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ABSTRACT
Multiple Myeloma (MM) is a malignant disorder of plasma cells which, despite significant advances in 
treatment, remains incurable. Daratumumab, the first CD38 directed monoclonal antibody, has shown 
promising activity alone and in combination with other agents for MM treatment. Daratumumab is 
thought to have pleiotropic mechanisms of activity including natural killer (NK) cell-mediated antibody- 
dependent cellular cytotoxicity (ADCC). With the knowledge that CD38-expressing NK cells are depleted 
by daratumumab, we sought to investigate a potential mechanism of enhancing macrophage-mediated 
antibody-dependent cellular phagocytosis (ADCP) by combining daratumumab with cyclophosphamide 
(CTX). Cyclophosphamide’s immunomodulatory function was investigated by conditioning macrophages 
with tumor cell secretome collected from cyclophosphamide treated MM cell lines (CTX-TCS). Flow 
cytometry analysis revealed that CTX-TCS conditioning augmented the migratory capacity of macro-
phages and increased CD32 and CD64 Fcγ receptor expression on their cell surface. Daratumumab- 
specific tumor clearance was increased by conditioning macrophages with CTX-TCS in a dose- 
dependent manner. This effect was impeded by pre-incubating macrophages with Cytochalasin 
D (CytoD), an inhibitor of actin polymerization, indicating macrophage-mediated ADCP as the mechanism 
of clearance. CD64 expression on macrophages directly correlated with MM cell clearance and was 
essential to the observed synergy between cyclophosphamide and daratumumab, as tumor clearance 
was attenuated in the presence of a FcγRI/CD64 blocking agent.

Cyclophosphamide independently enhances daratumumab-mediated killing of MM cells by altering 
the tumor microenvironment to promote macrophage recruitment, polarization to a pro-inflammatory 
phenotype, and directing ADCP. These findings support the addition of cyclophosphamide to existing or 
novel monoclonal antibody-containing MM regimens.
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Introduction

Multiple Myeloma (MM) is characterized by clonal expansion 
of malignant plasma cells in the bone marrow (BM). MM 
remains an incurable disease, however, with treatment regi-
mens evolving, this dogma is being challenged.1,2 The difficulty 
in treating MM can in part be attributed to the supportive role 
of the BM microenvironment to malignant plasma cell differ-
entiation, migration, clonal expansion, survival and resistance 
to therapies.3,4 It is thought that transformation to MM 
requires the development of a permissive tumor microenvir-
onment (TME), which facilitates “immune escape”.5,6 Current 
MM therapies include proteasome inhibitors (e.g. bortezomib), 
immunomodulatory agents (e.g. lenalidomide), and monoclo-
nal antibodies, particularly the IgG1 kappa (IgG1κ) CD38 

monoclonal antibody daratumumab.7,8 The anti-MM activity 
of these therapies relies upon the presence of an intact immune 
system.9 Thus, an improved understanding of the mechanisms 
underlying the immune-escape observed in MM could provide 
new insights into disease pathogenesis and opportunities for 
therapeutic intervention.

With progression to MM, there are an increasing number of 
tumor-associated macrophages (TAMs) detectable in the 
BM.10 These are predominantly of an anti-inflammatory phe-
notype and promote tumor survival and immune suppression, 
which enables disease progression.11 A high number of anti- 
inflammatory TAMs in the BM has been associated with infer-
ior survival in MM.12 TAMs likely accumulate in the BM under 
the influence of chemokines such as CCL2 (MCP-1), CCL3 
(MIP-1α) and CCL5 (RANTES) secreted by the myeloma 
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cells.13 CCL5, in conjunction with other chemokines including 
CCL2, promotes macrophage recruitment and survival and 
may act as a pro-survival factor.14

Circulating monocytes are attracted into the BM along this 
chemokine gradient where they are polarized toward an anti- 
inflammatory macrophage phenotype under the influence of 
factors such as prostaglandin E2 (PGE2) and interleukin (IL)- 
10 (reviewed in15). Indeed, many of these chemoattractants 
and polarizing factors are known to be produced by MM 
cells, and have been reported to be associated with adverse 
outcomes.16 The presence of a large number of TAMs is gen-
erally considered to be undesirable.17 Some therapeutic 
approaches, such as antibodies targeting colony stimulating 
factor (CSF)-1 receptor, have been designed to eliminate 
macrophages from the TME, although this approach has had 
limited success.18,19 An alternative approach is to activate or 
reprogram the cells to harness their anti-tumor potential. 
Repolarization of TAMs to an anti-tumor phenotype has 
been achieved by reprogramming TAMs using, for example, 
anti-CD47 antibodies,20 histone deacetylase inhibitors21 and 
Toll-like receptor agonists.22 In the tumor microenvironment, 
anti-tumor macrophages have the capacity to clear tumor cells 
by several mechanisms of cytotoxicity including: direct cyto-
toxicity by releasing cytotoxic agents e.g. reactive oxygen spe-
cies, antibody-dependent cellular cytotoxicity (ADCC) and 
antibody-dependent cellular phagocytosis (ADCP).23 

