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Introduction

Myelodysplastic syndromes (MDS) refer to a class of hematologic 
malignancies that affect the bone marrow and are characterized 
by abnormalities in cell proliferation, maturation and survival.1,2 
Approximately 10,000–20,000 new cases are diagnosed annu-
ally in the United States and Europe (NCI SEER and WHO 
Globocan). There is a high incidence of transformation to acute 
myeloid leukemia (AML) and many patients also die due to com-
plications associated with the disease.2-4 MDS and AML are pre-
dominantly a disease of patients over the age of 60, and as such, 
the incidence will increase as the population ages. For 2009, the 
American Cancer Society (Cancer Facts and Figs. 2009) projected 
13,000 new cases and 9,000 deaths from AML in the US alone.

5-azacytidine (VidazaTM) and 5-aza-2'deoxycytidine 
(decitabine, DacogenTM) are nucleoside analogs that belong to 
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a class of epigenetic therapeutics capable of inducing tumor cell 
killing through the disruption of protein synthesis and inhibition 
of DNA methylation.5-8 Re-expression of tumor suppressor genes 
and cell cycle regulators are a result of their interactions with DNA 
methyltransferase I.9 Decitabine was reported to be ~10-fold more 
potent than 5-azacytidine.10,11 Elevated levels of DNA methyl-
transferases and hypermethylated DNA were found in blood and 
bone marrow samples from MDS and AML patients.12-15 Altering 
the methylation status of DNA in leukemic samples promoted 
the differentiation of tumor cells,16-18 resulting in reduced tumor 
cell growth,19 possibly by making them amenable to natural killer 
(NK) cell killing.18

5-azacytidine was the first drug approved by the FDA for the 
treatment of MDS.20 Expanded approval was granted recently 
based upon the outcome of a multi-center, controlled Phase III 
clinical trial where 5-azacytidine-treated patients demonstrated 

Despite therapeutic advances, the poor prognoses for acute myeloid leukemia (AML) and intermediate and high-risk 
myelodysplastic syndromes (MDS) point to the need for better treatment options. AML and MDS cells express the myeloid 
marker CD33, making it amenable to CD33-targeted therapy. Lintuzumab (SGN-33), a humanized monoclonal anti-CD33 
antibody undergoing clinical evaluation, induced meaningful responses in a Phase 1 clinical trial and demonstrated 
anti-leukemic activity in preclinical models. Recently, it was reported that 5-azacytidine (VidazaTM) prolonged the overall 
survival of a group of high risk MDS and AML patients. To determine whether the combination of lintuzumab and 
5-azacytidine would be beneficial, a mouse xenograft model of disseminated AML was used to evaluate the combination. 
There was a significant reduction in tumor burden and an increase in overall survival in mice treated with lintuzumab and 
5-azacytidine. The effects were greater than that obtained with either agent alone. As the in vivo anti-leukemic activity 
of lintuzumab was dependent upon the presence of mouse effector cells including macrophages and neutrophils, in 
vitro effector function assays were used to assess the impact of 5-azacytidine on lintuzumab activity. The results show 
that 5-azacytidine significantly enhanced the ability of lintuzumab to promote tumor cell killing through antibody-
dependent cellular cytotoxicity (ADCC) and phagocytic (ADCP) activities. These results suggest that lintuzumab and 
5-azacytidine act in concert to promote tumor cell killing. Additionally, these findings provide the rationale to evaluate 
this combination in the clinic.
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common adverse event being transient chills with the 
initial infusion.33 Clinical response was observed in 7 
(four complete remissions) of 17 AML patients with 
blast percentages ranging from 29–63%.33

In a previous study, we reported that lintuzumab 
significantly prolonged the survival of mice in multiple 
models of AML.34 Additionally, lintuzumab interacts 
with effector cells to mediate tumor cell killing through 
antibody-dependent cellular cytotoxicity (ADCC) and 
phagocytosis (ADCP) activities. In the current study, 
experiments were undertaken to assess the impact of 
5-azacytidine on the ability of lintuzumab to effect 
anti-leukemic activity. The results show that 5-azacyti-
dine enhanced lintuzumab-mediated effector functions 
in vitro and promoted significant anti-tumor effects 
in vivo. These findings demonstrate that greater anti-
tumor activity may be achieved with the combination 
of lintuzumab and 5-azacytidine than with either agent 
alone, providing the rationale for this combination to 
undergo clinical evaluation as an alternative option for 
the treatment of CD33+ myeloid diseases. A Phase II 
clinical trial to gauge the activity of this combination in 
previously untreated MDS patients has been initiated.

