine uptake (15).

Schwänen  et  al  (16) first reported in  vitro efficacy of 
bendamustine alone or in combination with fludarabine in 
inducing apoptosis in B‑cell chronic lymphocytic leukemia 
(CLL) cells (16). Notably, apoptosis is not the only mecha‑
nism of bendamustine‑mediated cytotoxic effects, since it 
causes an alternative mechanism called mitotic catastrophe 
that bypasses apoptosis which is often impaired in tumor 
cells (11). Normally, when DNA damage or DNA replication 
stress occurs, these changes are detected by check points that 
arrest the cell cycle at either the G1‑S (G1 check point) or the 
G2‑M (G2 check point) transition to prevent the accumulation 
and propagation of genetic errors during cell division and to 
allow DNA repair to take place (9,17). Occurrence of damaged 
DNA in form of double‑strand breaks (DSBs) triggers ataxia 
telangiectasia‑mutated (ATM) check point protein kinase 
and downstream targets, protein kinase called checkpoint 
kinase (Chk)2 and transcription factor p53, most important for 
prevention of cells to enter S phase (9,17). Due to the repair 
mechanism of DSBs or due to replication stress which arises 
during S phase, single‑strand breaks are generated and ataxia 
telangiectasia and Rad3‑related protein and Chk1 signaling 
pathways are activated. If no DNA repair is achieved, cells 
do not enter mitosis but undergo apoptotic cell death or 
senescence, often by TP53‑dependent mechanisms  (9,17). 
In the case of mitotic catastrophe, if for example, TP53 is 
mutated, there is an insufficient G2 check point regulation and 
cells enter mitosis with significant DNA damage followed by 
apoptosis, necrosis and senescence (17,18). Gene expression 
profiling studies conducted by Leoni et al (10) demonstrated 
bendamustine‑mediated inhibition of expression of genes 
involved in DNA repair and mitotic checkpoints indicating 
that the assumed intercalation of the drug into the DNA and 
downregulation of check point inhibitors could be the mecha‑
nism behind mitotic catastrophe.

Different experimental models have shown different 
effects of bendamustine on the cell cycle. The drug causes 
significantly more T‑cell lymphoma cells to be arrested in 
the S‑phase than chlorambucil or phosphoramide (10), and 
similar effect was observed in both MM (19,20) and MCL cell 
lines (21). However, in different experimental models, benda‑
mustine induced ATM‑Chk2‑Cdc2‑mediated arrest in G2 
phase of the cell cycle of MM cells and p53‑mediated apop‑
tosis, the latter augmented by inhibition of p38 MAPK (22). In 
human DLBCL cell lines, the drug increased the proportion 
of cells in G2‑M and bendamustine‑induced activation of the 
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ATM pathway and accumulation of surviving cells at G2‑M 
phase was inhibited by surviving suppressant (23). An expla‑
nation of these findings may come from studies on HeLa cells 
suggesting a dose‑dependent effect on cell cycle checkpoints 
and DNA repair (24). Low concentrations of bendamustine 
transiently arrested cells in G2, which then entered mitosis 
and divided normally, while a 4‑fold higher concentration 
arrested cells in S phase resulting in aberrant mitosis and cell 
death (24). Proposed mechanism of action of bendamustine is 
shown in Fig. 2.

3. Bendamustine‑pharmacokinetics

Pharmacokinetics of bendamustine has been studied, in 
addition to humans, in mice, rats and dogs. The extent of 
binding and formation of metabolites is different among 
species, but while some authors considered this to be 
clinically relevant  (5), others suggested that the few new 
metabolic products detected in the human mass balance 
study that had not been observed in rats, largely represent 
adducts that are formed by reaction of bendamustine with 
endogenous compounds in the urine and conclude that the 
metabolic elimination of bendamustine is qualitatively 
the same in humans and rats (25,26). Although the phar‑
macokinetics of multiple‑dose administration of the drug 
have not been investigated, there is a significant correlation 