Macrophages are thought to be critical effectors of monoclonal 
antibody (mAb) therapy, with reduced therapeutic efficacy 
recorded when macrophage levels were depleted in the TME 
.24 Monoclonal antibodies bind to effector macrophages via Fc 
gamma (Fcγ) receptors, a family of glycoproteins which bind to 
the Fc portion of IgG antibodies.25 These receptors can be 
activating or inhibitory. The activating Fcγ receptors in 
humans are; FcγRI/CD64, FcγRIIa/CD32a, FcγRIIc/CD32c 
and FcγRIIIa/CD16a.26 Unlike NK cells which predominantly 
only express FcγRIIIa/CD16a, macrophages express all types of 
Fc receptors.26 Their depletion has been associated with 
reduced in vivo efficacy of antibodies and improved outcome 
has been seen in conjunction with high affinity polymorphisms 
of FcγRIIa/CD32a, which are not expressed on NK cells.27 This 
may be particularly important in the context of treatment with 
daratumumab. Originally, it was thought that ADCC mediated 
by NK cells would constitute one of the most important 
mechanisms of action of daratumumab.28 However, with the 
benefit of careful correlative studies from clinical trials, we now 
know that treatment with daratumumab leads to rapid deple-
tion of NK cells, which are strongly CD38 positive, and that 
this can last up to 6 months following cessation of treatment.29 

Therefore, to maximize the clinical efficacy of daratumumab, it 
may be necessary to have a sufficient number of activated 
TAMs.30 This has recently been demonstrated by Viola et al. 
who analyzed bone marrow samples for the presence of CD14 
positive macrophages, and reported significantly higher num-
bers in patients responding to daratumumab compared with 
relapsed/refractory MM (RRMM) or patients with daratumu-
mab-resistant disease. They also observed increased macro-
phage surface expression of CD80/CD86, T-cell co- 
stimulatory antigens promoting T-cell activation and 
expansion.31

It has been known for some time that cyclophosphamide 
has important immunomodulatory effects with low doses able 
to selectively eliminate regulatory T cells (Tregs) leading to 
immune activation.32,33 However, the effects on innate 
immune cells, such as macrophages, is less well understood. 
In a study focused on B cell leukemia, Pallasch and colleagues 
have shown that cyclophosphamide enhanced the anti-tumor 
effects of monoclonal antibody therapy through enhancing 
macrophage-mediated anti-tumor activity.34 We therefore 
sought to assess the effects of cyclophosphamide on the anti- 
tumor activity of macrophages in combination with daratumu-
mab in the context of MM. Ex vivo data from a clinical trial, set 
up to assess the addition of cyclophosphamide to 
a daratumumab-containing regimen (CyBorD-DARA), uncov-
ered observations suggesting that this treatment combination 
increased the vulnerability of MM cells to phagocytosis by 
macrophages.30 Our study investigates the specific mechanism 
of action of cyclophosphamide in the induction of ADCP 
in vitro.

Here, we show that low dose cyclophosphamide, in addition 
to its ability to induce MM cell death, alters the tumor micro-
environment and promotes macrophage recruitment and 
a pro-inflammatory phenotype. Conditioning macrophages 
with the secretome from cyclophosphamide-treated MM cells 
(CTX-TCS) potentiated daratumumab-mediated killing in 
a dose-dependent manner. The synergy identified here directly 
correlated with FcγRI/CD64 surface expression and function 
on macrophages, indicating FcγRI/CD64 as a key player in 
daratumumab-mediated ADCP of MM cells by CTX-TCS con-
ditioned macrophages. We believe these data support the con-
tinued development of cyclophosphamide-daratumumab 
combinations in the treatment of MM.

Materials and methods

Cell culture

The MM (MM1.S and RPMI-8226) cell lines and monocyte/ 
macrophage mononuclear (THP-1)35,36 cell line, purchased 
from the American Type Culture Collection (ATCC, 
Virginia, USA), were sub-cultured in RPMI-1640 media 
(Thermofisher Scientific, MA, USA) supplemented with 10% 
fetal bovine serum (FBS) (Sigma, MO, USA), 1% L-glutamine 
(Thermofisher Scientific) and 1% penicillin/streptomycin 
(Thermofisher Scientific). Plating densities for MM1.S, 
RPMI-8226 and THP-1 cell lines were 5 × 105 cells/ml, 
3 × 105 cells/ml and 6 × 105 cells/ml, respectively.