Results

5-Azacytidine enhances the in vivo activity of 
lintuzumab in a disseminated model of AML. 
We recently reported that lintuzumab (SGN-33) 
prolonged the survival of mice in multiple preclinical 
models of AML.34 In the current study, an aggressive 
HL60cy model of AML was used to assess the effect 
of 5-azacytidine on the in vivo activity of lintuzumab. 
In the HL60cy model, the mice displayed signs of 
disease (scruffy coat, significant weight loss, hind limb 

paralysis, buffalo head and presence of palpable tumors) almost 
three times faster (within 20–30 d) than the HL60 model we 
reported (40–80 d for disease symptoms to develop).34 The results 
of dosing tumor-bearing mice with lintuzumab and 5-azacytidine 
1 d (referred to as Day 1) or 3 d (referred to as Day 3) after 
intravenous injection of the tumor cells are shown in Figure 1. 
The mice were given a single dose of lintuzumab (0.3 mg/kg) 
and the maximum tolerated dose of 5-azacytidine (5 mg/kg, 
every 3 d x 5 doses). The dose of lintuzumab tested was sufficient 
to offer reasonable activity on Day 1 and adequate for testing 
in combination with 5-azacytidine. These treatments did not 
show any negative side effects on the health of the mice (data not 
shown). A single dose of lintuzumab given on Day 1 significantly 
improved the survival of the mice compared to untreated or hIgG1 
treated mice (median survival time of 41.5 d for lintuzumab 
compared to 27 d for untreated and 22 d for hIgG1-treated 
mice, p = 0.012, log rank test, Fig. 1A). 5-Azacytidine-treated 
mice also showed greater survival compared to untreated mice 
(p < 0.0001, Fig. 1A) but survival was not significantly different 
compared to lintuzumab alone (Fig. 1A). Interestingly, the 
combination of lintuzumab with 5-azacytidine provided greater 

improved overall survival, increased quality of life and reduced 
risk of transformation to AML compared to conventional care 
regimens.21,22 Similar outcomes were described for elderly 
patients with low blast counts (reclassified as AML under WHO 
criteria).23 Despite these achievements, multiple treatment cycles 
of 5-azacytidine were needed to obtain a response and most of 
the patients who responded to treatment eventually relapsed.22-25 
Additionally, modest benefit was observed in patients with 
relapsed/refractory disease26,27 or in high-risk MDS and AML 
patients with unfavorable cytogenetics.25 Clearly better therapy 
options are needed.

Lintuzumab, also known as SGN-33 or HuM195,28 is a 
humanized monoclonal antibody (mAb) in clinical develop-
ment that targets CD33, a myeloid lineage-specific antigen nor-
mally expressed on precursor myeloid cells and most monocytic 
cells.29 CD33 is an important drug target expressed on AML and 
MDS tumor cells.30-32 In ongoing clinical trials, the antibody 
is under evaluation in patients with myeloid malignancies who 
are not considered candidates for intensive chemotherapy. The 
results from a multiple dose, single arm dose escalation Phase 1 
study showed that the antibody is well-tolerated, with the most 

Figure 1. 5-Azacytidine significantly enhances the in vivo activity of lintuzumab 
(SGN-33) in the HL60cy disseminated disease model of AML. Mice (n = 8–10/group) 
were injected with 5 million cells and dosed 1 day (A) or 3 days later (B) with a 
single dose of 0.3 mg/kg lintuzumab or hIgG1 (arrow) and 5-azacytidine (5 mg/kg, 
q3d x 5). The combination of lintuzumab + 5-azacytidine significantly enhanced 
survival of mice dosed on Day 1 (p = 0.0008 to untreated mice or mice treated with 
hIgG, SGN-33 alone, or 5-azacytidine alone by log-rank test) or Day 3 (p = 0.002 to 
untreated mice or mice treated with hIgG, SGN-33 alone, and p = 0.02 to treatment 
with 5-azacytidine alone by log-rank test). The results shown are representative of 
data obtained from two separate experiments.
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domain of lintuzumab and host Fcg receptor-expressing immune 
effector cells was required for anti-tumor activity in this model. 
In the second approach, immune effector cells in tumor-bearing 
mice were selectively removed. Depletion of macrophages with 
clodronate-encapsulated liposomes (CEL, Fig. 3B) or neutrophils 
with an anti-GR-1 antibody (Fig. 3C) almost eliminated the 
activity of the antibody (p = 0.0008 and p < 0.0001, respectively 
to SGN-33 alone). In contrast, abrogating NK activity with anti-
Tm-b1 antibody marginally affected activity (p = 0.13 to SGN-
33 alone, Fig. 3D) and results were similar to depletion of NK 
cells with an anti-asialo GM-1 antibody (data not shown).

