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The type II anti-CD20 antibody obinutuzumab has structural and mechanistic features that distinguish
it from the first anti-CD20 antibody, rituximab, which have translated into improved efficacy in phase
III trials in indolent non-Hodgkin lymphoma and chronic lymphocytic leukemia (CLL). These gains have
been shown through improvements in, and/or increased durability of, tumor response, and increases in
progression-free survival in patients with CLL or follicular lymphoma (FL). Ongoing research is focusing
on the use of biomarkers and the development of chemotherapy-free regimens involving obinutuzumab.
phase II trials of such treatment regimens have shown promise for CLL, FL and mantle cell lymphoma,
while phase III trials have highlighted obinutuzumab as the antibody partner of choice for novel agents
in first-line CLL treatment.

First draft submitted: 2 February 2022; Accepted for publication: 23 June 2022; Published online:
20 July 2022

Keywords: anti-CD20 • antibody • B-cell malignancies • CLL • DLBCL • FL • obinutuzumab

B cells are a key component of the adaptive humoral immune system and mediate the production of antibodies
directed against invasive pathogens. CD20 is a 33–37 kDa non-glycosylated phosphoprotein that is expressed
on the surface of B-cell precursors and mature undifferentiated B cells [1]. The biological function of CD20 in
B cells remains unclear, but it may be involved in B-cell receptor activation and Ca2+ transport [2]. Functional
studies have suggested that CD20 is required for efficient receptor signaling in B cells (reviewed by Pavlasova
and Mraz [3]). Crucially, CD20 is found in 95% of B-cell malignancies [4], diseases that include lymphocytic
leukemias and B-cell lymphomas. Chronic lymphocytic leukemia (CLL) is frequently a slowly progressing disease
that mainly affects older adults and is the most common form of leukemia in western countries [5]. Lymphomas
are hematologic malignancies that arise mainly from mature T or B cells in secondary lymphoid tissue, notably
the lymph nodes [6,7]. They are subdivided based on cellular characterization into Hodgkin lymphoma and non-
Hodgkin lymphoma (NHL), with NHL accounting for approximately 90% of cases [7]. Follicular lymphoma (FL)
and marginal zone lymphoma (MZL) are indolent B-cell NHLs, while diffuse large B-cell lymphoma (DLBCL),
Burkitt lymphoma and mantle cell lymphoma (MCL) are more aggressive and faster-growing [7].

Rituximab & the era of targeted therapy
The outlook for patients with B-cell NHL improved markedly in the late 1990s following the introduction of
targeted therapy with the CD20-directed monoclonal antibody (mAb) rituximab [8,9]. This agent engages Fc
receptors on immune effectors, such as natural killer cells and macrophages, and mediates complement-dependent
cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity/phagocytosis (ADCC/ADCP) as a main
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mechanism of action. It also has direct antiproliferative and pro-apoptotic effects [10]. Recent studies have shown
that two rituximab Fab domains bind to a single CD20 dimer. The resulting well-ordered assemblies are thought
to be highly efficient at recruiting complement, thereby encouraging CDC [11].

Early trials of rituximab focused on monotherapy in patients with relapsed or refractory (R/R) CD20-positive
low-grade FL, resulting in a 48% response rate [9]. phase III research focused on the addition of rituximab
to chemotherapy in previously untreated patients. Rituximab plus cyclophosphamide, doxorubicin, vincristine
and prednisone chemotherapy (R-CHOP) resulted in significantly increased overall response (OR) compared with
CHOP alone (76 vs 63%; p = 0.005) and significantly greater overall survival (OS) at 2 years (70 vs 57%; p = 0.007) in
older patients with previously untreated DLBCL [12]. In previously untreated FL, rituximab plus cyclophosphamide,
vincristine and prednisone resulted in significant improvements in response rates and survival outcomes [13]. In the
PRIMA study, rituximab maintenance for 2 years after an initial response to chemoimmunotherapy was shown to
provide a progression-free survival (PFS) benefit over 9 years of follow-up in patients with FL [14]. In the CLL8
study, in patients with treatment-naive CLL, the addition of rituximab to fludarabine plus cyclophosphamide (FC)
significantly increased PFS and OS compared with FC alone [15].

Treatment resistance & rationale for the development of obinutuzumab
Despite the advance provided by rituximab, many patients still relapse after an initial response to rituximab-
based treatment or have disease that is rituximab-refractory [16]. The mechanisms underlying treatment failure after
rituximab are not fully understood but may include resistance to CDC or failure of cells to undergo apoptosis [17,18].
Loss of CD20 via ‘shaving’ has also been postulated, whereby complexes between type I mAbs, such as rituximab,
and CD20 are removed by trogocytosis, a process through which lymphocytes conjugated to antigen-presenting cells
extract surface molecules from these cells and express them on their own surface [19]. Modulation via internalization
and degradation of the type I mAb-CD20 complex may also take place, restricting the engagement of effector cells
and reducing the half-life of the anti-CD20 mAb [20].

The challenges posed by treatment relapse and resistance to rituximab, together with improvements in under-
standing of the biology and mechanisms of action of anti-CD20 mAbs, have led to the development of novel
agents with potential mechanistic and treatment advantages over rituximab. One such agent is the humanized
and glycoengineered, type II anti-CD20 mAb, obinutuzumab (GA101). Type I mAbs such as rituximab rely pri-
marily on CDC (through clustering of CD20 in lipid rafts) and ADCC for their effects, whereas type II mAbs
such as obinutuzumab have enhanced direct cell death effects and reduced CDC, but with retained or enhanced
ADCC/ADCP activity [21,22].

Structure & mode of action of obinutuzumab
Obinutuzumab is distinguished by its Fc domain, which is modified by glycoengineering to enhance ADCC and
ADCP relative to rituximab (Figure 1) [20,23,24]. Obinutuzumab lacks a fucose residue from immunoglobin (Ig) G
oligosaccharides in its Fc region, which enhances its affinity for FcγRIIIa receptors on immune effector cells [23,25].
The CD20 binding sites of obinutuzumab and rituximab also differ [22,26]. This leads to differences in CD20
complex associations and membrane compartmentalization, and these conformational differences are associated
with the distinct cellular responses to type I (rituximab) and type II (obinutuzumab) mAbs. Recently, structural
studies have confirmed the suggested binding mode for obinutuzumab as opposed to rituximab and ofatumumab
(type I mAbs) [27].

Unlike type I mAbs, only a single type II mAb binds to each CD20 dimer; these do not form lipid rafts with
FcγRIIb receptors and subsequent internalization of CD20 [11,22]. As CDC depends on translocation of CD20
onto lipid rafts [28] it is not a significant mechanism by which obinutuzumab induces cell death [28]. Obinutuzumab
has shown greater B-cell depletion than rituximab, experimentally in blood from healthy human donors and in
vitro CLL models [23,29], as well as dose-dependent and superior in vivo efficacy in xenograft models compared with
rituximab and ofatumumab at saturating doses of up to 30 mg/kg [23,24].

Dosing considerations
The dosage of rituximab is 375 mg/m2 administered on day 1 of each cycle of chemotherapy for up to eight
infusions in DLBCL, or once on the day prior to initiation of FC followed by 500 mg/m2 on day 1 of cycles
2–6 in CLL [30]. The higher dose of 500 mg/m2 was adopted following investigation of the dose–response
relationship of rituximab monotherapy in CLL, but escalation trials in DLBCL did not yield significant results
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Figure 1. Mechanism of action of type I and type II anti-CD20 monoclonal antibodies.
Adapted from [22,25] with permission from Taylor & Francis Group.
ADCC: Antibody-dependent cell-mediated cytotoxicity; ADCP: Antibody-dependent cell-mediated phagocytosis; CDC:
Complement-dependent cytotoxicity.

when compared with historical data [31]. Pharmacokinetic modeling has also suggested a potential PFS benefit with
higher (1500 mg/m2) doses of rituximab when administered as a monotherapy or as part of the R-CHOP regimen,
but this model was limited by the inclusion of data from only patients with FL and lacked information to validate
doses higher than 375 mg/m2 [32]. In a simulation of fixed-dose intravenous (i.v.) monoclonal antibodies, including
rituximab, inter-subject exposure variability was not increased relative to body size-based dosing [33]. A fixed dose of
1400 mg rituximab, administered subcutaneously, was assessed in the phase III SABRINA study (NCT01200758),
and demonstrated similar efficacy and safety profiles to rituximab i.v. [34].

Obinutuzumab is given at a fixed dose of 1000 mg, determined by data from early phase clinical trials. Flat dosing
of obinutuzumab was considered more convenient, and pharmacokinetic modeling suggested that additional doses
of obinutuzumab on days 8 and 15 of cycle 1 would be needed to overcome target-mediated clearance and achieve
and maintain a steady state of drug early on and for as long as possible during treatment [35–38].
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The use of different doses in clinical trials of obinutuzumab and rituximab, such as the CLL11 and GALLIUM
studies, has attracted criticism regarding the ability to make true efficacy comparisons between the two agents [39].
However, studies show no advantage to using higher doses of rituximab [40,41], despite initial suggestions from phase
II dose-escalation data obtained in a small number of patients [42]. Furthermore, modeling studies indicate that the
improved antitumor activity of obinutuzumab relative to rituximab is not a dose effect, i.e. the activity of the fixed
dosing regimen of obinutuzumab is not equivalent to a dosage of rituximab in excess of 375 mg/m2 [43,44].

