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Abstract: Through the years gemtuzumab ozogamicin (GO) has moved from a panacea in the 

treatment of acute myeloid leukemia (AML) to a pariah and back again. Early promise of targeted 

therapy with accelerated approval in the United States in 2000 gave way to fear over increased 

toxicity in the absence of efficacy, which subsequently resulted in the drug manufacturer voluntarily 

withdrawing GO from the market in 2010. We outline the history of GO in terms of initial drug 

development and early clinical trials that ultimately led the way to GO frontline use in AML based 

on a series of Phase III studies. Among these studies, we discuss the similarities and differences in 

terms of dosing, frequency, response rates, and toxicities that ultimately led to the re-approval of 

GO in 2017 based on efficacy, particularly in patients with core-binding factor (CBF) leukemia. 

Herein, we also review the clinical efficacy of GO in the frontline treatment of acute promyelocytic 

leukemia, which is based on either initial patient high-risk disease or potential co-morbidities that 

preclude the use of arsenic trioxide (ATO). Finally, we assess the current evidence for biomarkers 

aside from initial cytogenetics that may predict a favorable response to GO.
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Introduction
From the 1970s to 2000, the treatment of acute myeloid leukemia (AML) remained 

essentially stagnant.1 Most patients with a good performance status received a combina-

tion of an anthracycline and cytarabine. Meanwhile, patients with a poor performance 

status received best supportive care and, predictably, outcomes remained dismal.1,2 

While the treatment of patients not eligible for intensive therapy changed significantly 

with the advent of hypomethylating agents, progress in the treatment of patients suit-

able for intensive therapy was limited to the refinement of dosing and schedules.2 The 

efforts to elucidate different subtypes of AML based on molecular and cytogenetic 

changes raised great hopes of improvements in therapies with targeted agents, and in 

the last 2 years those improvements have begun to take shape.3,4 Played out in paral-

lel to this overarching story of promise, disappointment, and newfound promise is 

the saga of gemtuzumab ozogamicin (GO), the first antibody–drug conjugate to be 

approved for cancer treatment.5,6

With its approval in 2000 for the single-agent treatment of relapsed/refractory AML, 

GO was among the first wave of the new age of cancer drugs that seemed poised to 

change the course of cancer treatment with the promise of precision treatment based 
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on direct chemotherapeutic targeting of cluster of differentia-

tion 33 (CD33). When an interim analysis showed no benefit 

and increased induction fatalities, GO was removed from the 

market in 2010.7 The results of a subsequent trial, ALFA-

0701, and an individual patient level data meta-analysis of 

GO used in the frontline setting showing a survival benefit 

led to its re-approval in 2017.7

In light of this approval, for both newly diagnosed adults 

with CD33-positive AML and patients 2 years of age and 

older with relapsed/refractory CD33-positive AML, we 

endeavor to review the drug’s history from pre-clinical prom-

ise and initial early data supporting it’s conditional approval 

to the events that led to its removal from the market and the 

subsequent clinical data that allowed re-approval.

Pre-clinical data
CD33, or myeloid differentiation antigen, is expressed only 

on hematopoietic cells committed to the myeloid lineage 

and is expressed on the surface of the majority of AML 

blasts.8 Development of GO grew out of the thought that 

specifically targeting the CD33 antigen would spare the 

presumably normal precursors and allow for restoration of 

normal hematopoiesis.5,8,9 This idea was supported in work 

by Bernstein et al that demonstrated that CD33-CD34+ 

cells from patients with CD33+ AMLs in vitro grew normal 

colony-forming cells.10

It was first demonstrated that an anti-CD33 radio-

immunoconjugate was efficiently internalized by CD33-

positive cells, first in a xenograft murine model and then 

in humans.11,12 Collaborators in academia then worked with 

industry to develop a humanized anti-CD33 antibody conju-

gated with a derivative of calicheamicin, a chemotherapeutic 

agent that causes tumor cell death through DNA binding and 

resultant double strand cuts.5,9,13 The bond between antibody 

and drug is stable in circulation and then dissolves, once 

intracellular, to allow the calicheamicin to bind with the 

DNA.6 This drug antibody conjugate, CMA-676, became 

known as GO.