5-azacytidine enhances lintuzumab-mediated ADCP activ-
ity in vitro. Having demonstrated the combination effect of 
lintuzumab and 5-azacytidine in vivo as well as the importance 
of Fc-Fcg receptor interaction in mediating lintuzumab activity, 
we proceeded to examine the effect of 5-azacytidine on lintu-
zumab-mediated effector functions. In the presence of primary 
human macrophages, lintuzumab mediated the phagocytosis 
of HL60cy and HEL9217 cells in a dose-dependent manner 
whereas the hIgG1k control antibody demonstrated minimal 
activity (Fig. 4A and B), in agreement with previously reported 
findings.34 Pretreatment of monocyte-derived macrophages 
with 5-azacytidine significantly increased lintuzumab-mediated 

survival benefit compared to treatment with either 
agent alone (median survival time of 70 d for the 
combination compared to 40 d for 5-azacytidine, 
p = 0.0005 or 41.5 d for lintuzumab, p = 0.0008, 
Fig. 1A). In the Day 3 study, 5-azacytidine 
alone significantly increased the survival of mice 
(p < 0.0001, Fig. 1B) whereas a single dose of 
lintuzumab exhibited a modest survival advantage 
that was not significantly different from untreated 
(Fig. 1B). Similar to treatment initiation on Day 1, 
the combination of lintuzumab with 5-azacytidine 
significantly increased survival relative to either 
lintuzumab or 5-azacytidine alone when mice were 
dosed 3 d after the administration of the tumor cells 
(median survival time of 51.5 d for the combination 
compared to 39.5 d for 5-azacytidine alone, p = 
0.019 or 28 d for lintuzumab, p = 0.002, Fig. 1B). 
Comparable results were observed with lintuzumab 
dosed at 1 mg/kg (data not shown). In experiments 
where treatment was initiated 7 d after injection of 
tumor cells, the survival of mice was significantly 
prolonged by the combination of lintuzumab and 
5-azacytidine compared to lintuzumab alone (data 
not shown).

Lintuzumab does not increase the direct 
cytotoxic activity of 5-azacytidine against 
AML cell lines in vitro. Since 5-azacytidine 
showed single-agent activity in the HL60cy 
model (Fig. 1), we examined the effects of 
5-azacytidine and lintuzumab against AML cell 
lines in vitro. In both HL60cy and KG-1 cell lines, 
5-azacytidine significantly decreased cell viability 
at concentrations higher than 100 nM (Fig. 2). 
On the other hand, lintuzumab at concentrations up to  
10 mg/mL had no direct effect on cell viability. The addition 
of lintuzumab alone, or cross-linked by a secondary antibody, 
also did not enhance the cytotoxic effect of 5-azacytidine  
(Fig. 2). These data suggest that increased direct cytotoxicity 
against AML cells might not be the dominant mechanism 
underlying the combined effect of lintuzumab and 5-azacytidine 
in vivo.

Anti-leukemic activity of lintuzumab in vivo requires 
effector cells. Lintuzumab (SGN-33) interacts with effector 
cells in vitro to mediate tumor cell killing.34 Two approaches 
were applied to determine the role of antibody effector functions 
and host innate immune system in the anti-leukemic activity of 
lintuzumab in the HL60cy xenograft model. First, a variant of 
lintuzumab (SGN-33 G1v1) with amino acid substitutions in the 
heavy chain constant domains to reduce Fcg receptor binding 
was engineered.35 Similar to a G1v1 variant of an anti-CD70 
antibody,36 SGN-33 G1v1 does not bind to the human Fcg 
receptor I (CD64), Fcg receptor IIIA (CD16), or to the murine 
Fcg receptor IV (the functional counterpart of CD16) (data not 
shown). The G1v1 engineering of SGN-33 completely abolished 
the anti-leukemic activity of the antibody (Fig. 3A, p < 0.0001 to 
SGN-33), suggesting that a functional interaction between the Fc 