between nausea and maximum drug concentration (Cmax) 
observed in population pharmacokinetic (6,8,25). Cmax of 
bendamustine depends on the dose. When administered at 
doses of 30‑200 mg/m2, Cmax varies between 0.1‑30 µg/ml 
and is reached after the mean time of 29.6 min (5,8). Central 
volume of distribution following intravenous (IV) adminis‑
tration is 8.6‑19.3 l and steady‑state volume of distribution is 
15.8‑20.5 l (5,8). In a previous study in which bendamustine, 
at a dose of 75 mg/m2 for two days, was a component of IV 
administered salvage R‑B(O)AD (rituximab, bendamustine, 
vincristine, cytarabine, dexamethasone) regimen for the 
treatment of primary central nervous system lymphoma, the 
Cmax mean for plasma and cerebrospinal fluid were 2,669 
and 0.397 ng/ml, respectively, and patients with response 
at deep tumor sites displayed higher trends in peak expo‑
sure (27).

After IV administration, high percentage (>95%) of the 
drug is bound to proteins, mainly albumin, and is unlikely 
to displace or be displaced by other highly protein‑binding 
drugs  (5). Bendamustine is mainly nonenzymatically 
hydrolyzed to the markedly less active metabolites HP1 
and HP2, and metabolized in the liver to active M3 and M4 
via CYP1A2 (25). Since their concentrations in the plasma 
are significantly lower than those of the parent drug, the 
main therapeutic effect is due to bendamustine itself (25). 
Opinions on the importance of renal excretion of the drug, 

Figure 1. Chemical structure of bendamustine and similarities with other alkylating drugs.
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and therefore its safety in patients with renal failure, vary. 
Bendamustine is eliminated by the kidneys with mean 
elimination half‑life of 28.2 min and mean total clearance 
of 639.4 ml/min  (8). Peak metabolite concentrations are 
found in the urine 1 h after administration, but only 3% of 
the drug is excreted through kidneys unmetabolized (25,26). 
Preclinical and the human mass balance study demonstrated 
76‑90% recovery of radiolabeled bendamustine in the 
excreta, with varying proportions being recovered in urine 
(20‑50%) and in feces (25‑70%) (8,25,26). Based on these 
data, Dubbelman et al  (26) suggested that, in contrast to 
the position of the majority of authors and the official FDA 
prescribing information (28), renal or hepatic impairment 
would not be expected to have an important effect on the 
systemic exposure to bendamustine (25,26).

4. Bendamustine in hematological and solid malignancies

The use of bendamustine in hematological malignancies 
frequently deviates from its official labels, both in terms of 
indications as well as dosage. Regarding the latter, doses higher 
than 90 mg/m2 for 2 consecutive days are rarely used, and are 
frequently reduced to 70 mg/m2 in pretreated or unfit patients. 
A detailed list of all potential clinical uses is beyond the scope 
of the present review. Main indications for bendamustine are 
CLL, indolent non‑Hodgkin lymphomas (iNHL) and MCL. 
Other potential indications include MM, DLBCL and Hodgkin 
lymphoma (HL) as well as lymphodepletion prior to chimeric 
antigen receptor T‑cell (CAR‑T) infusion. Results of major 
studies are presented in Table I. The use of bendamustine has 
lately dwindled, due to the appearance of more effective and 

Figure 2. Potential mechanism of action of bendamustine. The figure was created with BioRender.com.
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less toxic agents, but also due to an apparent increased risk of 
lethal outcome of COVID‑19 in bendamustine‑treated patients 
(as seen below).

Bendamustine was approved for front‑line treatment of 
CLL at a dose of 100 mg/m2 on days 1 and 2 every 4 weeks for 
six cycles, after showing superiority to chlorambucil mono‑
therapy (29). A study of the German CLL Group, comparing 
bendamustine plus rituximab (BR) to fludarabine, cyclophos‑
phamide and rituximab (FCR) showed that the former resulted 
in decreased progression‑free survival (PFS), while overall 
survival (OS) remained similar  (30). However, in elderly 
patients PFS was not different between treatment groups, and 
BR caused significantly fewer infectious complications (30). 
This rendered BR the treatment of choice in elderly patients 
with CLL until the appearance of targeted agents. All three 
approved Bruton's tyrosine kinase inhibitors (BTKi), ibrutinib, 
acalabrutinib and zanubrutinib, have been shown in random‑
ized trials to improve PFS, but notably not OS in comparison 
with BR (31,32) (Table I). Ibrutinib + BR demonstrated that 
both PFS and OS benefit over BR alone (33,54,55). In patients 
with relapsed or refractory (r/r) CLL, the combination of 
rituximab with venetoclax, a BCL2 inhibitor, was shown to 
be superior to BR (34). Thus at present, bendamustine is only 
rarely used in CLL; most patients receive targeted agents, 
BTKi and venetoclax, and frail elderly chlorambucil with or 
without anti‑CD20 monoclonal antibodies (MoAbs).