early trials and initial approval
The first trial to use GO was a Phase I dose escalation study 

in 40 adult patients (age 16–70) with relapsed or refractory 

AML, more than 50% of whom had poor risk disease.14 

Three patients had a complete remission (CR) and five had 

a CR with incomplete platelet recovery (CRp); the idea of 

CRp as a response to be included in overall response (OR) 

was a designation novel to this trial.6,14 Infusion reactions, 

prolonged myelosuppression, and reversible hepatotoxicity 

were the most frequent adverse effects.14 This trial defined a 

dose of 9 mg/m2 as the target dose for subsequent trials.6

Three Phase II trials were conducted in 142 adults with 

de novo AML in the first relapse at a dose of 9 mg/m2 every 

2 week for two doses. The side effect profile was consistent 

with that identified in the Phase I trial while the OR rate was 

30% (16% CR, and 13% CRp); it was noted that hepato-

toxicity was increased in patients with post allogeneic stem 

cell transplant (allo-SCT) and three patients who went for 

transplant after GO died of sinusoidal obstruction syndrome 

(SOS).14 Based on these studies, the drug was granted accel-

erated approval with the rationale that patients over 60 with 

relapsed AML would benefit. However, the approval was con-

tingent on the design and success of prospective randomized 

trials for which the S0106 trial was specifically designed.6

GO incorporation into induction
The use of GO as induction therapy has been extensively eval-

uated in five large randomized controlled studies (Tables 1 

and 2) from which patient level data were incorporated into 

one meta-analysis (Figure 1). The UK MRC AML15 Phase 

III randomized controlled trial (RCT) examined the use of 

GO in induction and consolidation in 1,113 younger (pre-

dominantly less than 60 years old) patients with non-acute 

promyelocytic leukemia (APL) AML across all risk groups15 

(Table 1). Patients were randomized to GO 3 mg/m2 for one 

dose on D1 of induction and consolidation chemotherapy. 

Within this study, the chemotherapy backbone was also 

randomized (Table 2). Transplant was allowed in first CR 

for non-favorable risk patients and for intermediate risk 

patients if a matched sibling donor was available. There was 

no difference in OR, early mortality, 5-year overall survival 

(OS), 5-year relapse-free survival (RFS), or treatment-related 

mortality (TRM). However, in pre-planned analysis there 

was a significant survival benefit by the addition of GO to 

induction in patients with favorable risk disease and a trend 

toward a survival benefit for patients with intermediate risk 

disease. There was no benefit of GO use in consolidation.

The SWOG S0106 Phase III RCT examined the use of 

GO in induction and post-consolidation for younger patients 

(18–60) with non-APL AML across all risk groups16 (Table 1). 

Patients were randomized to receive GO 6 mg/m2 on day 3 

(D3) with daunorubicin 45 mg/m2 D1–3 and cytarabine 

100 mg/m2 D1–7 or the same dose of daunorubicin and cytar-

abine without GO. After consolidation with three courses 

of high-dose cytarabine, patients remaining in CR were 

again randomized to GO 5 mg/m2 every 28 days ×3 doses.  

There was an increase in fatal toxicities during induction in 
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the + GO group and no benefit in CR or disease-free survival 

(DFS), which subsequently led to accrual closure in 2009 and 

raised concerns over the continued use of GO.

The first Phase-III RCT to use GO in the frontline induc-

tion regimens for older AML and high-risk myelodysplastic 

syndrome patients was the subsequent UK NCRI AML16 

trial17 (Table 1). Patients included were across all risk groups 

although, notably not surprisingly, in a study of older AML 

patients, favorable risk patients were underrepresented in 

comparison to other trials. Patients received GO 3 mg/m2 on 

D1 induction with a randomized chemotherapy backbone fol-

lowed by randomly assigned consolidation (without GO) vs no 

consolidation (Table 2). Patients who did not subsequently go 

to transplant, which was a vast majority of included patients, 

were randomized to azacitidine maintenance vs no mainte-

nance. Notably, in the GO cohort there was a 3-year cumula-

tive incidence of relapse (68% vs 76%) and OS (25% vs 20%) 

benefit in all risk groups and no increased toxicities.

In the French GOELAMS AML 2006IR study, 238 

patients between 18 and 60 years of age who had been ran-

domized to a standard 7+3 induction with or without GO 6 mg/

m2 were analyzed18 (Table 1). GO was also incorporated into 

a first mitoxantrone and intermediate dose cytarabine consoli-

dation course. CR rates were high with 92% of the GO group 

attaining CR and 86.5% of the standard care group. Toxicities 

were more prevalent in the GO cohort as four patients devel-

oped SOS and more Grades 3 and 4 hepatic toxicities were 

seen (23% vs 13%, P=0.031). There was no difference in 

3-year (event free survival (EFS) (51% vs 33%) or OS (53% 

vs 46%) in the GO compared to the standard arm. Interest-

ingly though, they did find significantly improved 3-year 

EFS (54% vs 27%) for the GO arm in the subset of patients 

who could not go on to consolidative allo-SCT although this 

improvement did not carry over to OS and was seen primarily 

in patients with intermediate risk molecular classification.