Figure 2. Lintuzumab (SGN-33) does not enhance the direct cytotoxic effect of 5-aza-
cytidine against AML cell lines in vitro. HL60cy and KG-1 AML cell lines were incubated 
with increasing concentrations of 5-azacytidine, lintuzumab or 5-azacytidine in combi-
nation with 10 mg/ml lintuzumab or cross-linked lintuzumab (XL-SGN-33) as described 
in Materials and Methods. Similar results were obtained with HEL9217 cells (data not 
shown). Data shown are mean ± SEM of duplicate values graphed as % untreated 
(untreated = 100%).
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CD16 (Fcg receptor IIIA), CD32 (Fcg receptor II), and CD64 
(Fcg receptor I) expression on macrophages by flow cytometry  
(Fig. 4C). In two independent experiments (MAC #1 and 
MAC#2, Fig. 4C), we did not detect any marked changes in 
CD16 or CD64 expression; however, in the presence of 5-aza-
cytidine, a detectable trend in the upregulation in CD32 expres-
sion was observed (Fig. 4C).

5-Azacytidine enhances lintuzumab-mediated ADCC 
activity in vitro. Lintuzumab mediated the tumor cell killing 
of KG-1 cells in the presence of primary human NK cells in a 
dose-dependent manner (Fig. 5A), in agreement with previ-
ous findings.34 In contrast, the hIgG1k control antibody and  
SGN-33 G1v1 construct demonstrated minimal activity even at a 
saturating concentration of 1 mg/mL (Fig. 5A). Pretreatment of 
NK cells with 5-azacytidine at 5 nM or 50 nM for 2 h significantly 
increased lintuzumab-mediated tumor cell killing compared to 
untreated NK cells (Fig. 5A, p < 0.0002, 2-way ANOVA). As was 
observed with the ADCP assay, the concentrations of 5-azacyti-
dine required to affect ADCC activity were significantly lower 
than those required to directly kill the tumor cells (IC

50
 in a 96 h 

cytotoxicity assay for KG-1 = 1.5 mM, Fig. 2) and comparable to 
plasma values reportedly found in patients.37,38 While the effect 
on maximal cell lysis was modest, there was an approximately 
3-fold shift in EC

50
 values. For cells treated with 5 nM or 50 nM 

5-azacytidine, the EC
50

 was 12–14 ng/ml compared to 45 ng/ml 
for untreated cells (Fig. 5A). Similar increases in ADCC activ-
ity were obtained when NK cells were pretreated with a more 
potent DNA demethylating agent, 5-aza-2'deoxycytidine11 (data 

phagocytosis of HL60cy cells compared to untreated cells (p = 
0.018, 2-way ANOVA, Fig. 4A). The concentrations of 5-aza-
cytidine tested were significantly lower than that required 
to directly kill tumor cells (IC

50
 in a 96 h cytotoxicity assay 

for HL60cy and HEL9217 = 1.5 mM, Fig. 2 and data not 
shown) and comparable to plasma values reportedly found in 
patients.37,38 There was a detectable increase in overall cell lysis 
(20% in untreated to a maximum of 34% in treated) as well 
as a significant shift in EC

50
 values. For 5-azacytidine-treated 

macrophages, the EC
50

 (~200 ng/ml) was 3-fold lower than that 
found for untreated HL60cy cells (~600 ng/ml) (Fig. 4A). Prior 
treatment of macrophages with 5-azacytidine also increased the 
specific phagocytosis from 18–28% when HEL9217 cells were 
used as target cells (Fig. 4B) but did not significantly alter the 
EC

50
 values. Increasing the concentration of 5-azacytidine from 

100 nM to 10 mM also did not change the maximum activity 
(data not shown). Pretreatment of HL60cy or HEL9217 target 
cells with 5-azacytidine for 18 h did not alter CD33 levels, sug-
gesting that enhanced phagocytosis was not a result of 5-aza-
cytidine-induced CD33 overexpression on the target cells (data 
not shown). 5-Azacytidine pretreatment also did not render 
HL60cy or HEL9217 cells more susceptible to phagocytosis by 
macrophages. Collectively, these data suggest that the observed 
increase in phagocytosis was an effect of 5-azacytidine on mac-
rophages rather than on target cells.