Early-phase development of obinutuzumab
Obinutuzumab development was supported by the findings of phase I and II studies in patients with B-cell NHL
or CLL. The multicenter phase Ib/II GAUGUIN trial (NCT00517530) of obinutuzumab monotherapy showed
promising activity and favorable safety and tolerability across a range of R/R B-cell malignancies, including FL,
DLBCL, MCL and CLL, and consolidated the place of the 1000 mg fixed dose [35,36,45]. Promising activity of
obinutuzumab 1000 mg weekly for 4 weeks, followed by maintenance for up to 2 years, was also reported in the
phase I/II GAUSS trial (NCT00576758) in patients with relapsed indolent NHL [38].

Results of studies of obinutuzumab plus chemotherapy showed similar promise. All rituximab-refractory patients
with FL (n = 14) responded to induction treatment in the phase Ib GAUDI study (NCT00825149) of obinu-
tuzumab plus CHOP (G-CHOP) or FC (G-FC) [46]. In addition, G-CHOP conferred OR and complete response
(CR) rates of 82 and 55%, respectively, in the first-line GATHER study (NCT01414855) in patients with advanced
DLBCL [47]. Manageable toxicity and good activity in patients with previously untreated CLL were also shown in
the phase II GAGE monotherapy trial (NCT01414205) and the phase Ib GALTON study (NCT01300247) of
G-FC or obinutuzumab plus bendamustine (G-Benda) [48].

Obinutuzumab in chronic lymphocytic leukemia
Monotherapy & chemoimmunotherapy
Obinutuzumab has been investigated in CLL in combination with available treatment options, including
chemotherapy agents such as chlorambucil (Clb; Table 1). In the phase III CLL11 study (NCT01010061),
781 patients with CLL and a score exceeding 6 on the Cumulative Illness Rating Scale or an estimated creatinine
clearance of 30–69 mL/min were randomized to receive first-line Clb alone, rituximab (375 mg/m2) plus Clb
(R-Clb), or obinutuzumab (1000 mg) plus Clb (G-Clb) for six 28-day cycles [49,50]. G-Clb was associated with a
significantly increased PFS versus Clb alone (Figure 2) [49,50]. Patients receiving G-Clb, but not R-Clb, also showed
significantly longer OS versus Clb alone [49]. G-Clb was associated with significantly longer PFS than R-Clb (hazard
ratio [HR]: 0.39; 95% CI: 0.31–0.49; p < 0.001), and with a greater tumor CR rate (21 vs 7%, respectively) [49,50].
Furthermore, minimal residual disease (MRD) negativity at end of treatment (EOT) in bone marrow (BM; 19.5 vs
2.6%; p < 0.001) and PB (37.7 vs 3.3%; p < 0.001) was achieved in significantly higher proportions of patients in
the G-Clb arm than with R-Clb, respectively [49]. In the final analysis (median additional follow-up of ∼2 years),
an OS benefit was observed for G-Clb versus R-Clb (HR: 0.76; 95% CI: 0.60–0.97; p = 0.02), with 2- and 5-year
survival rates of 91 versus 84% and 66 versus 57% for G-Clb versus R-Clb, respectively. The PFS benefit was
maintained at the final analysis (HR: 0.49; 95% CI: 0.41–0.58; p < 0.0001; Figure 2) [50].

As one of the primary sources of safety data for obinutuzumab treatment in CLL, the CLL11 study documented
that the incidence of grade 3 or 4 neutropenia was highest with G-Clb and was lowest with Clb alone [49]. In the
G-Clb group, grade 3 or 4 infusion-related reactions (IRRs) occurred in 20% of patients during the first infusion
of obinutuzumab, but there were no grade 3 or 4 reactions during subsequent obinutuzumab infusions. Rates of
grade ≥3 infection were similar (11–14%) across treatments [49].

At the request of regulatory authorities following the approval of obinutuzumab for CLL, the phase IIIb GREEN
study (NCT01905943) was initiated to evaluate the safety of obinutuzumab alone or with chemotherapy in patients
with previously untreated or R/R CLL [51,52]. Chemotherapy allocation occurred by line of therapy and patient
fitness [51,52]. Among 971 patients treated with an obinutuzumab regimen, grade ≥3 IRRs occurred in 19.4%
of previously untreated patients and in 19.6% of R/R patients; IRRs were largely restricted to the first infusion
and did not result in any deaths [52]. As a secondary end point, efficacy of the different treatment combinations
was evaluated, with best overall response (BOR) rates found to be high in all groups, ranging from 77.8% and
60.0% in previously untreated and R/R patients treated with obinutuzumab monotherapy, to 96.1 and 97.5%
in previously untreated and R/R patients treated with G-FC, respectively [52]. Subgroup analyses also confirmed
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Figure 2. Progression-free survival with obinutuzumab-chlorambucil versus chlorambucil,
andobinutuzumab-chlorambucil versus rituximab-chlorambucil, in the phase III CLL11 study in patients with
previously untreated chronic lymphocytic leukemia. (A) G-Clb versus Clb. (B) G-Clb versus R-Clb.
Clb: Chlorambucil; CLL: Chronic lymphocytic leukemia; G: Obinutuzumab; HR: Hazard ratio; PFS: Progression-free
survival; R: Rituximab.
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Table 1. Key clinical trials of obinutuzumab in patients with chronic lymphocytic leukemia.
Trial Tumor response rates Survival and other time-to-event end points (medians unless stated

otherwise)
Ref.

Chemoimmunotherapy as 1L therapy

– CLL11; NCT01010061; phase III [49,50]

Primary analysis [49]

Clb, n = 118† 31.4% OR (all PR) PFS 11.1 mo

G-Clb, n = 238† 77.3% (CR 22.3%)
p � 0.001 vs Clb or R-Clb‡

PFS 26.7 mo
HR: 0.18; p � 0.001 vs Clb
HR: 0.39; p � 0.001 vs R-Clb‡

OS NR
HR: 0.41; p = 0.002 vs Clb
NS vs R-Clb‡

R-Clb, n = 233† 65.7% (CR 7.3%)
p � 0.001 vs Clb

PFS 16.3 mo
HR: 0.44; p � 0.001 vs Clb
OS NR
NS vs Clb

Final analysis [50]

Clb, n = 118† N/A PFS 11.1 mo
TTNT 15.1 mo
OS 66.7 mo

G-Clb, n = 238† N/A PFS 31.1 mo
HR: 0.21; p � 0.0001 vs Clb
HR: 0.49; p � 0.0001 vs R-Clb‡

TTNT 55.7 mo
HR: 0.25; p � 0.0001 vs Clb
HR: 0.58; p � 0.0001 vs R-Clb‡

OS NR
HR: 0.68; p = 0.0196 vs Clb
HR: 0.76; p = 0.0245 vs R-Clb‡

R-Clb, n = 330† N/A PFS 15.7 mo
TTNT 34.9 mo
OS 73.1 mo

Chemoimmunotherapy in 1L or R/R disease

– GREEN; NCT01905943; phase IIIb [51,52]

Primary analysis [51]

G, n = 127§ 1L OR 63.5% (CR 20.6%)
R/R OR 42.2% (CR 4.7%)

N/A

G-FC, n = 193§ 1L OR 89.5% (CR 46.4%)
R/R OR 82.5% (CR 22.5%)

N/A

G-Clb, n = 114§ 1L OR 82.4% (CR 16.2%)
R/R OR 54.3% (CR 6.5%)

N/A

G-Benda, n = 538§ 1L OR 81.8% (CR 35.7%)
R/R OR 72.8% (CR 19.9%)

N/A

Final analysis [52]

G, n = 128§ 1L CR 50.8%
R/R CR 27.7%

1L PFS 30.2 mo
R/R PFS 17.6 mo
1L 4-yr OS 0.83 (95% CI: 0.67–0.91)
R/R 4-yr OS 0.59 (95% CI: 0.43–0.71)
1L TTNT NR
R/R TTNT 22.5 mo

†Clb: Clb 0.5 mg/kg d1, d15 × 6 q28d; G-Clb: G 1000 mg d1–2, d8, d15, then d1 c2–6 + Clb; R-Clb: R 375 mg/m2 d1 c1, then 500 mg/m2 d1 c2–6 + Clb.
‡G-Clb n = 333; R-Clb n = 330 (n = 329 for tumor response rates).
§G: 1000 mg d1, d8, d15 c1, then d1 c2–6 q28d; G-FC: G + FC 25/250 mg/m2 intravenously or 40/250 mg/m2 orally d1–3 c1–6 q28d; G-Clb: G + Clb 0.5 mg/kg d1 + d15
c1–6 q28d; G-Benda: G + Benda 70 mg/m2 R/R or 90 mg/m2 1L q28d.
¶G-Ven: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + VEN 400 mg daily after ramp-up × 12c; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
#G-Ibr: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + Ibr 420 mg daily continuously; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
††G-ACA: G 1000 mg d1–2, d8, d15 c2, then d1 c3–7 q28d + ACA 100 mg twice-daily continuously; ACA: 100 mg twice-daily continuously; G-Clb: G + Clb 0.5 mg/kg
d1 + d15 c1–6 q28d.
1L: First line; ACA: Acalabrutinib; Benda: Bendamustine; BOR: Best overall response; c: Cycle; Clb: Chlorambucil; CLL: Chronic lymphocytic leukemia; CR: Complete response; d:
Day; FC: Fludarabine plus cyclophosphamide; G: Obinutuzumab; HR: Hazard ratio; Ibr: Ibrutinib; mo: Month; N/A: Not available; NR: Not reached; NS: Nonsignificant; OR: Overall
response; OS: Overall survival; PFS: Progression-free survival; PR: Partial response; q28d: Every 28 days; R: Rituximab; R/R: Relapsed/refractory; TTNT: Time to next treatment;
TTNTD: Time to next antileukemic treatment or death; VEN: Venetoclax; yr: Year.
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Table 1. Key clinical trials of obinutuzumab in patients with chronic lymphocytic leukemia (cont.).
Trial Tumor response rates Survival and other time-to-event end points (medians unless stated

otherwise)
Ref.