The ALFA-0701 trial was a Phase-III RCT designed to 

evaluate the effect of adding GO to a backbone of 7+3 (DNR 

60 mg/m2) in patients aged 50–70 with newly diagnosed 

non-APL AML19 (Table 1). Patients received 3 g/m2 GO on 

D1, 4, and 7. Patients in CR or CRp were then given consoli-

dation with or without GO based on initial randomization. 

There was a significant improvement in OS, 2-year EFS, and 

2-year RFS in the GO group. In a subgroup analysis, cyto-

genetics and genotype were the only important prognostic 

factors aside from treatment group. When adjusted for these 

factors, the GO group showed improved EFS and RFS but 

not OS. There was no increased risk of fatal toxicities in the 

GO group, but there were two cases of fatal SOS, with one 

occurring during induction while the other occurred during 

consolidation.

Figure 1 Schematic of the five clinical trials combined into a patient-level data meta-analysis of GO with standard induction therapy for frontline AML treatment.
Abbreviations: AML, acute myeloid leukemia; GO, gemtuzumab ozogamicin; OS, overall survival.
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Based on the results of these five trials, an individual 

patient-level data meta-analysis was undertaken (Figure 1). 

The Hills et al meta-analysis found that with the addition of 

GO although CR was not improved, the risk of relapse (RR) 

was reduced (OR 0.81, 95% CI 0.73–0.9, P=0.0001), and 

5-year OS increased (OR 0.9, 95% CI 0.82–0.98, P=0.01).20 

Results were unchanged when transplant patients were cen-

sored in sensitivity analysis. Patients with favorable risk cyto-

genetics had the largest benefit, intermediate risk cytogenetics 

had a smaller benefit, and adverse cytogenetics did not ben-

efit. Transplanted patients given the 3 mg dose did not have 

increased 100-day mortality but 6 mg dose patients did show 

an increase. There was no evidence of any benefit linked to 

a particular chemotherapy backbone. Likewise, no benefit of 

GO administration was associated with NPM1 or FLT3 muta-

tions, age, or gender. Importantly, this meta-analysis led to the 

reassessment of GO use and review of its licensing status.

Further trials that examined the use of GO in induction 

with intensive chemotherapy include the NCRI AML17 RCT, 

which compared the use of D1 3 mg vs 6 mg doses of GO 

in combination with anthracycline-based chemotherapy and 

found no difference in outcomes between doses, and did find 

increased toxicities, including increased early mortality, with 

the 6 mg dose.21 A trial to examine the fractionated dosing 

used in the ALFA-0701 trial and a one-time 3 mg flat dose 

on D1 is currently underway.21

In addition to concurrent use, GO has also been used 

sequentially with anthracycline-based chemotherapy. In the 

EORTC-GIMEMA AML-17 RCT, patients aged 61–75 years 

were randomized to either GO at a dose of 6 mg/m2 on D1 

and D15 followed by induction with mitoxantrone, etoposide, 

and cytarabine.22 Patients who achieved remission were then 

randomized to receive consolidation with or without idaru-

bicin, cytarabine, and etoposide. Out of 472 total patients, 

223 (47%) attained CR and CRp. There was no benefit of the 

addition of GO regarding OS and early mortality/toxicities 

were greater, leading the authors to conclude that there is 

no role for GO-sequenced therapy as frontline treatment for 

AML patients over 60.

In the frontline monotherapy realm, the EORTC-

GIMEMA AML-19 RCT studied the use of GO as mono-

therapy in 237 patients aged 61 or older, who were unfit 

for intensive therapy and were randomized to GO vs best 

supportive care. The GO dose was 6 mg/m2 on D1 and 3 

mg/m2 on D8. Those who had no progression of disease23 

after the first cycle could receive monthly doses of 2 mg/m2 

monthly for up to eight cycles. CR + complete remission with 

incomplete count recovery (CRi) were 27% in the GO group. 

There was a modest but statistically significant median OS 

benefit in the GO group and the 1-year OS in the GO group 

was 24% vs 10% in the BSC group. There was no significant 

difference in toxicities. The survival benefit was, again most 

pronounced in favorable cytogenetic risk groups, in women, 

and in patients with more than 20% CD33 expression, which 

was a finding unique to this trial.

GO in APL
In APL, CD33 was initially selected as a target based on its 

persistence in patients with minimal residual disease (MRD). 