Interaction between the Fc domain of the antibody and the 
Fcg receptors expressed on macrophages is a key step toward 
phagocytosis. We examined the effect of 5-azacytidine on 

Figure 3. The in vivo activity of lintuzumab (SGN-33) in a disseminated disease model of AML is dependent up the presence of murine effector cells. 
In the HL60cy model, mice (n = 10/group) were treated one day prior or the same day with agents to deplete murine effector cells as described in 
Materials and Methods. Mice were injected with 5 million cells and dosed 1 d later with a single dose of 10 mg/kg lintuzumab or the mutant, SGN-
33G1v1 (arrow, A). The anti-leukemic activity of lintuzumab is dependent upon the presence of murine macrophages (B, p = 0.0008, log rank test) and 
neutrophils (C, p < 0.0001) but less on NK cells (D, p = 0.13). Results shown for depletion of NK cells with anti-TM-b1 (TMB) was similar to that obtained 
using anti-asialo GM-1 (ASGM). The results shown are representative of data obtained from two separate experiments.
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combination of lintuzumab with 5-azacytidine may prove to be 
clinically relevant. Indeed, a clinical trial has recently been initi-
ated to evaluate this combination in previously untreated MDS 
patients.

Epigenetic compounds including 5-azacytidine can modify 
the biology of transformed cells in multiple ways to achieve activ-
ity. Aberrant methylation leading to silencing of tumor suppres-
sor genes has been reported in MDS and AML.12-15 Exposure of 
tumor cells to 5-azacytidine and 5-aza-2'deoxycytidine promotes 
the differentiation of the tumor cells, resulting in changes in 
morphology, phenotype, and various cellular properties.17,18 In 
the presence of 5-azacytidine, increased differentiation of AML 
cells was associated with augmented expression of the NKG2 
ligand, UL16 binding protein, resulting in enhanced NK cell 
activity and tumor cell lysis.18 On the other hand, high con-
centrations of 5-azacytidine and 5-aza-2'deoxycytidine directly 
killed tumor cells.7,11,39 The IC

50
 for 5-azacytidine in a 96 h in 

vitro cytotoxicity assay against KG-1, HL60cy or HEL9217 cell 
lines was approximately 2 mM (Fig. 2). Based on previously pub-
lished pharmacokinetic parameters for 5-azacytidine observed 
in mice,8,40 it is likely that the 5 mg/kg dose used in the cur-
rent study could result in plasma 5-azacytidine levels that were 

not shown). Pretreatment of KG-1 target cells for 2 h or 18 h with 
5-azacytidine did not alter CD33 levels and did not render them 
more susceptible to lysis by NK cells in the ADCC assay (data 
not shown).

Flow cytometry was used to assess the effects of 5-azacytidine 
on the levels of phenotypic markers associated with function-
ally mature NK cells including CD16, perforin and granzyme B 
(Fig. 5B). Co-incubation of NK cells with AML cells (KG-1 or 
HEL9217) in the presence of 5-azacytidine did not affect CD16 
expression; however, a trend for an increase in the levels of per-
forin and granzyme B in NK cells was detected (Fig. 5B). These 
changes in the expression of perforin and granzyme B did not 
appear to result from an increase in RNA synthesis since signifi-
cant changes in mRNA levels were not seen by RT-PCR assays 
(data not shown).

Discussion

In this study, the effects of an epigenetic therapeutic agent, 
5-azacytidine, on the anti-leukemic activity of the humanized 
anti-CD33 antibody, lintuzumab, were investigated and charac-
terized. The results suggest that targeting AML and MDS with a 

Figure 4. 5-Azacytidine significantly enhances lintuzumab (SGN-33)-mediated ADCP activity and increased the expression of CD32 on human  
macrophages. Macrophages isolated from human PBMCs cultured long-term in GM-CSF were pre-treated with 10 nM or 100 nM 5-azacytidine prior to 
addition of lintuzumab-treated AML cell lines, HL60cy (A) or HEL9217 (B). 5-azacytidine significantly enhanced lintuzumab-mediated ADCP activity  
(p < 0.018, 2-way ANOVA). Data shown are mean ± SEM of triplicate values from two to three separate experiments using macrophages from different 
donors. (C) Flow cytometry analyses of the Fcg receptors CD32, CD16 and CD64 on human macrophages incubated with 100 nM 5-azacytidine or vehi-
cle for 18 h. Data (gating on live cells) are expressed as ratio of MFI for each marker to MFI for the isotype control. Data from two separate experiments 
using cells from two different donors (MAC # 1 and MAC # 2) are shown and expressed as mean ± SD of duplicate values. *p < 0.05 to No 5-azacytidine.



www.landesbioscience.com mAbs 445

5-azacytidine enhanced the expression of the macrophage man-
nose receptor (CD206) on a mouse macrophage cell line in cul-
ture, suggesting that it may modulate cell surface receptors to 
regulate their phagocytic function;41 however, with the excep-
tion of a slight upregulation in CD32 expression, 5-azacytidine 
did not induce any pronounced changes in CD16 or CD64 on 
human macrophages in the current study. Additional experi-
ments are needed to better define how 5-azacytidine improves 
the functions of differentiated immune effector cells and whether 
these changes in phenotypic marker expression are sufficient to 
contribute to significant activity in vivo.