Flow cytometric analysis of cell surface proteins

Following treatment, the MM cells or macrophages were 
washed in PBS and multi-parameter flow cytometry was car-
ried out as previously described.37,38 Briefly, single cell suspen-
sions were plated in duplicate at 1 × 105 cells/well of 
a V-bottomed 96-well plate in FACS buffer. Cells were washed 
three times with 150 µl FACS buffer. After the final wash, cell 
pellets were re-suspended in the diluted primary antibody and 
incubated at 4°C for 15 minutes in the dark. All antibodies and 
associated reagents used here (Sytox, CD38, CD32/FcγRIIA, 

e1859263-2 S. D. NAICKER ET AL.



CD64/FCγRI, CD47, SIRP-α, PD-L1 and PD-1), along with 
their respective suppliers and catalog numbers, are provided 
in Supplementary Table 1. Cells were washed three times with 
150 µl FACS buffer per wash and re-suspended in 100 µl FACS 
buffer, transferred to appropriate 5 ml tubes and left on ice 
until ready to analyze on the BD FACSCanto II flow cytometer 
(BD Biosciences, NJ, USA). Output from the BD FACS DIVA 
software (BD Biosciences) was analyzed using FlowJo V10.6..2 
software. The BD Biosciences, NJ, USA fluorescence intensity 
(MFI) was calculated by expressing the fluorescence intensity 
of each sample relative to the cell size. The relative fluorescence 
intensity (RFI) was calculated by expressing the MFI of each 
treatment relative to the control group. For imaging flow 
cytometry, samples were prepared in the same manner as for 
conventional flow cytometry and were run on the 
ImageStream® X Mark II imaging flow cytometer (Merck 
Millipore, Cork, Ireland). Imaging flow data was analyzed 
using IDEAS® software (Amnis, WA, USA).

Immunoassays

Inflammatory chemokines, tumor-modifying factors and cyto-
kine levels were quantified in MM cell secretomes using the 
high performance Human Magnetic Luminex Performance 
Assay Base Kit A (R&D Systems) and was carried out in 
accordance with the manufacturer’s recommended protocol. 
The Prostaglandin E2 (PGE2) Parameter Assay Kit (R&D 
Systems) was used to quantify PGE2 levels in the MM cell 
secretomes.39 This is a competitive enzyme immunoassay that 
was carried out in accordance with the manufacturer’s recom-
mended protocol.

Generation of the cyclophosphamide-tumor cell 
secretome (CTX-TCS)

MM1.S or RPMI-8226 MM cells were plated in 6-well plates 
48 hours in advance of treatment. Cells were treated with the 
reduced form of cyclophosphamide (CTX) (Santa Cruz 
Biotechnology, TX, USA) (0 µM, 2.5 μM, 5 μM, 10 μM and 
20 µM) for 24 and 48 hours. Following treatment, media was 
discarded and cells were washed three times using warm 
Dulbecco’s phosphate buffered saline solution (PBS) 
(Thermofisher Scientific). Fresh media was replenished and 
left for a further 24 hours. The CTX-TCS was collected at 
24 hours and used for subsequent experiments (as depicted in 
the Figure 2(d) schematic).

Macrophage migration assay

THP-1 cells were serum-starved for 24 hours. THP-1 cell 
suspensions (1x105 cells) were added into the top wells of 
8 μm transwell inserts which were placed into a 24-well plate. 
Culture media was placed into the bottom of the 24-well plate 
(as depicted in the Figure 2(e) schematic). 10% FBS-containing 
culture media and 20% FBS-containing culture media were 
used as positive migration controls. TCS released from cyclo-
phosphamide treated MM cells (CTX-TCS), as described 
above, was placed into the wells of the 24-well plate in the 

absence or presence of 0.1 µg/ml anti-CCL5 (R&D Systems, 
MN, USA). The plate was returned to the incubator at 37°C for 
4 hours, after which the media containing migrated THP-1 
cells in the 24-well plates was collected. The media was cen-
trifuged (400 g for 5 minutes), the cells were collected and 
counted using an Accuri™ C6 flow cytometer (BD 
Biosciences). Cell number was reported as absolute counts.