Bendamustine, first alone and later in combination 
with anti‑CD20 MoAbs has been widely investigated for 
treatment of iNHL, including follicular lymphoma (FL), 
marginal‑zone lymphoma (MZL), and lymphoplas‑
macytic lymphoma/Waldenstrom macroglobulinemia 
(LPL/WM) (2,56). StiL was the most important randomized 
trial proving the efficacy of this drug in front‑line treatment of 
iNHL (37). Patients with FL, MZL, MCL and LPL treated with 
BR had significantly longer PFS compared with those treated 
with rituximab plus cyclophosphamide, doxorubicin, vincris‑
tine, and prednisone (R‑CHOP) (median PFS 69.5 months vs. 
31.2 months) (37). These findings were corroborated by the 
BRIGHT study (38,57). In patients with relapsed iNHL, BR 
was revealed to improve PFS and OS in comparison with 
fludarabine plus rituximab (41). In patients refractory to ritux‑
imab, the combination of bendamustine and obinutuzumab, 
an alternative anti‑CD20 MoAb, was identified to be superior 
to bendamustine monotherapy (39,40). Thus, bendamustine 
became the treatment of choice for front‑line treatment of 
iNHL as well as for patients who relapsed after R‑CHOP or 
rituximab plus cyclophosphamide, vincristine, and prednisone 
(R‑CVP). This position was recently challenged when some 
real‑life series and the GALLIUM suggested an increase in 
late infection‑related mortality in vulnerable patients treated 
with bendamustine (35,36,58‑60). Thus currently, numerous 
centers that used to treat iNHL patients with bendamustine 
only 2 or 3 years ago are switching back to CHOP/CVP or 
even, particularly in the USA, to lenalidomide.

MCL is a type of B‑NHL occurring preferentially in elderly 
males and combining the aggressive clinical behavior of large 
B‑cell lymphoma with the continuous tendency for relapses 
of iNHL. Young fit patients, typically treated with rituximab, 
a high‑dose cytarabine containing regimen (for instance 
dexamethasone, high‑dose cytarabine and cisplatin; DHAP), 

alone or alternating with R‑CHOP (R‑CHOP/R‑DHAP), are 
autografted in 1st remission and then continue with rituximab 
maintenance. Bendamustine is one of the most effective cyto‑
toxic agents for MCL. Randomized studies have shown BR to 
be superior to R‑CHOP and R‑CVP (37,38,57). The American 
S1106 study compared BR induction with R‑hyper‑CVAD 
(RH, rituximab plus hyperfractionated cyclophosphamide, 
vincristine, doxorubicin and dexamethasone, alternating with 
high dose cytarabine and methotrexate) in patients with previ‑
ously untreated MCL and who were candidates for autologous 
stem‑cell transplantation (ASCT)  (44,61). Both regimens 
showed excellent antitumor activity, but BR was far less toxic 
and had less stem cell mobilization failure rates (44). Italian 
studies with the combination of rituximab, bendamustine and 
high‑dose cytarabine produced excellent results with long‑term 
PFS even without rituximab maintenance (42,43). Real‑life 
series have confirmed the superiority of bendamustine‑based 
treatment in MCL over CHOP‑like regimens (62,63). BTKi, 
while very active in MCL, are only approved for relapsed 
disease. Therefore, even in the current situation, bendamus‑
tine‑based regimens remain the mainstay of MCL treatment, 
at least for patients unfit for aggressive chemotherapy, such 
as DHAP. Notably, there are previous studies suggesting 
that bendamustine‑based regimens are less sensitive to p53 
mutations (3,64,65), which are a negative prognostic factor 
in patients treated with R‑CHOP/R‑DHAP (66). A possible 
explanation for this observation may be the propensity of 
bendamustine to eliminate cells via the mitotic catastrophe 
mechanism.