Treatment of NK cells with 5-azacytidine improved the lintu-
zumab-mediated lysis of tumor cells. Increased ADCC activ-
ity was associated with elevated specific lysis and a 2- to 4-fold 
decrease in EC

50
. As was observed in the ADCP study, the effect 

of this demethylating agent on ADCC activity was achieved with 
concentrations much lower than those needed for direct tumor 
cell killing. These findings are in line with previous reports that 
the compounds produced hypomethylation at levels lower than 
that required to affect cell viability.10,39 Demethylating agents 
have also been reported to modify antibody-independent NK 
lytic activity,45,46 possibly through changes in chromatin struc-
ture.19,47,48 Treatment of primary human NK cells or NK cell 
lines with micromolar quantities of 5-azacytidine suppressed 
cytolytic activity, resulting in decreased lysis of NK-sensitive 

cytotoxic to the implanted AML cells. The significant benefit 
and improved overall survival obtained when mice were treated 
with the combination of lintuzumab and 5-azacytidine might 
therefore result from an enhanced cytotoxic activity of 5-azacyti-
dine in the presence of lintuzumab; however, this hypothesis is 
not supported by the observation that in vitro, the combination 
of 5-azacytidine with lintuzumab did not yield enhanced killing 
of AML cells (Fig. 2).

One potential mechanism by which lintuzumab exerts its 
anti-tumor activity is through interactions with immune cells to 
mediate effector functions, including ADCP and ADCC activi-
ties.28,34 The importance of effector cells in mediating the anti-
leukemic effect of lintuzumab in preclinical xenograft models 
was demonstrated using antibodies and other reagents that ablate 
effector cells. Depletion of Fcg receptor-expressing cells, in par-
ticular macrophages and neutrophils, eliminated the protective 
effect of lintuzumab in an aggressive HL60cy mouse model of 
AML.

The impact of 5-azacytidine on lintuzumab-mediated tumor 
cell killing was assessed in vitro using effector function assays. 
5-Azacytidine increased the phagocytosis of lintuzumab-coated 
AML cells that was associated with a decrease in EC

50
 for lintu-

zumab. Incubation with 5-azacytidine did not seem to affect 
CD33 expression on AML cells or macrophages. 5-Azacytidine 
can promote the differentiation of many cell types.41-44 Indeed, 

Figure 5. 5-Azacytidine significantly enhanced the lintuzumab (SGN-33)-mediated ADCC tumor cell killing activity and increased the expression of 
human NK lytic enzymes, perforin and granzyme B. (A) NK cells isolated from FcgRIIIA 158V/V donors were pre-incubated for 2 h with 5 nM or 50 nM 
5-azacytidine. ADCC activity against KG-1 tumor cells was assessed in three separate experiments as described in Materials & Methods using cells 
from two different donors. Pretreatment of NK cells with 5-azacytidine significantly increased SGN-33 mediated ADCC activity (p < 0.0002, 2-way 
ANOVA). (B) Flow cytometry analyses of CD16, perforin and granzyme B on human NK cells incubated with 50 to 100 nM 5-azacytidine or vehicle in the 
presence of KG-1 or HEL9217 AML cell lines for 4–6 h. Data (gating on live NK cells) are expressed as ratio of MFI for each marker to MFI for the isotype 
control. Data using NK cells from two different donors are shown, expressed as mean ± SD of duplicate values. *p < 0.01 to No 5-Azacytidine.
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combination with 10 mg/ml lintuzumab or cross-linked lintu-
zumab for 96 h. Lintuzumab was cross-linked by incubating 
the antibody at room temperature for 20 minutes with a 4-fold 
amount of goat anti-human IgG polyclonal antibody (Jackson 
Immunoresearch, West Grove, PA, USA). Cell viability was mea-
sured with Celltiter-Glo (Promega, Madison, WI, USA). Results 
were reported as IC

50
, the concentration of compound needed to 

yield a 50% reduction in viability compared to untreated cells 
(control = 100%).