Human peripheral blood mononuclear cell isolation

Freshly drawn peripheral blood (PB) was collected in 10 ml 
ethylene diamine tetraacetic acid (EDTA) Vacutainer® tubes 
(BD Medical Supplies, Crawley, UK). Mononuclear cells (MC) 
were isolated from PB in 15 ml falcon tubes (Sarstedt, Wexford, 
Ireland) by layering 3 ml EDTA-anti-coagulated sample over 
3 ml endotoxin-free Ficoll®-Paque density-gradient medium 
(GE Healthcare, Little Chalfont, United Kingdom). Samples 
were centrifuged for 22 minutes at 420 g at 4°C without 
brake. Using a plastic Pasteur pipette (Sarstedt), the visible 
“buffy coat” layer of mononuclear cells was removed. PBMCs 
were transferred into a fresh falcon tube (Sarsedt) and subse-
quently washed with 10 ml fluorescence-activated cell sorting 
(FACS buffer) [phosphate buffered saline (Thermofisher 
Scientific), 2% FBS (Sigma), and 0.05% sodium azide 
(Sigma)]. This suspension was centrifuged at 300 g for 10 min-
utes at 4°C. The pelleted mononuclear cells were re-suspended 
in 1 ml FACS buffer after the supernatant was discarded. 
Isolated PBMCs were treated with the reduced form of cyclo-
phosphamide (CTX) (Santa Cruz Biotechnology) (0 µM, 
2.5 μM, 5 μM, 10 μM and 20 µM) for 24 hours and subse-
quently stained for phenotypic characterization by flow cyto-
metry. This research was approved by the local hospital ethics 
committee according to the requirements of Irish regulations, 
and it was conducted in accordance with the International 
Conference on Harmonization of Good Clinical Practice 
Guidelines and the principles of the Declaration of Helsinki.

Acquisition of samples from the translational 
CyBorD-DARA (16-BCNI-001/CTRIAL-IE 16-02) study

Patient samples were obtained from Phase 1b open-label, sin-
gle-arm, dose escalation study (CyBorD-DARA 16-BCNI-001/ 
CTRIAL-IE 16–02 study), as previously described.30 This trial 
is registered at www.clinicaltrials.gov as NCT02955810. All 
patients provided written informed consent. The local hospital 
ethics committee according to the requirements of Irish reg-
ulations approved this research, and it was conducted in accor-
dance with the International Conference on Harmonization of 
Good Clinical Practice Guidelines and the principles of the 
Declaration of Helsinki. Mononuclear cells from PB and BM 
aspirates were isolated from samples collected from patients 
pre-treatment and post-treatment with CyBorD and DARA, as 
previously described.30 The mononuclear cell aliquots were 
incubated with optimized concentrations of fluorochrome- 
conjugated antibodies (mouse anti-human CD45-V500, 
CD16-FITC, CD14-PerCP, CX3CR1-Pe-Cy7, HLA-DR-APC, 
CD33-Vio770, CD56-V450, CD32-PE, CD163-APC) for 
20 min at 4°C to allow identification of monocytes/ 
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macrophages, as well as monocyte/macrophage subsets. 
Fluorescence compensation was set using single-stained con-
trols, and matching median compensation algorithms were 
applied. Fluorescence minus one controls were used to set 
analysis gate controls using a published gating strategy.30 The 
Median fluorescence intensity (MFI) was calculated by expres-
sing the fluorescence intensity of each sample relative to the 
cell size. Data were analyzed using Diva v8.0.1 acquisition 
software (BD Biosciences) or FlowJo V10.6..2 software.

Antibody-dependent cellular phagocytosis (ADCP) assays

MM cell lines were fluorescently labeled using the CellTrace™ 
CFSE Cell Proliferation Kit (Thermofisher Scientific). Cells 
were stained as outlined in the manufacturer’s instructions. 
Stained cells were co-cultured with control or CTX-TCS con-
ditioned macrophages at an effector to target (E:T) ratio of 2:1 
for 18 hours. MM cells were pre-incubated in the presence of 
1 μg/ml daratumumab (Janssen, PA, USA), an IgG1 anti-CD38 
antibody, or the relevant isotype control and then added to 
cultures. After 18 h incubation, cells were imaged by fluores-
cent microscopy and then detached by pipetting to single cell 
suspensions. MM cell clearance by ADCP was assessed by flow 
cytometry. Percentage daratumumab-specific cell clearance 
was calculated as follows; [100–100*(% CFSE labeled MM 
cells (daratumumab treated)/% CFSE labeled MM cells (isotype 
control))]. To confirm that clearance was due to macrophage- 
mediated phagocytosis, experimental wells containing macro-
phages were pre-incubated with 1 μg/ml Cytochalasin 
D (Sigma), which inhibits actin polymerization and thus inhi-
bits phagocytosis. When investigating the role played by 
FcγRI/CD64 in daratumumab-specific killing, macrophages 
were pre-incubated with anti-CD64 blocking antibody 
(eBiosciences, CA, USA).