BR is active in DLBCL (45), but the duration of remis‑
sion is short and is mainly used for palliation. Additionally, 
modest efficacy was shown when bendamustine was combined 
with ofatumumab, another anti‑CD20 MoAb (46). Recently, 
the combination of polatuzumab vedotin, a conjugated 
anti‑CD79b MoAb and BR was shown to significantly improve 
outcomes in patients with r/r DLBCL unsuitable for intensive 
chemotherapy and ASCT (47). This combination, Pola‑BR, 
has been registered and approved for this indication in both 
USA (67), and EU (68) and is the current treatment of choice 
for this group of patients. Bendamustine is active in HL with 
median PFS 5.2 months, but again the duration of remission 
is short (69). The combination of bendamustine with brentux‑
imab vedotin, an anti‑CD30 conjugated MoAb has been shown 
to be an effective salvage and is occasionally used instead of 
more aggressive chemotherapy regimens prior to stem cell 
transplantation (48‑50). Bendamustine is also used instead 
of carmustine in combination with etoposide, cytarabine and 
melphalan for conditioning prior to ASCT (51), and as an 
alternative lymphodepleting therapy prior to the infusion of 
tisagenlecleucel, one of the registered CAR‑T cell products 
(Ghilardi G et al: Blood 138: 1438‑1440, 2021). Although active 
in MM (52,53), its use has all but disappeared even before the 
current COVID‑19 pandemic, due to appearance of other, 
more effective and less toxic agents: anti‑CD38 monoclonal 
antibodies, proteasome inhibitors and immunomodulators. 
Still, an occasional patient with MM, failing these options or 
unsuitable for them, may benefit from bendamustine.

There are several recent studies of bendamustine effects in 
treating certain solid tumors (70‑73). In pretreated women with 
HER2‑negative metastatic breast cancer in combination with 
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capecitabine OR was 46% and median PFS was 7.5 months (70). 
In a phase II study of relapsed chemotherapy sensitive or resis‑
tant small‑cell lung cancer, median time to progression was 
4.0 months, median OS was 4.8 months, and the response rate 
was 26% (71). In patients with refractory soft tissue sarcoma 
who were treated with bendamustine, the estimated 3‑month 
and 6‑month PFS for all histological subtypes was 35.3 and 
23.5%, respectively (72). In an open trial including women 
with advanced ovarian cancer last updates posted in 2018 
reported on median OS of 393 days (73).

5. Bendamustine related side‑effects in clinical trials

Patients with cancer frequently experience problems which can 
be caused by their disease, antineoplastic treatment, or other, 
unrelated causes. This should be considered when interpreting 
published data. Detailed data on frequency of most important 
side‑effects are presented in Table II.

In patients treated with bendamustine monotherapy, most 
frequently reported treatment‑emergent adverse events (AE) 
were fever, skin reactions, nausea, vomiting and hematological 
AEs: granulocytopenia and thrombocytopenia (74‑76) Fatigue, 
mucositis and infections were very common, but were rarely 
higher than grade 2, at least during and immediately after 
treatment (74‑76).

Toxicity reports on studies comparing bendamus‑
tine‑MoAb combinations with CHOP‑MoAb combinations 
are not completely consistent. Universally, bendamustine was 
associated with a very low rate of alopecia and peripheral 
sensory neuropathy and higher incidence of skin reactions and 
gastrointestinal problems (6,8,37,57). Granulocytopenia and 
thrombocytopenia as well as infections during treatment and 
neutropenic fever were usually more frequent and severe with 
CHOP (37). Lymphopenia, a frequently disregarded side‑effect, 
universally occurs more frequently with bendamustine (57).

Toxicities of BR and fludarabine + rituximab were similar, 
most commonly myelosuppression and infections  (41). As 
already mentioned, FCR was more toxic than BR. There were 
more cases of severe neutropenia and infections (84 vs. 59% 
and 39 vs. 25%, respectively) (30). The increased frequency of 
infectious complications with FCR was, as aforementioned, 
more pronounced in patients older than 65 years (30).