G-FC, n = 193§ 1L CR 68.6%
R/R CR 60.0%

1L PFS NR
R/R PFS 24.8 mo
1L 4-yr OS 0.94 (95% CI: 0.89–0.97)
R/R 4-yr OS 0.70 (95% CI: 0.53–0.82)
1L TTNT NR
R/R TTNT 32.6 mo

G-Clb, n = 114§ 1L CR 61.8%
R/R CR 32.6%

1L PFS 31.8 mo
R/R PFS 14.1 mo
1L 4-yr OS 0.67 (95% CI: 0.53–0.79)
R/R 4-yr OS 0.54 (95% CI: 0.37–0.69)
1L TTNT 53.7 mo
R/R TTNT 20.4 mo

G-Benda, n = 537§ 1L CR 62.5%
R/R CR 45.3%

1L PFS 58.0 mo
R/R PFS 28.6 mo
1L 4-yr OS 0.85 (95% CI: 0.81–0.89)
R/R 4-yr OS 0.68 (95% CI: 0.60–0.75)
1L TTNT NR
R/R TTNT 38.3 mo

Combinations with novel agents

– CLL14; NCT02242942; phase III [53,54]

Primary analysis [53]

G-Ven n = 216 1L¶ OR 84.7% (CR 49.5%)
p � 0.001 vs G-Clb

30 events at 28.1 mo
HR: 0.35; p � 0.001 vs G-Clb
24-mo PFS 88.2% (95% CI: 83.7–92.6%)

G-Clb, n = 216 1L¶ OR 71.3% (CR 23.1%) 77 events at 28.1 mo
24-mo PFS 64.1% (95% CI: 57.4–70.8%)

Updated analysis [54]

G-Ven, n = 216 1L¶ N/A PFS NR
HR: 0.31; p � 0.0001 vs G-Clb
36-mo PFS 81.9% (95% CI: 76.5–87.3%)
TTNTD NR
HR: 0.51 vs G-Clb
OS NR
HR: 1.03; p = 0.92 vs G-Clb

G-Clb, n = 216 1L¶ N/A PFS 35.6 mo
36-mo PFS 49.5% (95% CI: 42.4–56.6%)
TTNTD NR
OS NR

– iLLUMINATE; NCT02264574; phase III [55]

G-Ibr, n = 113 1L# OR 88% (CR 19%) PFS NR
HR: 0.23; p � 0.0001 vs G-Clb
30-mo PFS 79% (95% CI: 70–85%)
OS NR
30-mo OS 86% (95% CI: 77–91%)

G-Clb n = 116 1L# OR 73% (CR 8%) PFS 19.0 mo
30-mo PFS 31% (95% CI: 23–40%)
OS NR
30-mo OS 85% (95% CI: 77–90%)

†Clb: Clb 0.5 mg/kg d1, d15 × 6 q28d; G-Clb: G 1000 mg d1–2, d8, d15, then d1 c2–6 + Clb; R-Clb: R 375 mg/m2 d1 c1, then 500 mg/m2 d1 c2–6 + Clb.
‡G-Clb n = 333; R-Clb n = 330 (n = 329 for tumor response rates).
§G: 1000 mg d1, d8, d15 c1, then d1 c2–6 q28d; G-FC: G + FC 25/250 mg/m2 intravenously or 40/250 mg/m2 orally d1–3 c1–6 q28d; G-Clb: G + Clb 0.5 mg/kg d1 + d15
c1–6 q28d; G-Benda: G + Benda 70 mg/m2 R/R or 90 mg/m2 1L q28d.
¶G-Ven: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + VEN 400 mg daily after ramp-up × 12c; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
#G-Ibr: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + Ibr 420 mg daily continuously; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
††G-ACA: G 1000 mg d1–2, d8, d15 c2, then d1 c3–7 q28d + ACA 100 mg twice-daily continuously; ACA: 100 mg twice-daily continuously; G-Clb: G + Clb 0.5 mg/kg
d1 + d15 c1–6 q28d.
1L: First line; ACA: Acalabrutinib; Benda: Bendamustine; BOR: Best overall response; c: Cycle; Clb: Chlorambucil; CLL: Chronic lymphocytic leukemia; CR: Complete response; d:
Day; FC: Fludarabine plus cyclophosphamide; G: Obinutuzumab; HR: Hazard ratio; Ibr: Ibrutinib; mo: Month; N/A: Not available; NR: Not reached; NS: Nonsignificant; OR: Overall
response; OS: Overall survival; PFS: Progression-free survival; PR: Partial response; q28d: Every 28 days; R: Rituximab; R/R: Relapsed/refractory; TTNT: Time to next treatment;
TTNTD: Time to next antileukemic treatment or death; VEN: Venetoclax; yr: Year.
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Table 1. Key clinical trials of obinutuzumab in patients with chronic lymphocytic leukemia (cont.).
Trial Tumor response rates Survival and other time-to-event end points (medians unless stated

otherwise)
Ref.

– ELEVATE-TN; NCT02475681; phase III [56,57]

Interim analysis [56]

G-ACA, n = 179 1L†† BOR 94% (CR 13%) PFS NR
HR: 0.10; p � 0.0001 vs G-Clb
24-mo PFS 93% (95% CI: 87–96%)
OS NR
HR: 0.47; p = 0.0577 vs G-Clb

ACA, n = 179 1L†† BOR 86% (CR 1%) PFS NR
HR: 0.2; p � 0.0001 vs G-Clb
24-mo PFS 87% (95% CI: 81–92%)
OS NR
HR: 0.60; p = 0.1556 vs G-Clb

G-Clb, n = 177 1L†† BOR 79% (CR 5%) PFS 22.6 mo
24-mo PFS 47% (95% CI: 39–55%)
OS NR

Updated analysis [56,58]

G-ACA, n = 179 1L†† OR 96.1% (CR 30.7%) PFS NR
p � 0.0001 vs G-Clb
48-mo PFS 87%
OS NR
p = 0.0604 vs G-Clb
48-mo OS 93%

ACA, n = 179 1L†† OR 89.9% (CR 11.2%) PFS NR
p � 0.0001 vs G-Clb
48-mo PFS 78%
OS NR
48-mo OS 88%

G-Clb, n = 177 1L†† OR 82.5% (CR 13.0%) PFS 27.8 mo
48-mo PFS 25%
OS NR
48-mo OS 88%

†Clb: Clb 0.5 mg/kg d1, d15 × 6 q28d; G-Clb: G 1000 mg d1–2, d8, d15, then d1 c2–6 + Clb; R-Clb: R 375 mg/m2 d1 c1, then 500 mg/m2 d1 c2–6 + Clb.
‡G-Clb n = 333; R-Clb n = 330 (n = 329 for tumor response rates).
§G: 1000 mg d1, d8, d15 c1, then d1 c2–6 q28d; G-FC: G + FC 25/250 mg/m2 intravenously or 40/250 mg/m2 orally d1–3 c1–6 q28d; G-Clb: G + Clb 0.5 mg/kg d1 + d15
c1–6 q28d; G-Benda: G + Benda 70 mg/m2 R/R or 90 mg/m2 1L q28d.
¶G-Ven: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + VEN 400 mg daily after ramp-up × 12c; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
#G-Ibr: G 1000 mg d1–2, d8, d15 c1, then d1 c2–6 q28d + Ibr 420 mg daily continuously; G-Clb: G + Clb 0.5 mg/kg d1 + d15 c1–12 q28d.
††G-ACA: G 1000 mg d1–2, d8, d15 c2, then d1 c3–7 q28d + ACA 100 mg twice-daily continuously; ACA: 100 mg twice-daily continuously; G-Clb: G + Clb 0.5 mg/kg
d1 + d15 c1–6 q28d.
1L: First line; ACA: Acalabrutinib; Benda: Bendamustine; BOR: Best overall response; c: Cycle; Clb: Chlorambucil; CLL: Chronic lymphocytic leukemia; CR: Complete response; d:
Day; FC: Fludarabine plus cyclophosphamide; G: Obinutuzumab; HR: Hazard ratio; Ibr: Ibrutinib; mo: Month; N/A: Not available; NR: Not reached; NS: Nonsignificant; OR: Overall
response; OS: Overall survival; PFS: Progression-free survival; PR: Partial response; q28d: Every 28 days; R: Rituximab; R/R: Relapsed/refractory; TTNT: Time to next treatment;
TTNTD: Time to next antileukemic treatment or death; VEN: Venetoclax; yr: Year.

that obinutuzumab plus chemotherapy is efficacious in specific subgroups, for example, patients with mutated
immunoglobulin heavy chain gene (IGHV) and non-del(17p)/del(11q) [52].

Obinutuzumab has also been investigated in combination with bendamustine in previously untreated patients
with CLL. In the single-arm phase II GIBB study (NCT02320487) in 102 patients with previously untreated
CLL who received up to six cycles of G-Benda, an OR rate of 89% (50% CR) was reported [59]. Median PFS was
35.5 months, while median OS was not reached after a median follow-up of 34.3 months. MRD-negativity at the
clinical response assessment was achieved for 33/74 (45%) and 30/51 (59%) evaluable patients in PB and BM,
respectively [59].