Statistical analysis

Statistical analysis was carried out using GraphPad® Prism 
Version 8 (GraphPad Software, CA, USA) and Microsoft® 
Excel (Microsoft Corporation, WA, USA). Data were assessed 
for normal distribution using Shapiro Wilks normality test. 
Parametric data were analyzed using independent t-tests, one- 
way ANOVA and two-way ANOVA, followed by Tukey’s 
multiple comparison post hoc testing. For analysis of patient 
samples from CyBorD-Dara translational study, Wilcoxon 
matched pairs signed rank test and paired two-tailed t-tests 
were used. Statistical significance was considered at p < 0.05.

Results

Low dose cyclophosphamide induces low levels of MM cell 
death, an effect that is not potentiated by either 
lenalidomide or bortezomib

Findings from the CyBorD-DARA Phase 1b clinical trial sug-
gested that combining cyclophosphamide with daratumumab 
increased MM cell vulnerability to ADCP.30 Firstly, we 
assessed the direct effects of cyclophosphamide alone or in 

combination with typical frontline MM therapies lenalidomide 
and bortezomib on MM cell death. MM1.S cells were treated 
with low dose concentrations (0–20 µM) of cyclophosphamide 
alone or in combination with 1 µM lenalidomide or 0.8 nM 
bortezomib over a 48 hour time course, after which in vitro cell 
death was quantified by flow cytometry (Figure 1(a)). 
A representative gating strategy for excluding debris, identify-
ing viable cells and eliminating doublets is provided in Figure 1 
(b). Low-dose cyclophosphamide treatment increased MM cell 
death in a dose-dependent manner, inducing moderate levels 
of cell death at 20 µM cyclophosphamide after 24 hours (Figure 
1(c)) and from 10 µM cyclophosphamide after 48 hours (Figure 
1(d)). Immunomodulatory drugs (IMiD) and proteasome inhi-
bitors (PI) are ubiquitous MM drugs that contribute to the 
majority of MM treatment regimens. The effects of low dose 
(10 µM) cyclophosphamide in combination with these stan-
dard frontline therapies were investigated by flow cytometry. 
The immunomodulatory agent (lenalidomide) and proteasome 
inhibitor (bortezomib) did not increase MM cell death effects 
when administered alone or in combination with cyclopho-
sphamide over the 48 hour time course (Figure 1(e–f)). These 
results show that low dose cyclophosphamide induces low 
levels of cell death, an effect that is not potentiated by either 
lenalidomide or bortezomib. Considering the potent effects 
of cyclophosphamide previously identified, it suggests that 
functional effects other than those induced by cell death may 
be important in cyclophosphamide-mediated anti-tumor 
mechanisms.34 Therefore, we next assessed the immunomodu-
latory function of cyclophosphamide using immunoassays.

Cyclophosphamide alters the tumor microenvironment 
and enhances macrophage migration

Cyclophosphamide has previously been shown to have immu-
nomodulatory effects in the TME, diminishing Treg levels32 as 
well as increasing macrophage infiltration and function in leu-
kemia in vivo.34 Next we sought to assess the effects of cyclopho-
sphamide on macrophage phenotype and function in response 
to the MM TME. Immune effector cells, including macrophages 
and NK cells, are attracted to tumors by chemokines released 
from the target cells. Here, we assessed the effects of low dose 
cyclophosphamide treatment in vitro on the MM cell secretome 
and subsequent macrophage recruitment. MM cell secretome 
was collected and analyzed by a multiplex immunoassay to 
quantify baseline release of macrophage-specific chemokines 
(CXCL5, CCL2, CCL3 and CCL5), tumor-modifying factors 
(G-CSF, GM-CSF, FGF, VEGF and PGE2) and cytokines (IL- 
1β, IL-10, IFN-γ, IL-1α, IL-2, IL-4 and IL-1ra) from tumor cells. 
The levels of chemokines and tumor-modifying factors in TCS 
exceeded cytokine levels, by a factor of >1000-fold and >10-fold, 
respectively (Figure 2(a–c))

Similar patterns of release were identified in a second MM 
cell line (RPMI-8226), with macrophage-specific chemokines 
and tumor-modifying factors representing the greatest portion 
of the secretome (Supplementary Figure 1a-c). Together, these 
data indicate that macrophage-specific chemokines are most 
highly released by MM cells. Next, we investigated the effects of 
cyclophosphamide treatment on the MM cell secretome and 
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subsequent immune effector (macrophage) cell recruitment 
and functional responses. The TCS released from MM cells 
treated with low dose (0–20 µM) cyclophosphamide (CTX- 
TCS) was collected for subsequent experimental setup, as 
depicted in Figure 2(d).