The combination of venetoclax plus rituximab was associ‑
ated with more AEs of grade 3 or 4 in comparison with BR in 
the MURANO study (82.0 vs. 70.2%) (34). Particularly grade 
3‑4 neutropenia was more frequent in the former arm (57.7 vs. 
38.8%) (34). On the other hand, febrile neutropenia and grade 
3 or 4 infections or infestations were more common in the BR 
group (34).

In the GALLIUM study, treatment with bendamustine 
was associated with marked and prolonged reductions in 
T‑cell counts and higher rates of grade 3 to 5 infection and 
second neoplasm during the maintenance and follow‑up 
phases, whereas CHOP was associated with higher rates of 
grade 3 to 5 neutropenia during the induction phase (35,36). 
Non‑relapse‑related fatal AEs, although with small absolute 
numbers, were more common among patients who received 
bendamustine (5.6% of patients in the obinutuzumab group 
and 4.4% of those in the rituximab group) than among those 
treated with CHOP (1.6 and 2.0%, respectively) or CVP (1.6 and 

1.8%), and pose a concern in this population of patients (35). 
The frequency of deaths was higher in patients treated with 
bendamustine (10%) than in patients treated with CHOP (5%) 
or CVP (8%) (36). Furthermore, patients who had not previ‑
ously started new anticancer treatment had higher proportion 
of fatal AEs when treated with bendamustine (4%) than with 
CHOP (2%) or CVP (2%) (36).

These data suggested that, while the acute toxicities of 
bendamustine are less prominent than that of CHOP, the drug 
seems to have a prolonged effect, probably immunological, 
leading to an increased risk of late infections, particularly in 
patients receiving prolonged anti‑CD20 MoAb maintenance.

6. Immunological effects of bendamustine

A recent detailed review by Stokes et al (77) reported benda‑
mustine effects in both murine models and clinical setting as 
pre‑transplant conditioning drug and its immunomodulatory 
properties in graft‑versus‑host disease (GVHD). In the present 
review, general immunological effects of bendamustine not 
necessarily restricted to GVHD are discussed.

Hematological malignancies are known to have a direct 
effect on the immunological system; in patients with CLL there 
is an impaired production of polyclonal immunoglobulins due 
to anomalous CD40‑CD40 ligand relations and reduction of 
CD40 ligand, suppression of CD95+ plasma cells in the bone 
marrow, and impaired inhibition by T cells (78). Furthermore, 
in those patients the numbers of T helper cells are reduced 
with augmented number of T suppressor cells; a CD200 
marker expressed on CLL cells stimulates differentiation of 
CD4+ T cells into regulatory T cells (Tregs), which express 
CTLA‑4, CD270 and PD‑L1. NK‑cell activity, phagocytosis 
and complement amounts have been also reported to be 
impaired and all these facts greatly contribute to insufficient 
immunological response to infectious stimuli in patients with 
CLL (78). Although no differences on the rate of infections 
between bendamustine and other alkylating agents or fludara‑
bine were reported in a meta‑analysis of randomized controlled 
trials by Gafter‑Gvili et al (79), bendamustine is associated 
with an increased risk of bacterial infections and opportunistic 
infections, including cytomegalovirus, varicella zoster virus, 
histoplasmosis and Pneumocystis  jirovecii‑caused pneu‑
monia (59). Furthermore, a recent retrospective multicenter 
cohort study by Lamure  et al  (80) on the determinants of 
outcome in COVID‑19‑hospitalized patients with lymphoma, 
reported on bendamustine‑associated death in patients with 
relapsed/refractory lymphoma. A similar effect has been 
observed in our patients (Aurer I et al: Blood 138: 3553, 2021).