Antibody-dependent cellular phagocytosis (ADCP). ADCP 
was assessed using a previously described method.51 Macrophages, 
generated from normal human PBMCs cultured with  
500 U/ml human granulocyte-macrophage colony-stimulating 
factor (GM-CSF, PeproTech, Rocky Hill, NJ, USA), were treated 
for 18 h with vehicle or 5-azacytidine. Target AML cells were 
incubated with the fluorescent dye PKH67 (Sigma) prior to addi-
tion of lintuzumab or hIgG1 and primary human macrophages. 
The macrophages were labeled with a PE/Cy5-conjugated CD11b 
antibody (BD Pharmingen, San Diego, CA, USA). To mitigate 
the possibility of lintuzumab binding to the macrophages and 
interfering with the assay, target AML cell lines were first coated 
with lintuzumab and washed several times before they were incu-
bated with the macrophages. Uptake of the target cells by the 
macrophages (phagocytosis) was assessed by flow cytometry and 
visualized by immunofluorescence using a Carl Zeiss Axiovert 
200M microscope.

Macrophages that had been treated with vehicle or 5-azacyti-
dine were also assessed by flow cytometry to evaluate the expres-
sion of relevant phenotypic markers including CD16, CD32 
and CD64 using commercially available antibodies from BD 
Pharmingen.

Antibody-dependent cellular cytotoxicity (ADCC). ADCC 
activity was measured using the standard 51Cr-release assay as 
previously described.51 Briefly, the KG-1 target tumor cells were 
labeled with 100 mCi Na51CrO

4
, washed and pre-incubated with 

lintuzumab prior to addition of effector (natural killer, NK) cells. 
NK cells were prepared from non-adherent peripheral blood 
mononuclear cells (PBMCs) obtained from normal FcgRIIIA 
158V/V donors (Lifeblood, Memphis, TN) with immunomag-
netic beads (EasySep, StemCell Technologies, Vancouver, BC, 
CA). Viable NK cells (CD16+ CD56+) were pre-incubated with 
5-azacytidine for 2 h prior to addition to target cells at an effec-
tor to target cell ratio of 10:1. A human IgG1k (Ancell, Bayport, 
MN, USA) and SGN-33G1v1 were used as negative controls in 
this assay.

NK cells that had been treated with vehicle or 5-azacytidine 
and incubated with or without KG-1 or HEL9217 AML cell lines 
for 4 to 6 h were also assessed by flow cytometry to evaluate the 
expression of relevant phenotypic markers including CD16, per-
forin, and granzyme B (BD Pharmingen). In one study, 1 mg/ml 
brefeldin (BD GolgiPlug, BD Biosciences, San Jose, CA, USA) 
was added to the cells, but the results were not significantly dif-
ferent from that obtained without the protein transport inhibitor.

Anti-leukemic activity of lintuzumab and its in vivo mech-
anism of action. Animal experiments were conducted in an 
AALAC (Association for Assessment of Laboratory Animal Care) 

cell lines.45,46 Loss of antibody-independent NK killing activity 
was associated with overexpression of inhibitory KIRs (killer 
immunoglobulin-like regulatory receptors) and impaired release 
of perforin and granzymes.45 Interestingly, in the current study, 
we found that sub-micromolar concentrations of 5-azacytidine 
actually improved lintuzumab-mediated ADCC against AML 
target cells. The underlying mechanism responsible for increased 
ADCC activity needs to be further defined, although there was a 
trend for 5-azacytidine treatment to increase the in vitro expres-
sion of perforin and granzyme B in NK cells without altering 
their mRNA levels. It has been reported that treatment of human 
CD4+ and CD8+ T cells with 5-azacytidine enhanced perforin 
expression.49 Hence, demethylating agents may trigger common 
signaling pathways responsible for the release of lytic enzymes 
upon ligand binding to Fcg receptor III and the T-cell receptor.50

Additional studies are needed to further refine our under-
standing of how epigenetic changes in immune effector cells 
enhanced the anti-leukemic activity of lintuzumab in preclinical 
models. The in vitro data demonstrating lintuzumab-mediated 
antibody effector functions34 and the requirement for effector 
cells to mediate in vivo activity clearly support a significant role 
for the interaction between lintuzumab and host innate immune 
functions. Perhaps the NK cells that contributed minimal benefit 
when lintuzumab was tested as a single agent in vivo became a 
larger factor in the presence of 5-azacytidine. It is also possible 
that the effects of 5-azacytidine in vitro on phenotypic marker 
expression, i.e., CD32 for macrophages and perforin and gran-
zyme B for NK cells, and on ADCP and ADCC activities trans-
lated to sufficiently greater anti-tumor activities in vivo.