The subsequent recognition that therapeutic targeting of 

this antigen could convert MRD-positive to MRD-negative 

status with resultant prolonged periods of remission led to 

its further development.24

The first report of GO for the treatment of APL was a 

patient who attained a prolonged remission after being given 

two doses of GO in the third relapse.25 This was followed up 

by an initial trial of GO in combination with all-trans retinoic 

acid (ATRA) for the frontline treatment of APL. GO was 

given as 9 mg/m2 on either D1 or 5 during induction with 

an additional eight doses of GO 9 mg/m2 administered every 

4–5 weeks for those patients in CR. Sixteen of 19 (84%) 

patients attained CR.26 A later study from the same center 

incorporated GO with ATRA and arsenic trioxide (ATO) on 

D1 for high-risk patients, who were defined as patients with a 

WBC count on presentation of $10×109/L. The CR and CRi 

rate was 92% with an estimated 3-year OS of 85%.27

The utility of GO for high-risk patients was later con-

firmed in the UK MRC AML 17 multi-center trial, albeit with 

a reduced dose of GO at 6 mg/m2 on D1 for those patients 

randomized to ATRA and ATO. Out of 30 high-risk patients 

who were treated with ATRA and ATO, 28 received GO. 

Although the 4-year OS of the group was 89%, the authors 

were unable to conclude what effect GO had on OS due to 

lack of randomization.28

Recently, the long-term outcome of gemtuzumab was 

reported when combined with ATRA and ATO for high-risk 

patients and low-risk patients who developed leukocytosis 

during induction. In this analysis of three prospective studies 

on 187 patients, the overall CR rate was 96%. Of the 133 low 

risk patients, 45% required either GO or idarubicin for leuko-

cytosis. The 5-year event free and OS rates were 85% and 88%, 

respectively.29 Although not randomized, these results suggest a 

clear role for frontline GO in high-risk disease, and for low-risk 

disease when leukocytosis occurs. Moreover, the addition of 

GO to frontline treatment of APL should be considered in APL 

patients with cardiac issues that preclude the use of ATO.30
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Biomarkers for GO response
Given the heterogeneity seen in the above responses to 

GO, the next logical step was to determine if there were 

leukemia-specific genetic and protein expression factors that 

could predict response aside from conventional karyotype. 

In a prospective review of GO, containing regimens as part 

of the Children’s Oncology Group, Pollard et al studied 

the association of CD33 expression in response and found 

that high CD33 expressers were associated with poor-risk 

disease features like FLT-3/internal tandem duplication 

mutations and served as independent predictors of worse 

outcomes.31 In a follow-up study, they then examined the 

effects of GO based on CD33 expression and determined 

that, in pediatric AML, GO lacks efficacy in patients with 

low CD33 expression but decreased risk of relapse (32% vs 

49%, P,0.001) and improved EFS (53% vs 41%, P=0.005) 

in the GO cohort.32 Improved outcomes with GO for patients 

with high expression of CD33 was later confirmed in adults 

as well.33 Interestingly, in adults, low CD33 expression is 

associated with adverse cytogenetics and core-binding factor 

(CBF) leukemia. Therefore, the authors concluded that the 

patients least likely to benefit from GO at the lower, now 

standard dose, are non-CBF leukemia patients with low 

CD33 expression.

Based on the favorable association of CD33 expression 

with clinical response, researchers next examined whether 

single nucleotide polymorphisms (SNPs) in CD33 were also 

predictive of response. The coding SNPs rs35112940 and 

rs12459419 were among those SNPs initially found to be 

associated with clinical outcomes in patients aged 0–29.34 

More recently, the CC genotype for rs12459419 was shown to 

predict response to GO among patients in the same age group 

by virtue of decreased relapse rate (26% vs 49%; P,0.001) 

and improved DFS (65% vs 46%, respectively; P=0.004) in 

the GO vs no GO arm.35 The same group developed an “SNP 

score” to identify patients who would benefit clinically from 

the addition of GO in their treatment.36 However, Gale et al 

subsequently reported that, in an analysis of patients enrolled 

in the UKMRC AML 15 and NCRI AML 17 trials, they were 

unable to demonstrate a similar predictive effect of the CC 

genotype despite a similar distribution of genotype frequen-

cies and CD33 expression.37 As it stands, there is currently 

no clear role for using knowledge of SNP genotypes to guide 

clinical practice in adults, but we eagerly anticipate further 

developments in this area.

Discussion
GO was removed from the market for two issues, lack of 

demonstrated efficacy and evidence of increased toxicity. 