Combinations with novel agents
Ongoing research focuses on the application of targeted therapy to maximize tumor responses and survival, while
minimizing adverse events (AEs) and patient discomfort. Therefore, some combinations discussed in this manuscript
are investigational only and currently off-label. Anti-CD20 agent combinations with novel therapies are now used
in an effort to provide effective treatment options by targeting multiple cellular mechanisms, while reducing reliance
on, and avoiding some of the toxicity associated with, chemotherapy. In addition, DNA-damaging agents such as
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Figure 3. Progression-free survival with obinutuzumab-venetoclax versus obinutuzumab-chlorambucil in the phase
III CLL14 study in patients with previously untreated chronic lymphocytic leukemia.
HR: Hazard ratio; PFS: Progression-free survival.

cytotoxic chemotherapies can cause CLL cells to accumulate adverse biological features and develop resistance to
therapies after disease progression [60], underlining the need for alternative approaches.

The feasibility of chemotherapy-free combination treatment was originally shown in the phase III MURANO
study (NCT02005471) in patients with R/R CLL who received rituximab plus either the Bcl-2 inhibitor venetoclax
(R-Ven) or bendamustine [61]. Patients receiving the targeted therapy combination achieved significantly longer
PFS (HR: 0.16; 95% CI: 0.12–0.23; p < 0.001) and OS (HR: 0.50; 95% CI: 0.30–0.85; p = 0.0093), and higher
rates of undetectable MRD, than those receiving chemoimmunotherapy [62].

The combination of obinutuzumab with venetoclax (G-Ven) was compared with G-Clb in the phase III CLL14
study (NCT02242942) in 432 patients with previously untreated CLL and comorbidities [53]. After a median
follow-up of 28.1 months, PFS was significantly improved with G-Ven versus G-Clb, with 30/216 and 77/216
patients experiencing PFS events, respectively (HR: 0.35; 95% CI: 0.23–0.53; p < 0.0001) [53]. The PFS rate at
2 years was significantly higher with G-Ven versus G-Clb (88.2 vs 64.1%; p < 0.001); median PFS was not reached
in either arm at 2 years [53]. A significantly longer PFS was also observed with G-Ven compared with G-Clb after a
median follow-up of 39.6 months (HR: 0.31; 95% CI: 0.22–0.44; p < 0.0001; Figure 3) [54]. Significantly higher
proportions of patients also achieved MRD-negativity at EOT in the intent-to-treat population with G-Ven versus
G-Clb in PB (75.5 vs 35.2%, respectively; p < 0.001) and BM (56.9 vs 17.1%, respectively; p < 0.001) [53]. The
toxicity profile observed for G-Clb was similar in severity to that of G-Ven, with implemented safety measures
effectively mitigating the risk of tumor lysis syndrome [53].

In CLL14, G-Clb demonstrated favorable efficacy in comparison with that previously observed for this combina-
tion in the CLL11 study, with a median PFS of 31.1 months observed for patients treated with G-Clb in CLL11 [50].
Approximately 49 and 60% of patients were event free at 30 months in CLL11 and CLL14, respectively [49,50,53].
The improvement in survival observed in CLL14 is most likely due to patients receiving 12 cycles of G-Clb in this
study versus the 6 cycles received in CLL11 [49,50,53].

Improved efficacy was also demonstrated in two trials in patients with previously untreated CLL, in which
obinutuzumab was combined with a Bruton’s tyrosine kinase (BTK) inhibitor rather than with Clb [55,56]. In
iLLUMINATE (phase III; NCT02264574), PFS was significantly longer for patients treated with ibrutinib plus

future science group www.futuremedicine.com 2951



Drug Evaluation Davies, Kater, Sharman et al.

obinutuzumab (G-Ibr) than with G-Clb (HR: 0.23; 95% CI: 0.15–0.37; p < 0.0001) [55]. MRD status was
evaluated in responding patients after the start of study treatment, and 35% of evaluable G-Ibr-treated patients
and 25% of G-Clb-treated patients had undetectable MRD in BM or PB. The added contribution of G-Ibr to the
overall outcome was limited by the absence of a single-agent ibrutinib group to allow for a head-to-head comparison
with G-Ibr [55].

The phase III GAIA study (CLL13) evaluated three venetoclax plus CD20 antibody-based regimens (R-Ven,
G-Ven, and obinutuzumab, ibrutinib plus venetoclax) versus standard chemoimmunotherapy in fit patients with
previously untreated CLL without TP53 mutation/deletion [63]. At month 15, the rate of undetectable MRD
was significantly higher with G-Ven compared with chemoimmunotherapy: 86.5% (97.5% CI: 80.6–91.1) versus
52.0% (97.5% CI: 44.4–59.5; p < 0.0001), respectively. The undetectable MRD rate for obinutuzumab, ibrutinib
plus venetoclax was also higher (92.2%; 97.5% CI: 87.3–95.7) compared with chemoimmunotherapy (p < 0.0001),
while the difference observed with R-Ven versus chemoimmunotherapy was not significant (57.0%, 97.5% CI:
49.5–64.2; p = 0.317) [64]. The median MRD level at month 9 was lower in the chemoimmunotherapy, G-Ven,
and obinutuzumab, ibrutinib plus venetoclax (all 1 × 10-5) arms compared with the R-Ven (2 × 10-5) arm [64].
CR rates at month 15 for chemoimmunotherapy, R-Ven, G-Ven, and obinutuzumab, ibrutinib plus venetoclax
were 31.0, 49.4, 56.8 and 61.9%, respectively. All treatment arms demonstrated a tolerable safety profile in this fit
population [64].

Similarly, in ELEVATE-TN (phase III; NCT02475681), both acalabrutinib plus obinutuzumab (G-
acalabrutinib) and acalabrutinib monotherapy led to longer PFS compared with G-Clb. Notably, the HR for
G-acalabrutinib versus G-Clb (HR: 0.10; 95% CI: 0.06–0.17; p < 0.0001) was lower than that for acalabruti-
nib monotherapy versus G-Clb (HR: 0.20; 95% CI: 0.13–0.30; p < 0.0001) [56]. This trend was replicated in
the OS data: the HR for G-acalabrutinib versus G-Clb was 0.47 (95% CI: 0.21–1.06; p = 0.06) while the HR
for acalabrutinib monotherapy versus G-Clb was 0.60 (95% CI: 0.28–1.27; p = 0.16) [56]. At a 4-year update
with a median follow-up of 46.9 months, median PFS was not reached with G-acalabrutinib or acalabrutinib,
versus 27.8 months with G-Clb [57,58]. Of note, early suggestions of antagonism of anti-CD20-induced ADCC
by ibrutinib have not been demonstrated in clinical practice [65]. Rates of undetectable MRD were similar for
G-acalabrutinib and G-Clb in PB (49 vs 61%, respectively) and BM (26 vs 22%, respectively) [56]. Furthermore, a
post-hoc analysis demonstrated a PFS benefit with the addition of obinutuzumab to acalabrutinib, with an HR for
PFS between G-acalabrutinib and acalabrutinib monotherapy of 0.49 (95% CI: 0.26–0.95) [56].

The benefit of adding obinutuzumab to a BTK inhibitor in ELEVATE-TN contrasts with findings from
randomized trials showing no survival or response advantage of adding rituximab to ibrutinib in patients with
CLL [66,67]. The addition of rituximab to ibrutinib (R-Ibr) demonstrated minimal improvement for patients with
CLL in a phase II study of 208 patients (NCT02007044) [67]. PFS estimates were 86.9% (95% CI: 77.3–92.6)
and 86.0% (95% CI: 76.6–91.1) for patients receiving R-Ibr and ibrutinib, respectively, after 36 months, but
MRD was significantly reduced with R-Ibr after 12 months (16% reduction [95% CI: 9.6–22.4]; p < 0.0001) and
24 months (7.6% reduction [95% CI: 1.3–13.9]; p = 0.0180) versus monotherapy [67].

Many other combinations have also been evaluated – and continue to be assessed. In a phase II study
(NCT02427451) the combination of obinutuzumab, ibrutinib and venetoclax demonstrated ORRs of 84% and
88% in patients with treatment-naive and R/R CLL, respectively [68]. In this study, 67% of treatment-naive patients
and 50% of R/R patients had undetectable MRD in PB and BM two months after the completion of treatment, and
median PFS was not reached at 24.2 months and 21.5 months, respectively [68]. The combination of obinutuzumab,
ibrutinib and venetoclax has also shown to be effective in patients with previously untreated high-risk CLL in a
phase II study, with a CR rate of 58.5% (CLL2-GIVe; NCT02758665) [69]. Obinutuzumab has also shown efficacy
when administered as induction therapy in combination with ibrutinib after two courses of bendamustine (47.5%
of 61 patients had undetectable MRD) in the exploratory phase II CLL2-BIG trial (NCT02345863) [70]. Results
from the phase II CLL2-BAG trial (NCT02401503), in which obinutuzumab was given with venetoclax after two
courses of bendamustine, also demonstrate high response rates (OR rate 95%; 95% CI: 87–99) and acceptable safety
profiles across treatment-naive and R/R patients with CLL [71]. In the phase II CLL2-BCG trial (NCT02445131),
two courses of bendamustine followed by obinutuzumab plus idelalisib achieved clinical responses in patients with
CLL (OR rate 80% and 85% in the full analysis set and per protocol population, respectively) [72]. However, due to
the toxicity profile of idelalisib, alternative treatment combinations may be preferred [72]. An ongoing phase II trial
(AVO; NCT03580928), demonstrated that acalabrutinib, venetoclax, and obinutuzumab is active and tolerated
in patients with previously untreated CLL; after a median follow-up of 27.6 months the CR rate was 38%, with
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undetectable MRD in the BM [73]. Furthermore, the combination of zanubrutinib, obinutuzumab, and venetoclax
was well tolerated and met its primary end point, with 89% of previously untreated patients with CLL reaching
undetectable MRD in a phase II trial (NCT03824483) [74].