Bendamustine‑induced lymphopenia, whether as 
monotherapy or in combination, has been widely reported 
in both hematological and non‑hematological malignan‑
cies  (37,45,57,70,75,81‑90). Lymphopenia ranged from 5% 
in rituximab‑refractory patients with iNHL (85) to 75% of 
patients with grade 3‑4 hematological toxicity receiving 
BR  (37,90) or even to 91% in patients treated for triple 
negative breast cancer (89). The latter group was character‑
ized with pronounced decline in CD4+ cells, with 86% 
having grade 4 depressed CD4+ counts (<50/µl) (89). In FL 
patients treated with bendamustine, marked reductions in 
CD3+ and CD3+CD4+ T cells were seen during induction 
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with prolonged recovery during and after maintenance (36). 
Prolonged lymphopenia and low CD4+ T‑cell counts, for at 
least 7‑9 months were also observed in relapsed or refractory 
patients with iNHL and MCL (83). Recent population‑based 
analysis by Martínez‑Calle et al (91) following BR treatment in 
patients with low grade lymphoproliferative disease revealed 
that median times to lymphocyte count recovery (≥1x109/l) 
and CD4+ recovery (≥0.2x109/l) were 26 and 24  months, 
respectively, and late recovery was associated with risk of 
serious infection.

T‑cells showed less proliferative properties when incubated 
with bendamustine (92). In a case report of systemic CMV 
infection following BR treatment, low γ/δ T‑cell frequency 
and hyperactivated/exhausted CD4+ and CD8+ T‑cell pheno‑
types unable to face CMV challenge was reported (93). In a 
major histocompatibility complex mismatched murine trans‑
plant model, combination of bendamustine with total body 

irradiation (BEN‑TBI) showed no difference in donor Tregs, 
defined as CD4+CD25+FoxP3+ and measured in peripheral 
blood, when compared with cyclophosphamide plus TBI, and 
proliferative properties of splenic Tregs did not differ between 
groups either (94). In the same study, in vitro generation of 
Tregs was not affected by the increasing concentrations of 
bendamustine, but mice treated with bendamustine had less 
activated donor T‑cells measured by CD25 expression (94). 
In a study of FOXP3+ Tregs in patients with gastric malt 
lymphoma, immunohistochemistry revealed depletion of 
Tregs at the end of treatment, that was slightly deeper in cases 
treated with bendamustine or fludarabine than in those treated 
with antibiotics, with a continuous decline in FOXP3+ cells 
up to one year (95). Stokes et al (94) observed that in periph‑
eral blood of BEN‑TBI conditioned mice, treatment induced 
an increase in absolute numbers of Th2 cells on day +7 and 
decrease in numbers of Th17 on day +14 but the effects were 

Figure 3. Bendamustine‑mediated effects on immune cells. The figure was created with BioRender.com. Tregs, regulatory T cells; cDCs, conventional dendritic 
cells; ADCC, antibody‑dependent cell cytotoxicity; pDC, plasmacytoid dendritic cells.
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not detected at any other time points (94). The same group 
exposed murine bone marrow‑derived dendritic cells (BMDC) 
to bendamustine and incubated them with allogenic T‑cells. 
Upon incubation, T‑cells exhibited an increase in markers 
of T‑cell exhaustion, as well as markers of activated T‑cells, 
ICOS and CD69, and an increase in PD‑1, negative regulator of 
immune response, followed by allogenic CD4+ cell death (96). 
Since PD‑1 is so far considered to be crucial in T‑cell exhaus‑
tion, combining bendamustine with anti‑PD‑1 antibody could 
be beneficial in both anticancer and anti‑microbe setting (97). 
Notably, CD69 expression on CLL cells is considered to be 
a predictor of response to bendamustine since tumor cells 
derived from lymphoid tumor niches harbored higher CD69 
expression and were less sensitive to bendamustine than 
their peripheral blood counterparts (98). The majority of the 
studies support findings that it is mostly CD4+ T cell count 
that is decreased with a concomitant decrease in CD4/CD8 
ratio and an insufficient T cell recovery in patients treated 
with bendamustine, independent of the type of malignancy 
involved (99), a fact most recently corroborated in a study by 
Yamasaki et al (100).

Bendamustine‑mediated lymphopenia is also extended to 
B cells, with a previous study reporting predominant B‑cell 
cytotoxicity (86), resulting in secondary hypogammaglobu‑
linemia and susceptibility to infections. Nonetheless, incidence 
of hypogammaglobulinemia after BR is not very different 
from that reported in association with rituximab, suggesting 
rituximab‑ or disease‑mediated causes of reduced immuno‑
globulin levels  (75,79,86,87,91,99). Suggestive of not only 
diminished numbers but also altered function of B‑cells are 
reports whereupon incubation of murine B cells with benda‑
mustine showed less proliferation in response to LPS (92). In 
addition, IL‑10 production by B cells among peripheral blood 
mononuclear cell was significantly enhanced by addition of 
bendamustine (101).