To assess macrophage recruitment to the tumor microen-
vironment, THP-1 cell migration toward CTX-TCS was ana-
lyzed, as depicted in Figure 2(e). The number of macrophages 
that migrated from a serum-starved suspension toward 
0–10 µM CTX-TCS was quantified by flow cytometry. THP-1 
macrophage migration toward the MM1.S secretome was 
enhanced to the levels of the positive controls (10% and 20% 
FBS) when the MM cells had been treated with 5 μM and 

10 μM cyclophosphamide (Figure 2(f)). This indicates that 
MM cell TCS are altered by cyclophosphamide, resulting in 
enhanced secretion of chemokines that subsequently recruit 
macrophages to the tumor microenvironment.

Next we investigated potential mediators of this enhanced 
immune effector cell recruitment. Macrophage chemokine 
response is mediated via MM cell surface ligands binding 
receptors on macrophages. Treatment of MM1.S cells with 
cyclophosphamide did not increase the release of CXCL5, 
CCL2, CCL3 (data not shown), but did significantly increase 
CCL5 release in a dose-dependent manner (Figure 2(g)). 
A similar trend in CCL5 release from cyclophosphamide trea-
ted RPMI-8226 cells was also observed (Supplementary Figure 

Figure 1. Low dose cyclophosphamide induces low level cell death in MM cell lines, which is not potentiated by either lenalidomide or bortezomib. (a) Schematic of 
MM1.S cells directly treated with 0–20 µM cyclophosphamide (CTX), 1 µM lenalidomide (Len) and 0.8 nM bortezomib (Bor) alone or in combination for 24 or 48 hours. 
(b) Sample gating strategy for excluding debris, identifying viable cell populations with Sytox™ and eliminating doublets. (c-d) Flow cytometry analysis (Sytox™) of MM1. 
S cell death following 0–20 µM cyclophosphamide for 24 or 48 hours. (e-f) Flow cytometry analysis (Sytox™) of MM1.S cell death in response to 10 µM cyclopho-
sphamide, 1 µM lenalidomide or 0.8 nM bortezomib alone or in combination for 24 or 48 hours. Data from four independent experiments (n = 4) are presented here as 
scatter plots with bars (mean ± S.E.M). One-way ANOVA statistical analysis carried out, followed by Tukey’s post-hoc test. *p< 0.05. **p < 0.01. ***p < 0.001. n/s p > 0.05.
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1d). Although some studies have published pro-tumourigenic 
effects of CCL5,14 more recent studies have identified potent 
anti-tumor activity of CCL5.40 CCL5 has previously been 
shown to sustain leukocyte activation and inflammatory 
responses.41 To investigate whether these infiltrating macro-
phages have pro- or anti-tumor effects, we investigated their 
cellular function. Informed by the increase in CCL5 release, we 
assessed the expression of the corresponding receptor on 
macrophages after 0–20 µM CTX-TCS conditioning by flow 
cytometry. Conditioning of THP-1 cells with CTX-TCS caused 
a significant upregulation in CCR5 (CCL3 and CCL5 receptor) 
protein expression at 20 μM cyclophosphamide dose (Figure 2 
(h)). These results indicate that low dose cyclophosphamide 
treatment of MM cells enhances macrophage migration to the 
tumor microenvironment potentially by increasing expression 
of chemokine receptors on the inflammatory macrophage cell 

surface. To determine if the enhanced macrophage migration 
toward CTX-TCS was mediated primarily via CCL5, we mea-
sured THP-1 migration toward MM1.S CTX-TCS in the 
absence or presence of anti-CCL5 (Figure 2(i)). There was 
a statistically significant reduction in migration of THP-1 
cells toward 10 µM CTX-TCS in the presence of anti-CCL5. 
These results suggest CCL5 mediated migration is enhanced by 
cyclophosphamide.

Cyclophosphamide enhances the expression of proteins 
that positively regulate ADCP
ADCC by NK cells42 and ADCP by macrophages43 in the TME 
are two of the major mechanisms underlying monoclonal anti-
body anti-tumor activity. Cell death induced by daratumumab 
requires binding of the antibody to both CD38, highly 