Baseline prognostic markers & surrogate outcome markers
Efforts to explore potential baseline prognostic markers and surrogate outcome markers to guide therapy and
clinical trial design in CLL are ongoing. MRD at the EOT has been identified as a potential surrogate marker
for clinical outcomes. Important baseline prognostic markers include del(17p), del(11q), unmutated IGHV and
mutated NOTCH1 and TP53.

Multiple studies have demonstrated that post-induction MRD levels are independently associated with PFS in
young, fit patients with CLL [75,76]. MRD analysis in CLL11 also showed this to be the case in older, less fit patients
with comorbidities who were treated less intensively [77]. Median PFS in patients with undetectable MRD in PB at
the EOT was 56.4 months, compared with 13.9 months for MRD-positive patients [77].

In an exploratory biomarker analysis from the GREEN study, PFS was longer across treatment groups in patients
with mutated IGHV, del(13q) or trisomy 12, whereas worse PFS outcomes were reported in patients with del(11q),
del(17q) or unmutated IGHV [52].

The PFS benefit seen in the overall study population with G-Ven in CLL14 was maintained in high-risk patients
with TP53 deletion or mutation, or both, and those with unmutated IGHV [53]. In a study of the prognostic value
of genetic markers in CLL14, a multivariate analysis identified that del(17p), del(11q), unmutated IGHV and
mutated TP53, BIRC3 and SF3B1 were independently associated with PFS with G-Clb; for G-Ven, however, only
del(17p) was significantly prognostic [72]. In one genetic analysis of CLL14, del(17p) and mutated TP53 were the
only markers impacting PFS in both G-Ven-treated and G-Clb-treated patients. Patients with unmutated IGHV,
del(17p), del(11q), mutated TP53, BIRC3, NOTCH1 and ATM, receiving G-Clb, had lower response rates, as
well as shorter PFS and lower rates of MRD-negativity than patients without these markers; multivariate analyses
identified del(17p) as the only significant prognostic factor for patients receiving G-Ven [70]. PFS was improved
with G-Ven in comparison with G-Clb across all clinical and biological risk groups [54].

In iLLUMINATE, PFS benefit with G-Ibr versus G-Clb was noteworthy in the high-risk group of 148 patients
with del(17p) or TP53 mutation, del(11q), or unmutated IGHV (median PFS not reached vs 14.7 months; HR:
0.15; 95% CI: 0.09–0.27; p < 0.0001) [55]. Median PFS durations in the high-risk and overall populations with
G-Ibr were similar at 30 months [55]. In ELEVATE-TN, estimated 24-month PFS was consistently improved with
G-acalabrutinib and acalabrutinib monotherapy versus G-Clb; this remained the case in patients with unmutated
IGHV (G-acalabrutinib 91% [95% CI: 83–95%] in 103 patients; G-Clb 31% [95% CI: 22–40%] in 116 patients)
and patients with del(17)(p13.1) (G-acalabrutinib 88% [95% CI: 61–97%] in 17 patients; G-Clb 22% [95%
CI: 5–45%] in 16 patients) [56]. At the 4-year update, median PFS was not reached in patients with unmutated
IGHV treated with G-acalabrutinib versus 22.2 months with G-Clb (both p < 0.0001) [57]. In patients with
del(17)(p13.1), median PFS was not reached with G-acalabrutinib versus 17.7 months for G-Clb (p < 0.005) [57].

Obinutuzumab in follicular lymphoma
Chemoimmunotherapy
In the phase III GALLIUM trial (NCT01332968), obinutuzumab plus chemotherapy (CHOP, bendamustine or
cyclophosphamide, vincristine and prednisone [CVP]) was compared with rituximab plus chemotherapy in 1202
patients with previously untreated advanced FL (Table 2) [44]. Patients with a response at the end of induction
(EOI) received maintenance therapy with the same anti-CD20 mAb for up to 2 additional years or until disease
progression. At the primary analysis, after a median follow-up of 34.5 months, the risk of progression, relapse or
death with obinutuzumab-based therapy was significantly lower than with rituximab-based therapy (HR: 0.66;
95% CI: 0.51–0.85; p = 0.001) [44]. Estimated 3-year PFS rates were 80.0% with obinutuzumab plus chemotherapy
versus 73.3% with rituximab plus chemotherapy [44]. Other time-to-event end points were consistent with this
investigator-assessed PFS, with event-free survival (EFS) and time to next treatment (TTNT) both significantly
longer in the obinutuzumab arm, although there was no significant between-group difference in OS [44]. This lack
of OS benefit was not unexpected in light of the variety of effective salvage therapies available, and given that
the study was not powered to demonstrate a difference in OS [78]. These trends in PFS and other time-to-event
end points were retained after additional follow-up, with patients demonstrating an improved 5-year PFS with
obinutuzumab plus chemotherapy compared with rituximab plus chemotherapy (HR: 0.76; 95% CI: 0.62–0.92;
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Table 2. Key clinical trials of obinutuzumab in patients with follicular lymphoma.
Trial Tumor response rates Survival and other time-to-event end points (medians unless stated otherwise) Ref.

Chemoimmunotherapy in 1L disease

– GALLIUM; NCT01332968; phase III [44,79]

Primary analysis [44]

G-CHOP, CVP or Benda,
n = 601†

EOI OR 88.5% (CR 19.5%)
NS vs R

3-yr PFS 80.0% (95% CI: 75.9–83.6%)
HR: 0.66; p = 0.001 vs R
3-yr OS 94.0% (95% CI: 91.6–95.7%)
HR: 0.75; p = 0.21 vs R
3-yr TTNT 87.1% (95% CI: 84.0–89.6%)
HR: 0.68; p = 0.009 vs R

R-CHOP, CVP or Benda,
n = 601†

EOI OR 86.9% (CR 23.8%) 3-yr PFS 73.3% (95% CI: 68.8–77.2%)
3-yr OS 92.1% (95% CI: 89.5–94.1%)
3-yr TTNT 81.2% (95% CI: 77.6–84.2%)

Updated analysis [79]

G-CHOP, CVP or Benda,
n = 601†

N/A 5-yr PFS 70.5% (95% CI: 66.4–74.1%)
HR: 0.76; p = 0.0043 vs R
5-yr OS 90.2% (95% CI: 87.5–92.4%)
HR: 0.87; p = 0.41 vs R
5-yr TTNT 79.7% (95% CI: 76.1–82.7%)
HR: 0.72; p = 0.0039 vs R

R-CHOP, CVP or Benda,
n = 601†

N/A 5-yr PFS 63.2% (95% CI: 59.0–67.1%)
5-yr OS 89.4% (95% CI: 86.6–91.6%)
5-yr TTNT 72.9% (95% CI: 69.1–76.4%)

Chemoimmunotherapy in R/R disease

– GADOLIN; NCT01059630; phase III [82,83]

Primary analysis [82]

Benda, n = 202
R-refractory (166 FL)‡

BOR 77% (CR 17%)
EOI OR 63% (CR 12%)

PFS 14.9 mo
EFS 13.7 mo
TTNT 21.6 mo
OS NR

G-Benda, n = 194
R-refractory (155 FL)‡

BOR 79% (17% CR)
EOI OR 69% (11% CR)

PFS NR
HR: 0.55; p = 0.0001 vs Benda
EFS 26.8 mo
HR: 0.57; p = 0.0001 vs Benda
TTNT NR
HR: 0.65 vs Benda
OS NR
HR: 0.82; p = 0.40 vs Benda

Final analysis [83]

Benda, n = 209
R-refractory (171 FL)‡

N/A PFS 14.1 mo
OS NE
TTNT 19.4 mo

G-Benda, n = 204
R-refractory (164 FL)‡

N/A PFS 25.8 mo
HR: 0.57; p � 0.001 vs Benda
OS NE
HR: 0.67; p = 0.0269 vs Benda
TTNT 40.8 mo
HR: 0.60 vs Benda

Combinations with novel agents

– GALEN; NCT01582776; phase I [84]

G-LEN, n = 89 R/R§ EOI OR 79% (38% CR) 2-yr EFS 62% (95% CI: 51–72%)
2-yr PFS 65% (95% CI: 54–74%)
2-yr DOR 70% (95% CI: 57–79%)
2-yr OS 87% (95% CI: 78–93%)

– GALEN; NCT01582776; phase II [85]

G-LEN, n = 100 1L§ EOI OR 92% (CR 47%) 3-yr PFS 82%
3-yr OS 94%

†G-CHOP, CVP or Benda: CHOP, CVP or Benda + G 1000 mg d1, d8, d15, then d1 c2–6 or 8 (CTX-dependent) q28d, then every 2 months if response for ≤2 yr; R-CHOP, CVP or BEN:
CHOP, CVP or Benda + R 375 mg/m2 d1 c1–6 or 8 (CTX-dependent) q28d, then every 2 months if response for ≤2 yr.
‡Benda: 120 mg/m2 d1, d2 c1–6 q28d; G-Benda: Benda 90 mg/m2 d1, d2 c1–6 + G 1000 mg d1, d8, d15 c1, then d1 c2–6, q28d then every 2 months for 2 yrs or until response.
§G-LEN: G 1000 mg d1, d8, d15 c1, then d1 c2–6 + LEN 20 mg d1–21 c1, then d2–22 c2–6 q28d, then LEN 10 mg d2–22 q28d + G 1000 mg d1 every 56 days for 1 yr, then G
1000 mg every 56 days for 1 yr.
1L: First-line; Benda: Bendamustine; BOR: Best overall response; c: Cycle; CHOP: Cyclophosphamide, doxorubicin, vincristine and prednisone; CR: Complete response; CTX: Chemother-
apy; CVP: Cyclophosphamide, vincristine and prednisone; d: Day; DOR: Duration of response; EFS: Event-free survival; EOI: End of induction; FL: Follicular lymphoma; G: Obinutuzumab;
HR: Hazard ratio; LEN: Lenalidomide; mo: Month; N/A: Not available; NE: Not estimated; NR: Not reached; NS: Nonsignificant; OR: Overall response; OS: Overall survival; PFS: Progression-
free survival; q28d: every 28 days; R: Rituximab; R/R: Relapsed/refractory; TTNT: Time to next treatment; yr: Year.
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Figure 4. Progression-free survival with rituximab-chemotherapy versus obinutuzumab-chemotherapy in the phase
III GALLIUM study in patients with previously untreated advanced follicular lymphoma.
HR: Hazard ratio; PFS: Progression-free surviva.

p = 0.0043; Figure 4) [79]. It was also shown that obinutuzumab-based therapy was associated with greater MRD-
negativity at EOI than rituximab-based therapy in 696 patients with available PB or BM samples (92 vs 85%;
p = 0.0041) [80]. Notably, in a GALLIUM exploratory analysis, fewer early disease progression events occurred with
obinutuzumab versus rituximab (average risk reduction of 46.0%) [81].