NK‑cells are known to be impaired in both numbers and 
activity in hematological malignancies  (78). In a study by 
Bremer et al (87), NK‑cells dropped by ~60% within the first 
3 weeks after bendamustine therapy. However, data of a recent 
study presented on ASH in 2020 showed that in a model with 
obinutuzumab‑induced antibody‑dependent cell cytotoxicity 
(ADCC) resistant clones, pretreatment of effector NK cells with 
bendamustine enhanced ADCC induction of obinutuzumab, 
which was followed by the increased expression of CD107, a 
NK‑cell degranulation marker (Yamashita‑Kashima Y et al: 
Blood 136: 11‑12, 2020).

Due to the crucial role of dendritic cells (DC) in both patho‑
genesis of GVHD and graft‑vs. leukemia (102), their function 
and phenotype have been studied in response to bendamustine. 
In a murine model, bendamustine + TBI increased the propor‑
tion of plasmacytoid DC, type 1 conventional DC (cDC1s), 
and type 2 conventional DCs (cDC2s), whereas in human 
monocyte‑derived DCs, bendamustine treatment decreased 
the number of plasmacytoid DCs and increased those of cDC1 
and cDC2s (96). The same study demonstrated that bendamus‑
tine‑treated murine BMDC showed concentration‑dependent 
increase in CD80, CD86, and PD‑L1 expression and damp‑
ened response to lipopolysaccharide (LPS). Bendamustine 
immunomodulatory properties were additionally confirmed 
by a decrease in secretion of pro‑inflammatory cytokines IL‑6, 

TNFα, CCL5, and CCL2 by BMDC in response to LPS (96). 
Bendamustine effects on T, B, NK and DC are shown in Fig. 3.

Various and often insufficiently explained immunological 
effects induced by bendamustine can be found in a study where 
two cases demonstrated hypersensitivity to bendamustine but 
with different mechanisms: one with type I hypersensitivity 
reaction and another with type  IVb or type  IVc hyper‑
sensitivity reaction. Additionally, one patient exhibited 
bendamustine‑induced drug fever in whom neither a type I nor 
a type IV hypersensitivity mechanism to this drug was demon‑
strated (103). Furthermore, in a recent study by Chan et al a 
case of severe bendamustine‑induced autoimmune hemolytic 
anemia in a patient with splenic marginal zone lymphoma was 
reported (104).

7. Conclusion

The approval by FDA of bendamustine in 2008 was referred 
to as the revival of an old unjustly ignored drug, an alkylator 
that, by virtue of its structure, also has antimetabolite proper‑
ties and therefore improved antitumor efficacy than classical 
alkylators without increased toxicity. At one time, it seemed to 
be the best cytotoxic agent for treatment of indolent lymphop‑
roliferative disorders. Bendamustine is acutely relatively well 
tolerated, easier to handle than CHOP or similar regimens. 
It does not cause alopecia, a side‑effect which physicians 
frequently ignore, but patients, particularly female, not infre‑
quently find difficult to bear, is not cardiotoxic and not excreted 
by kidneys in a meaningful amount, thus increasing its target 
patient population. However, bendamustine causes deep and 
prolonged lymphopenia, affecting both T and B‑cell lineages. 
The latter in the current COVID‑19 pandemics, together with 
the appearance of more effective and less toxic targeted agents 
for treatment of CLL resulted in a sharp decline in its use, 
which remains more or less unaffected only in mantle‑cell 
lymphoma, at least for the time being.

Experimental data suggested that bendamustine causes 
cytotoxicity through multiple mechanisms, some of which 
seem independent of p53. This, coupled with its profound 
effect on various lymphocyte subsets and lack of major hema‑
totoxicity presents an opportunity to develop it further, as in 
the Pola‑BR combination or CAR‑T setting. Physicians using 
bendamustine must be aware of its prolonged effects and to 
continue to carefully and regularly monitor treated patients, 
in order to be able to recognize and treat late complications 
and thus derive the greatest benefit from this versatile and 
interesting drug.
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