Figure 2. Low dose cyclophosphamide enhances macrophages migration to the tumor microenvironment. (a-c) Multiplex immunoassay of macrophage specific 
chemokine, tumor promoting factor and cytokine release from MM1.S cells (pg/ml). [Note: PGE2 data was generated using a competitive ELISA]. Significance was 
investigated relative to the factor with the lowest secreted concentration (Chemokine – CXCL5; Tumor modifying factor – G-CSF; Cytokine- IL-1β). (d) Schematic of the 
generation and collection of the cyclophosphamide tumor cell secretome (CTX-TCS). (e) Schematic of the transwell migration assay setup, with serum deprived THP-1 
suspension in the well insert and FBS containing media or CTX-TCS in the underlying well. (f) The total number of THP-1 cells migrating toward 0–10 µM CTX-TCS, 
quantified by flow cytometry. Absolute cell counts are reported here. FBS gradients were used as transwell migration controls (0% to 10% and 0 to 20% FBS serving as 
positive controls; 10% to 0% and 20% to 0% FBS serving as negative controls). (g) CCL5 release (pg/ml) from MM1.S cells in the presence of increasing concentrations of 
cyclophosphamide, quantified using a multiplex immunoassay (h) Expression of CCR5 on THP-1 cell surface following treatment with 0–20 µM CTX-TCS, quantified by 
flow cytometry and presented as median fluorescent intensity (MFI). (i) The total number of THP-1 cells migrating toward 10 µM CTX-TCS, in the absence or presence of 
0.1 µg/ml anti-CCL5, quantified by flow cytometry and reported as absolute cell counts. Data from two -three independent experiments (n = 2-3) are presented here as 
scatter plots with bars (mean ± S.E.M). One-way ANOVA statistical analysis carried out, followed by Tukey’s post-hoc test. *p < 0.05. **p < 0.01. ***p < 0.001.

e1859263-6 S. D. NAICKER ET AL.



expressed on multiple myeloma cells, and Fcγ receptors, found 
on both macrophages and NK cells (Figure 3(a)). As we pre-
viously showed, NK cells are depleted in patients treated with 
daratumumab, therefore, in this study, we focused on mono-
cyte/macrophages as the macrophage number is not altered by 
daratumumab treatment.30 First, we assessed the effects of 
cyclophosphamide on the expression of the daratumumab 
target CD38 on MM cells. Importantly, the expression of 
CD38 on MM1.S (Figure 3(b)) and RPMI-8226 

(Supplementary Figure 2b) cell surfaces was maintained fol-
lowing treatment with cyclophosphamide at 24 and 48 hours. 
In fact, a significant increase was observed in CD38 expression 
following cyclophosphamide treatment at 24 hours (Figure 
3(b)).

ADCP is regulated by macrophage cell surface receptors, 
including pro-phagocytic Fcγ receptors (FcγRII/CD32, FcγRI/ 
CD64 and FcγRIII/CD16)26 and anti-phagocytic PD-1 and 
SIRP-α44,45 (Figure 3(a)). Conditioning THP-1 macrophages 

Figure 3. Low dose cyclophosphamide enhances expression of ADCP promoting proteins on MM cells and macrophages. (a) Schematic of receptors on macrophages 
and their corresponding ligands on MM cells that regulate ADCP. FcγRI/CD64 binds CD38, PD-1 binds PD-L1 and SIRP-α binds CD47. Daratumumab targets FcγRI/CD64 
on macrophages and CD38 on MM cells. (b) CD38 expression on MM1.S cells following treatment with 0–20 µM cyclophosphamide for 24 or 48 hours. (c-d) Expression of 
FcγRII/CD32 on THP-1 cells following treatment with 0–20 µM CTX-TCS from MM1.S or RPMI-8226 cells, respectively, for 24 hours. (e-f) Expression of FcγRI/CD64 on THP- 
1 cells following treatment with 0–20 µM CTX-TCS from MM1.S or RPMI-8226 cells, respectively, for 24 hours. (g) FcγRI/CD64 expression on healthy volunteer PBMCs 
following direct treatment with 0–20 µM cyclophosphamide for 24 hours. (h-i) PD-1 and SIRP-α expression on THP-1 cells conditioned with 0–20 µM CTX-TCS for 
24 hours. (j-k) PD-L1 and CD47 expression on MM1.S cells that received 0–20 µM cyclophosphamide for 24 hours. Expression was quantified by flow cytometry and 
presented as RFI (expression relative to corresponding untreated (0 µM) control group). Data from three or more independent experiments (n ≥ 3) are presented here as 
scatter plots with bars (mean ± S.E.M). One-way ANOVA statistical analysis carried out, followed by Tukey’s post-hoc test. *p < 0.05. **p < 0.01. ***p< 0.001.
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with CTX-TCS generated from MM1.S cells increased FcγRII/ 
CD32 expression at each of the concentrations assessed relative 
to the 0 µM CTX-TCS control (Figure 3(c)). An increase in 
FcγRII/CD32 was also recorded when THP-1 cells were con-
ditioned with 10 µM CTX- TCS from RPMI-8226 cells relative 
to the 0 µM CTX-TCS control (Figure 3(d)). However, the 
FcγRII/CD32 receptor has two subunits, one activating and 
one inhibitory (CD32a and CD32b respectively), and since the 
antibody used does not discriminate between these subunits we 
cannot determine whether FcγRII/CD32 increases are indica-
tive of more active or inactive macrophages. The ratio of 
activating versus inhibitory subunit is a key factor in determin-
ing the function of CD32 binding.46,47 As CD64 has the highest 
affinity for IgG1 antibodies, we focussed on the expression of 
CD64 and its role in regulation of daratumumab-mediated 
ADCP. Data published from the CyBorD-DARA clinical trial 
reported increased FcγRI/CD64 expression on the surface of 
macrophages isolated from the bone marrow and PBMCs of 
MM patients who received cyclophosphamide treatment.30 