The phase III GADOLIN trial (NCT01059630) evaluated G-Benda in patients with rituximab-refractory
indolent NHL. Patients (n = 396) received bendamustine either as monotherapy or with obinutuzumab as induction
therapy, followed by 2 years of obinutuzumab maintenance [82]. In the FL cohort, which made up 81% of the
population, PFS was significantly longer in patients who received G-Benda than those who received bendamustine
alone (HR: 0.55; 95% CI: 0.40–0.74; p = 0.0001) [82]. OS was also significantly extended with obinutuzumab
and was maintained with long-term follow-up [83,86]. The PFS benefit was reflected by other end points, including
EFS and TTNT. In a sub-analysis of the GADOLIN study, MRD at EOI was evaluated for FL patients with a
detectable clonal marker (t[14;18] translocation and/or Ig heavy or light chain rearrangement) at baseline [87]. At
EOI, MRD-negativity rates were 86% for G-Benda versus 55% for bendamustine monotherapy (p = 0.0002), and
MRD-negativity was maintained for longer in patients receiving obinutuzumab maintenance [87].

Grade ≥3 AEs and serious AEs were more frequent in the obinutuzumab arm in GALLIUM, but these were
generally manageable, and rates of fatal AEs were similar in the two treatment arms [44]. The most common AEs were
IRRs and these were reported more frequently with obinutuzumab than rituximab (59.3 vs 48.9%; p < 0.001), but
most IRRs were grade 1–2 and typically occurred during the first infusion [44]. The higher rate of IRRs observed with
obinutuzumab may be due to quantitative differences in cytokine release induced by obinutuzumab in comparison
with rituximab [88]. All-grade nausea (47% in both groups) and neutropenia (obinutuzumab 49%, rituximab
44%) were also frequently reported [44]. Infection rates were comparable between the obinutuzumab group (20.0%
grade ≥3 AEs; 18.2% serious AEs [n = 595]) and rituximab group (15.6% grade ≥3 AEs; 14.4% serious AEs
[n = 597]) [44]; reductions from baseline in IgA, IgG and IgM were also comparable between obinutuzumab and
rituximab [89]. Grade ≥3 and serious AEs were more frequent in the obinutuzumab arm than in the rituximab arm
in GADOLIN. The most common grade ≥3 AEs in the obinutuzumab arm were neutropenia, thrombocytopenia,
anemia and IRRs [82]. Overall, toxicity associated with obinutuzumab-based therapies was manageable in both
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studies, and AE profiles were consistent with the known safety profiles of obinutuzumab and the other study
medications.

Clinical trials with rapid infusion rituximab have demonstrated benefits in convenience for patients and efficiency
for infusion facilities [90,91]. In the open-label phase IV GAZELLE study (NCT03817853) of a 90-min short
duration infusion (SDI) of obinutuzumab from cycle 2 onwards in patients with previously untreated advanced FL,
no grade 3 IRRs were observed in cycle 2, and only one grade 3 IRR was reported in subsequent cycles [92]. No new
safety signals were reported with obinutuzumab SDI and response rates were consistent with previous studies [92].

Concerns have been raised that patients treated with anti-CD20 chemoimmunotherapy may experience more
severe COVID-19 infection and decreased efficiency of the COVID-19 vaccination [93,94]. In a recent case report,
a patient with FL experienced a prolonged COVID-19 infection associated with anti-CD20-mediated B-cell
depletion following two cycles of obinutuzumab in combination with bendamustine [93]; however, these results are
of an isolated event. In addition, the effectiveness of the COVID-19 vaccination is currently unknown in patients
receiving obinutuzumab and studies are ongoing to further the understanding in that area [95,96]. Additional research
and specific guidelines to manage infection control under these circumstances are needed.

Combinations with novel agents
Investigations of chemotherapy-free treatment options using obinutuzumab plus other targeted therapies are under-
way for FL (as for CLL, with the same rationale), including the InHarmony program of early phase clinical studies
investigating obinutuzumab in combination with drugs with differing mechanisms of action. Such combinations
include lenalidomide, atezolizumab, venetoclax and polatuzumab vedotin [97].

Good clinical activity has been reported with obinutuzumab plus lenalidomide, an immunomodulator with
direct antiproliferative activity that enhances T-cell and natural killer cell function and improves ADCC and
ADCP. Phase I/II data from 66 patients with relapsed indolent NHL who received the investigational combination
of obinutuzumab plus lenalidomide (G-Len) demonstrated an OR rate of 98% (CR 72%) and an estimated
24-month PFS of 73% (Table 2) [85]. G-Len was also evaluated in the phase II GALEN trial (NCT01582776) [84].
A total of 89 patients with R/R FL received G-Len induction therapy, followed by 1 year of G-Len maintenance
therapy and then 1 year of obinutuzumab maintenance [84]. The primary end point of OR rate at EOI was
79%, with 38% CR [84]. The most common AEs were asthenia (61%), neutropenia (43%) and bronchitis (41%);
neutropenia was the most common grade ≥3 toxicity [84].

In the first-line setting, the G-Len regimen has been investigated in a phase II study in 100 patients with
advanced FL requiring systemic therapy [98]. The OR rate according to the International Working Group 1999
response criteria (primary end point) was 92% (47% CR, including unconfirmed CR) [98]. In a further study of
G-Len in 90 patients with previously untreated advanced FL with high tumor burden (NCT02871219), the 2-year
PFS rate was 96%, with an OR rate of 98% (85 CR, 1 PR) [99]. Toxicities were manageable, with no unexpected
safety signals. There were no deaths at the time of reporting; 11 patients (12%) discontinued therapy due to AEs
(upper respiratory infection in five patients) [99]. A phase Ib/II trial (NCT02600897) also demonstrated promising
response rates with polatuzumab vedotin plus G-Len (Pola-G-Len) in patients with R/R FL, and the safety profile
was consistent with known profiles of the individual drugs [100].

Prognostic value of MRD response
The prognostic value of MRD status at EOI was investigated in the GALLIUM trial. MRD status was evaluated
in PB and BM at mid-induction (MI; cycle 4, day 1) in PB, at EOI in PB and BM, and at 6-monthly intervals
during maintenance or follow-up in PB up to 24 months post-EOI or treatment discontinuation [101]. In all MRD-
evaluable patients, those who were MRD-negative at EOI had longer PFS than those who were MRD-positive at
EOI (HR: 0.38; 95% CI: 0.26–0.56; p < 0.0001), irrespective of treatment [101]. In GADOLIN, 86% of patients
receiving G-Benda were MRD-negative at EOI compared with 55% of patients receiving bendamustine alone
(p = 0.0002) [87]. Patients who were MRD-negative at EOI had improved PFS (HR: 0.33; 95% CI: 0.19–0.56;
p < 0.0001) and OS (HR: 0.39; 95% CI: 0.19–0.78; p = 0.008) compared with those who remained MRD-
positive, and MRD-negative status was maintained for longer in patients who received obinutuzumab maintenance
compared with those who did not [87].

Obinutuzumab in aggressive B-cell lymphoma, specifically DLBCL
Obinutuzumab has also been investigated in the setting of aggressive NHL (Table 3). The randomized phase III
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Table 3. Key clinical trials of obinutuzumab in patients with aggressive non-Hodgkin lymphoma.
Trial Tumor response rates Survival and other time-to-event end points (medians unless

stated otherwise)
Ref.