While 5-azacytidine improved overall survival and 
quality of life for MDS and AML patients in a recent clinical  
trial,21-23 several shortcomings exist, including the association of 
early relapse with cessation of treatment.21,22 Therefore, there is 
a need for improved therapeutic options. The findings from the 
current study demonstrate that lintuzumab and 5-azacytidine 
work in concert to effectively mediate anti-tumor activity in vitro 
and in vivo. Greater anti-tumor activity was achieved with the 
combination of lintuzumab and 5-azacytidine compared with 
either agent alone. These data provide the rationale to investigate 
the combination of lintuzumab and 5-azacytidine in the clinic.

Materials and Methods

Cell lines. The human AML cell lines HL60 and HEL9217 were 
obtained from ATCC (Manassas, VA, USA) while KG-1 cells 
were purchased from DSMZ (Braunschweig, Germany). The 
cells were grown in RPMI-1640 media (Invitrogen, Carlsbad, 
CA, USA) supplemented with 10% heat-inactivated fetal bovine 
sera (Invitrogen). HL60cy cells were obtained upon long-term 
culture of the HL60 cells. HL60cy cells exhibited a more aggres-
sive growth pattern in vitro and in vivo but expressed the same 
phenotypic markers as the parent cell line except for higher levels 
of CD33 (16,800 copies compared to 12,000 copies).

Cytotoxicity assay. HL60cy and KG-1 AML tumor cell lines 
were incubated with increasing concentrations of 5-azacytidine 
(Sigma, St. Louis, MO, USA), lintuzumab, or 5-azacytidine in 
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blocks binding of IL-2 to its receptor and abrogates NK activ-
ity.54 To deplete macrophages, the mice were dosed a total of 
seven times once every 3 days with clodronate-encapsulated lipo-
somes (CEL, 80 mg/kg).53 One day after tumor cell injection, 
the mice were treated with a single dose of 10 mg/kg lintuzumab 
or SGN-33G1v1, a variant of lintuzumab which had been engi-
neered to reduce Fcg receptor binding.35 Depletion of effector 
cells was confirmed by flow cytometry.

For activity experiments, SCID mice were injected intrave-
nously with tumor cells. The mice were then pooled, randomly 
distributed into treatment groups, and dosed intraperitoneally 
one day or 3 days later with a single dose of a nonbinding control 
antibody or lintuzumab (0.3 mg/kg) and the maximum tolerated 
dose of 5-azacytidine (5 mg/kg, every 3 days x 5 doses).

Data were plotted and analyzed using the Kaplan Meier 
Survival Curves and logarithmic rank test in Prism (GraphPad 
Software, San Diego, CA, USA).
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accredited facility and under IACUC (Institutional Animal Care 
and Use Committee) guidelines and approval. An aggressive 
model of disseminated AML was established in female C.B-17 
SCID mice (Harlan, Indianapolis, IN) with the HL60cy tumor 
cells (5 x 106 cells/mouse) administered intravenously. The ani-
mals were routinely monitored for signs of disease, including a 
significant weight loss of 15–20%, development of scruffy coats, 
buffalo head, hind limb paralysis, and presence of palpable 
tumors. In contrast to a previously described HL60 model,34 
the onset of disease with the HL60cy cell line occurred between 
20–30 days after injection of the cells. Mice were euthanized 
upon onset of symptoms. Flow cytometric analyses of blood, 
bone marrow, lymph node and tumor masses confirmed the pres-
ence of human CD33+ tumor cells in these tissues.

To determine the in vivo mechanism of action of lintuzumab, 
SCID mice were treated on the same day or one day prior to 
tumor cell injection, with depletion reagents to selectively 
remove effector cells as described previously.52,53 Briefly, mice 
were given a total of six doses once every 5 days of anti-asialo 
GM-1 (ASGM, 1.25 mg/kg, Wako Pure Chemical industries, 
Richmond, VA, USA) or anti-GR-1 (4 mg/kg, BD Biosciences) 
antibodies to deplete NK cells and neutrophils, respectively. 
An additional group of animals was given 100 mg anti-TM-b1 
(IL-2Rb) antibody (TMB, BioLegend, San Diego, CA, USA) 
once every 21 days for a total of two doses. The TMB antibody 
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