However, this removal appears to have been premature, 

as high-quality data reported subsequently supported both 

the safety and efficacy of GO in induction. This highlights 

the potential pitfalls when basing conditional approval of 

new drugs on a single trial. Indeed, there were thoughtful 

and well-substantiated pleas in literature, well before the 

re-approval of the drug, to consider the data available outside 

of the S0106 trial.38

The S0106 was ended early due to an increase in induction 

deaths. However, there were three major issues with this trial. 

The first is, as the authors of the study note, the death rate in 

induction in the control group was remarkably low at 1.4%.39 

This is well below the expected rate of approximately 5% 

based on the outcomes of previous trials, Furthermore, the 

induction fatality rate in the GO group was actually compa-

rable to what would be expected with standard anthracycline 

based induction.39 Second, GO was administered on D4 in 

this trial, but in all other trials was given on D1. Notably, in 

the MRC AML 16 trial, GO was given on D1 unless WBC 

count was high and then it was given on D4. In the patients 

who received it on D4, the benefit appeared to be less.17 

Furthermore, the daunorubicin dose in the GO group was 

45 mg/m2 in induction, which has been demonstrated to be 

less effective,40–42 while the safety of full-dose anthracycline 

and GO has been established.

In terms of safety, the four subsequently reported GO 

frontline RCTs have not borne out the previous safety con-

cerns, although the heterogeneity of the trial designs can 

make this a daunting task. First, in none of the subsequent 

trials was there an increase in TRM when GO was added to 

induction therapy. There was, however, some increase in 

serious incidences. What is notable, however, is that these 

appear to be dose dependent and at the approved fractionated 

dosing schedule, they do not appear to outweigh the potential 

benefit of the drug. Indeed, the one trial after the S0106 that 

used a 6 mg/m2 dose had a significant increase in Grades 3 

and 4 hepatic toxicities and had four cases of SOS. With the 

use of a one-time 3 mg/m2 dose that was used in both the UK 

MRC AML15 and NCRI AML16, there were only increased 

nausea and vomiting along with mild total bilirubin eleva-

tions in the NCRI16 trial, which notably was composed of 

older leukemics. The intermediate, fractionated dosing used 

in ALFA-0701 had significantly increased cytopenias but did 

not result in increased fatalities. There were two cases of fatal 

SOS in the ALFA-0701 trial, and none in the two trials that 

used a D1 3 mg/m2 dose. This may lead some to exercise 

caution in using GO in the fractionated dosing scheduled 

in patients who will go on to transplant. It may be that the 

ideal dosing schedule is as yet, not defined. A one-time D1 
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3 mg/m2 dose as used in the MRC15 trial appears to be the 

safest, and has a survival benefit in patients with favorable 

cytogenetics.

So, if GO is deemed safe then the second question becomes 

whether or not it is effective. In a disease with such poor out-

comes and slow therapeutic progress, the benefits associated 

with GO in the trials subsequent to S0106 are not to be ignored. 

Three of the four trials after S0106 demonstrated a small but 

significant OS benefit. In the MRC AML 15 trial, this was 

reserved for those with favorable cytogenetics (in a pre-planned 

subgroup analysis) but in MRC16 and ALFA-0701, this was 

seen among all patients. In the ALFA-0701, the effect was 

most pronounced in favorable or intermediate cytogenetics, 

but this was not a pre-planned subgroup analysis. In the meta-

analysis of AML 15 and AML 16, the benefit is marked in those 

with favorable cytogenetics. In the Hills et al meta-analysis, 

however, there appears to be a marked benefit in patients with 

favorable cytogenetics. Indeed, the NCCN has incorporated the 

use of gemtuzumab into induction but specifies only in CBF 

AML.30 The lack of improved CR with GO in the presence of 

a survival benefit suggests that, perhaps, it improves survival 

by eradicating MRD, an area of active research in AML, and 

a possible future endpoint for GO use.

Our current institutional practice is to confirm CBF 

leukemia via fluorescence in situ hydribization prior to 

starting induction, provided the patient is stable enough 

to wait the 48–72 hours for this result. We then add GO to 

anthracycline-based induction in CBF leukemias only. It 

appears from the data that it is critical that GO is given on 

D1 of treatment; therefore, we prefer to have that data back 

before treatment initiation.

In a time of great excitement for the treatment of AML, 

when many new drugs have been approved in the last 2 years 

and even more new approvals are on the horizon, questions 

will continue to arise about which therapy is most suitable 

for certain patient populations. As seen in the case of GO, 

it will be important to fully evaluate not only the use of the 

drug but also how it is dosed, at what time it is given during 

treatment, at what frequency, and with what other combi-

nations in order to ensure the maximum patient benefit to 

improve AML cure rates. As such, future Phase III RCTs 

will be necessary to separate toxicity and benefit across this 

heterogeneous AML landscape.
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