Chemoimmunotherapy in 1L advanced DLBCL

– GOYA; NCT01287741; phase III [102,103]

Primary analysis [102,103]

G-CHOP, n = 706† ETR 77.4% (CR 56.7%) 3-yr PFS 69.6%
HR: 0.92; p = 0.386 vs R
3-yr OS 81.2% (95% CI: 77.9–84.1%)
HR: 1.0; NS vs R
3-yr EFS 69.9% (95% CI: 66.2–73.2%)
HR: 0.92; NS vs R

R-CHOP, n = 712† ETR 77.9% (CR 59.5%) 3-yr PFS 66.9%
3-yr OS 81.4% (95% CI: 78.1–84.3%)
3-yr EFS 66.5% (95% CI: 62.7–70.1%)

Final analysis [103]

G-CHOP, n = 704† ETR 77.1% (CR 56.5%)‡ 5-yr PFS 63.8% (95% CI: 59.3–68.0%)
HR: 0.94; NS vs R
5-yr OS 77.0% (95% CI: 73.3–80.3%)
HR: 1.02; NS vs R
5-yr EFS 60.6% (95% CI: 56.3–64.6%)
HR: 0.95; NS vs R

R-CHOP, n = 710† ETR 77.6% (CR 59.1%)‡ 5-yr PFS 62.6% (95% CI: 58.1–66.8%)
5-yr OS 77.7% (95% CI: 74.1–80.9%)
5-yr EFS 58.9% (95% 54.5–63.1%)

Combinations with novel agents

– GALEN; NCT01582776; phase II [104]

G-LEN, n = 71
R/R DLBCL§

OR 35.2% (CR 18.3%) PFS 4.1 mo
OS 10.6 mo

G-LEN, n = 13
R/R MCL§

OR 46.2% (CR 15.4%) PFS 5.8 mo
OS NR

†G-CHOP: CHOP + G 1000 mg d1, d8, d15, then d1 c2–8; R-CHOP: CHOP + R 375 mg/m2 d1 c1–8.
‡Results according to PET–computed tomography; computed tomography alone was also reported, with similar results.
§G-LEN: G 1000 mg d1, d8, d15 c1, then d1 c2–6 + LEN 20 mg d1–21 c1, then d2–22 c2–6 q28d, then LEN 10 mg d2–22 q28d + G 1000 mg d1 q56d for 1 yr, then G 1000 mg
q56d for 1 yr.
¶G-Atezo: G 1000 mg d1, d8, d15 c1, then d1 c2–8 q3wk + Atezo 1.2 g q3wk + VEN 800 mg/d for 24 c.
1L: First-line; Atezo: Atezolizumab; c: Cycle; CHOP: Cyclophosphamide, doxorubicin, vincristine and prednisone; CR: Complete response; d: Day; DLBCL: Diffuse large B-cell
lymphoma; EFS: Event-free survival; ETR: Response at end of treatment; G: Obinutuzumab; HR: Hazard ratio; LEN: Lenalidomide; MCL: Mantle cell lymphoma; mo: Month; N/A:
Not available; NR: Not reached; NS: Nonsignificant; OR: Overall response; OS: Overall survival; PFS: Progression-free survival; q28d: Every 28 days; q56d: Every 56 days; q3wk:
Every 3 weeks; R: Rituximab; R/R: relapsed/refractory disease; yr: Year.

GOYA trial (NCT01287741) compared G-CHOP with R-CHOP in 1418 patients with previously untreated
advanced DLBCL [102]. The primary end point was investigator-assessed PFS, and after a median observation time
of 29 months, the number of events in the intent-to-treat population, was similar for G-CHOP (201; 28.5%)
and R-CHOP (215; 30.2%), with a stratified HR of 0.92 (95% CI: 0.76–1.11; p = 0.39) [102]. Estimated 3-year
PFS rates were 69.6 and 66.9%, respectively [102]. Frequently documented AEs, such as neutropenia, nausea and
constipation, were seen at similar rates in both groups, while IRRs were more common in the obinutuzumab arm
compared with the rituximab arm (36.1 vs 23.5%) [102]. The results of the final analysis, published after a median
follow-up of 47.7 months, were consistent with the primary analysis (HR: 0.94; 95% CI: 0.78–1.12; p = 0.48;
Figure 5) [103].

The randomized phase III GAINED trial (NCT01659099) compared obinutuzumab with rituximab, both
combined with chemotherapy, in 670 transplant-eligible patients with previously untreated DLBCL. The primary
end point, EFS, demonstrated that 2-year EFS was similar in the obinutuzumab and rituximab groups (59.8 vs
56.6%; p = 0.123; HR: 0.88) [105]. The 2-year PFS in the entire cohort was 83.1% (95% CI: 80–85.8) [105]. The
study concluded that obinutuzumab does not provide any significant additional tumor control in newly diagnosed
transplant-eligible DLBCL patients compared with rituximab.

Combinations with novel agents
The combination of obinutuzumab with novel agents has also been investigated in DLBCL, specifically additional
chemotherapy-free treatment alternatives (Table 3). The GALEN trial investigated the combination of G-Len and
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Figure 5. Progression-free survival with rituximab-cyclophosphamide, doxorubicin, vincristine and prednisone
chemotherapyversus obinutuzumab-cyclophosphamide, doxorubicin, vincristine and prednisone chemotherapyin
the phase III GOYA study in patients with previously untreated diffuse large B-cell lymphoma.
CHOP: Cyclophosphamide, doxorubicin, vincristine and prednisone chemotherapy; HR: Hazard ratio; PFS:
Progression-free survival.

included 84 patients with R/R aggressive NHL (71 DLBCL and 13 MCL) [104]. OR rate at EOI was 36.5% across
all patients; the primary end point of OR rate after six cycles (based on 95% power to detect an OR increase
from 28 to 48% at EOI) was not met [104]. A cell-of-origin (COO) subgroup analysis showed a tendency toward
better efficacy in activated B-cell (ABC)-DLBCL over germinal center B-cell (GCB)-DLBCL (OR: 44.4 vs 23.1%;
median OS: 27 months vs 7.9 months) [104].

Additional research is also ongoing to evaluate the use of a single dose of obinutuzumab prior to treatment with
glofitamab to mitigate the risk of cytokine release syndrome associated with CD20xCD3 bispecific antibodies [106–

108]. Obinutuzumab pre-treatment was used in a phase I trial (NCT03075696) of glofitamab, a CD20-T-cell-
engaging bispecific antibody, in 73 patients with R/R DLBCL. Patients received 1000 mg obinutuzumab 7 days
before their first dose of glofitamab. Glofitamab showed favorable activity, with durable responses and a manageable
safety profile [108]. At glofitamab doses ≥10 mg, OR and CR rates were 55.3 and 42.1%, respectively [107].

Biomarkers
Although the GOYA study did not demonstrate an overall superiority with obinutuzumab versus rituximab, an
effort was carried out to evaluate if obinutuzumab could provide a clinical benefit to some subgroups of patients
with DLBCL. A prospective COO subgroup analysis was performed, where a trend toward PFS benefit was
observed for obinutuzumab in patients with GCB-DLBCL (HR: 0.72; 95% CI: 0.51–1.03) [102]. This COO
subtype shares more biological similarity with FL than with the ABC or unclassified subtypes [109]. The superiority
of obinutuzumab-based therapies over rituximab-based regimens in FL may provide some explanation for the
observed difference in efficacy.

In addition to COO data, investigators sought information relating to somatic mutations in patients from the
GOYA study. Targeted DNA next-generation sequencing (NGS) in tissue biopsies from GOYA participants showed
Bcl-2 alterations to be strongly associated with reduced PFS (HR: 2.6; 95% CI: 1.6–4.2) when multivariate Cox
regression was used to evaluate the prognostic effect of individual genomic changes [110]. Of 102 patients with Bcl-2
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translocations, 90% had GCB-DLBCL. Bcl-2 alterations were also significantly correlated with mRNA and Bcl-2
protein expression [110].

Other potential biomarkers include baseline natural killer cell levels in PB (lower levels being associated with
reduced PFS in GALLIUM and GOYA) [111]. Circulating tumor DNA-based NGS of pre-treatment plasma samples
from patients with DLBCL has also been described [112–115]. This approach employs a single method to determine
nucleotide variants, insertions and deletions and fusions, and to relate these to other baseline variables, including
tumor burden and COO data, to improve prognostic stratification and potentially permit personalized risk-adapted
therapy in patients with DLBCL [110–113].

Obinutuzumab investigation in additional indications
Marginal zone lymphoma
The phase III GALLIUM trial enrolled a subset of 195 patients with MZL (66 nodal; 61 extranodal; 68 splenic)
to investigate consistency of treatment effects with those seen in the FL cohort [116]. There was no PFS difference
for obinutuzumab plus chemotherapy versus rituximab plus chemotherapy (HR: 0.82; 95% CI: 0.45–1.46; 3-year
PFS: 75 vs 78%, respectively), while there were higher frequencies of grade 3–5 AEs (82.2 vs 77.4%), serious AEs
(64.4 vs 51.6%) and fatal AEs (11.9 vs 6.5%) in the obinutuzumab arm versus the rituximab arm, respectively.
However, it should be noted that at baseline extranodal involvement, bulky disease and B-symptoms were more
common in patients treated with obinutuzumab plus chemotherapy than with rituximab plus chemotherapy, which
may have impacted the rates of AEs observed. Furthermore, these findings are limited in part by the small patient
population enrolled in this sub-analysis; 99 patients received obinutuzumab plus chemotherapy and 96 patients
received rituximab plus chemotherapy [116].

Mantle cell lymphoma
Activity of G-Len was observed in 13 patients with R/R MCL participating in the phase II GALEN trial previously
described (Table 3) [104]. A further phase II trial, LYMA-101 (NCT02896582), is investigating obinutuzumab
plus high-dose dexamethasone, cytarabine and cisplatin followed by autologous stem cell transplantation plus
obinutuzumab maintenance in 86 young (<66 years old) untreated patients with MCL, eligible for intensive
therapy [117]. The primary end point of this study was met; 75.0% of 73 patients with available data achieved
MRD-negativity in BM after induction, and PFS and OS were 93.4 and 96.0%, respectively, after 1 year [117,118].
Promising activity and tolerability have also been reported in both R/R and previously untreated MCL in the phase
I/II OAsIs trial (NCT02558816), evaluating combination therapy with G-Ibr plus venetoclax [119]. In terms of
MRD status, MRD clearance was seen in 71.5% of relapsed, and in 100% of untreated, MRD-evaluable patients
(n = 12) at the end of cycle 3 [119].

Conclusion
Obinutuzumab was developed as part of an effort to address the need for anti-CD20 mAbs with superior activity
over rituximab. Research has shown that the type II mechanism of action of obinutuzumab translates into improved
outcomes in patients with CLL and FL. These improvements have been mainly in terms of PFS and MRD response,
although significantly extended OS has also been reported in patients with CLL after extended follow-up, and in
patients with R/R FL. Obinutuzumab plus chemotherapy with obinutuzumab maintenance has also been shown,
in an exploratory analysis of the GALLIUM study, to reduce the risk of early progression in patients with previously
untreated FL, which may help to improve outcomes among this patient group. Ongoing research is focusing on
the development of chemotherapy-free treatments based on obinutuzumab combined with novel agents aimed
at different targets. Recent studies have demonstrated the efficacy of chemotherapy-free obinutuzumab-based
regimens for the treatment of patients with CLL, including in combination with the BTK inhibitors ibrutinib,
acalabrutinib and zanubrutinib [55,56,74]. Investigators are also making progress with identifying prognostic and/or
predictive biomarkers that may enable them to optimize and individualize therapy [120]. With the evolving treatment
landscape, namely in CLL and R/R NHL, it may be relevant to further explore combining obinutuzumab with
new agents, including T cell-engaging bispecific antibodies.

Future perspective
Over the next 5–10 years, research in the field of B-cell malignancies is likely to continue to focus on the development
of chemotherapy-free treatment regimens combining anti-CD20 therapies with novel targeted agents, with more
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of these regimens likely to enter clinical practice. These regimens are likely to maximize tumor response and patient
survival, while minimizing adverse events and patient discomfort. With the evolving treatment landscape in CLL
and NHL, this may involve combining obinutuzumab with agents, such as T cell-engaging bispecific antibodies,
leveraging immune-based therapeutic approaches. Further progress is also likely to be made in the identification of
prognostic and/or predictive biomarkers that enable physicians to optimize and individualize therapy.

Executive summary

• Obinutuzumab is a humanized and glycoengineered, type II anti-CD20 monoclonal antibody.
• Obinutuzumab has demonstrated favorable efficacy and tolerability across a range of B-cell malignancies,

including chronic lymphocytic leukemia (CLL) and follicular lymphoma (FL).
Obinutuzumab in CLL
• Obinutuzumab with chemotherapy has improved outcomes for patients with CLL. In the phase III CLL11 study,

obinutuzumab plus chlorambucil (Clb) improved survival outcomes compared with both Clb alone and rituximab
plus Clb for patients with previously untreated CLL. Preliminary data indicate deeper responses with
obinutuzumab compared with rituximab, when combined with venetoclax. The combination of obinutuzumab,
venetoclax and ibrutinib has also shown activity in fit patients with previously untreated CLL, in the CLL13 study.

• There is a lack of pivotal data with combinations of obinutuzumab and novel agents; current research is focusing
on the use of baseline prognostic markers and surrogate outcome markers to guide therapy and clinical trial
design.

• To date, obinutuzumab has demonstrated efficacy in combination with a range of targeted agents, including
venetoclax, Bruton’s tyrosine kinase inhibitors, and combinations of these agents.

Obinutuzumab in FL
• Obinutuzumab has also improved outcomes for patients with FL. In the phase III GALLIUM trial, progression-free

survival (PFS) was improved with obinutuzumab plus chemotherapy in comparison with rituximab plus
chemotherapy in patients with previously untreated FL.

• Studies of obinutuzumab in combination with other targeted therapies are underway, with obinutuzumab plus
lenalidomide demonstrating promising clinical activity in both previously untreated patients, and those with
relapsed/refractory disease.

• In the phase IV GAZELLE study, a short duration infusion of obinutuzumab has demonstrated response rates at
end of induction comparable to previous studies, with no new safety signals.

Obinutuzumab in aggressive B-cell lymphoma, specifically diffuse large B-cell lymphoma
• The safety and efficacy of obinutuzumab plus chemotherapy has also been investigated in diffuse large B-cell

lymphoma, however no significant improvement in PFS, or event-free survival, was observed with obinutuzumab
plus chemotherapy compared with rituximab plus chemotherapy in patients with previously untreated diffuse
large B-cell lymphoma in the phase III GOYA or GAINED trials, respectively.

Obinutuzumab in additional indications
• A subset analysis of the phase III GALLIUM trial demonstrated no PFS difference for obinutuzumab plus

chemotherapy versus rituximab plus chemotherapy in patients with marginal zone lymphoma.
• Obinutuzumab plus lenalidomide has demonstrated activity in a subset of patients with relapsed/refractory

mantle cell lymphoma in the phase II GALEN trial. The combination of obinutuzumab plus venetoclax and
ibrutinib has also shown promising activity in a first line setting.

Conclusion
• Since its development, obinutuzumab has significantly improved outcomes for patients with CLL and FL.
• Research is ongoing to develop chemotherapy-free treatment regimens based on obinutuzumab.

Financial & competing interests disclosure

A Davies declares Celgene (Research Funding, Advisory Board, Honorarium, Other: travel to scientific conferences); Roche (Ad-

visory Board, Honorarium, Research Support, Other: travel to scientific conferences); Gilead/Kite Pharma (Advisory Boards, Hon-

orarium, Research Support); Takeda (Advisory Boards, Honorarium, Research Support); Janssen (Honorarium, Research Support);

Kayropharma (Advisory Board, Research Support); Acerta Pharma (Research Support, Honorarium); AstraZeneca (Research Sup-

port, Honorarium); ADC Therapeutics (Research Support, Honorarium); Incyte (Advisory Board attendance, Honorarium); VelosBio

(Advisory Board attendance, Honorarium). AP Kater declares personal fees and research support from Genentech, Roche, and Ab-

bVie; Research Support from Janssen; Consultancy fees from AbbVie, Genentech, Roche, BMS, Astra Zeneca, Janssen, and Lava;

Teaching Support from AbbVie. JP Sharman declares personal fees from AbbVie, Acerta Pharma (a member of the AstraZeneca

Group), AstraZeneca, Genentech, Pharmacyclics, Sunesis, and TG Therapeutics. S Stilgenbauer declares Advisory Board fees, Re-

search Support, Travel Support, and Speaker fees from AbbVie, Amgen, AstraZeneca, BeiGene, BMS, Celgene, Gilead, GSK, Roche,

2960 Future Oncol. (2022) 18(26) future science group



Obinutuzumab & B-cell malignancies Drug Evaluation

Janssen, Novartis, Sunesis. U Vitolo declares Roche (Honorarium, Advisory role, Speakers’ bureau); Janssen (Honorarium, Advisory

role, Speakers’ bureau); Celgene (Honorarium, Advisory role, Speakers’ bureau, Research Support); Mundipharma (Honorarium,

Speakers’ bureau). C Klein declares employment, patents & royalties and stock ownership with Roche. J Parreira declares employ-

ment, honorarium and stock ownership with Roche. G Salles research was funded in part through the NIH/NCI Cancer Center

support grant P30 CA008748; G Salles declares consulting fees from Morphosys, Incyte, Novartis, Epizyme; honorarium from Abb-

vie, BMS/Celgene, Epizyme, Janssen, Regeneron, Bayer; Advisory Board fees from Beigene, Epizyme, Genentech/Roche, Genmab,

Janssen, Incyte, Gilead/Kite, Miltenyi, Morphosys, Novartis, Velosbio, Takeda, Rapt, Loxo. The authors have no other relevant af-

filiations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject

matter or materials discussed in the manuscript apart from those disclosed.

Third-party medical writing assistance, under the direction of the authors was provided by A Lynch and E Lynch of Ashfield

MedComms, an Inizio company, and was funded by F Hoffmann-La Roche Ltd.

Open access

This work is licensed under the Attribution-NonCommercial-NoDerivatives 4.0 Unported License. To view a copy of this license,

visit http://creativecommons.org/licenses/by-nc-nd/4.0/

References
Papers of special note have been highlighted as: •• of considerable interest

1. Tedder TF, Klejman G, Schlossman SF, Saito H. Structure of the gene encoding the human B lymphocyte differentiation antigen CD20
(B1). J. Immunol. 142(7), 2560–2568 (1989).

2. Polyak MJ, Li H, Shariat N, Deans JP. CD20 homo-oligomers physically associate with the B cell antigen receptor. Dissociation upon
receptor engagement and recruitment of phosphoproteins and calmodulin-binding proteins. J. Biological Chem. 283(27), 18545–18552
(2008).

3. Pavlasova G, Mraz M. The regulation and function of CD20: an “enigma” of B-cell biology and targeted therapy. Haematologica 105(6),
1494–1506 (2020).

4. Davis TA, Czerwinski DK, Levy R. Therapy of B-cell lymphoma with anti-CD20 antibodies can result in the loss of CD20 antigen
expression. Clin. Cancer Res. 5(3), 611–615 (1999).

5. Eichhorst B, Robak T, Montserrat E et al. Chronic lymphocytic leukaemia: ESMO Clinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann. Oncol. 26(Suppl. 5), v78–84 (2015).

6. Swerdlow SH, Campo E, Harris NL et al. WHO classification of tumours of haematopoietic and lymphoid tissues. IARC, Lyon, France
(2017).

7. Zappasodi R, de Braud F, Di Nicola M. Lymphoma immunotherapy: current status. Front. Immunol. 6, 448 (2015).

8. Maloney DG, Grillo-Lopez AJ, White CA et al. IDEC-C2B8 (rituximab) anti-CD20 monoclonal antibody therapy in patients with
relapsed low-grade non-Hodgkin’s lymphoma. Blood 90(6), 2188–2195 (1997).

9. McLaughlin P, Grillo-Lopez AJ, Link BK et al. Rituximab chimeric anti-CD20 monoclonal antibody therapy for relapsed indolent
lymphoma: half of patients respond to a four-dose treatment program. J. Clin. Oncol. 16(8), 2825–2833 (1998).

10. Boross P, Leusen JH. Mechanisms of action of CD20 antibodies. Am. J. Cancer Res. 2(6), 676–690 (2012).
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