Our in vitro studies support this finding, with CTX-TCS from 
MM1.S cells increasing FcγRI/CD64 expression on THP-1 cells 
in a dose-dependent manner, reaching statistical significance at 
10 μM and 20 µM CTX-TCS (Figure 3(e)). We also observed 
a dose-dependent increase in FcγRI/CD64 on THP-1 cells 
conditioned with CTX-TCS from RPMI-8226 cells (Figure 3 
(f)). Ex vivo analysis of patient BM and peripheral blood 
samples from the CyBorD-DARA clinical trial mirrored this 
finding, with significantly enhanced  FcγRI/CD64 expression 
observed after 24 hours of treatment.30 FcγRIII/CD16 expres-
sion in patient PBMC and bone marrow samples was analyzed 
by flow cytometry but was not found to increase following 
cyclophosphamide treatment (data not shown). Together, the 
significant increase in CD38 on MM1.S cells and FcγRI/CD64 
on macrophages indicates a potential functional role for FcγRI/ 
CD64 in ADCP.

To elucidate whether cyclophosphamide can alter macro-
phage activity directly or whether it relies on the tumor micro-
environment to elicit its effects, THP-1 cells or healthy PBMCs 
were treated directly with 0–20 µM cyclophosphamide for 
24 hours, after which surface expression of macrophage- 
activating Fcγ receptors was analyzed by flow cytometry. 
Cyclophosphamide did not alter FcγRII/CD32 or FcγRI/ 
CD64 expression when applied directly to the THP-1 cells 
(Supplementary Figure 3). This lack of activation was also 
recorded with healthy PBMCs. In fact, 20 µM cyclophospha-
mide was found to reduce FcγRI/CD64 surface expression on 
human PBMCs (Figure 3(g)). Together, these findings indicate 
that enhanced anti-tumourigenic effects of cyclophosphamide 
are dependent on responses of the tumor microenvironment 
that enhance recruitment and activation of macrophages.

Evasion of phagocytosis by myeloma cells can be achieved 
when PD-1 and SIRP-α anti-phagocytic receptors on the 
macrophage cell surface bind PD-L1 and CD47 ligands present 
on the MM cells, respectively44,45 (Figure 3(a)). The effect of 
cyclophosphamide on these regulatory receptors and ligands 
was analyzed by flow cytometry. Conditioning THP-1 macro-
phages with CTX-TCS did not alter the expression of PD-1 
(Figure 3(h)) or SIRP-α (Figure 3(i)) receptors at any dose 
assessed (0–20 µM). Previous ex vivo analysis of bone marrow 

and peripheral blood from cyclophosphamide treated mye-
loma patients also recorded no change in SIRP-α expression.30 

Cyclophosphamide did not alter the expression of PD-L1 
(Figure 3(j)) or CD47 (Figure 3(k)) ligands on MM1.S cells at 
any dose assessed (0–20 µM) in vitro. However, it was pre-
viously shown that cyclophosphamide reduced CD47 expres-
sion on tumor cells in the bone marrow of MM patients 
participating in the CyBorD-DARA clinical trial.30 This sug-
gests that the complexity of the TME may not be fully recapi-
tulated ex vivo in these assays. Our results suggest that 
cyclophosphamide induces pro-phagocytic markers on the 
macrophages. These data propose that the mechanism by 
which cyclophosphamide potentiates daratumumab anti- 
myeloma activity is by enhancing pro-phagocytic FcγRI/ 
CD64 expression on the macrophage cell surface.

Low dose cyclophosphamide potentiates the 
anti-myeloma activity of daratumumab

Macrophage-mediated ADCP can be activated and enhanced 
by inclusion of functional Fc- containing antibodies. We next 
assessed the level of macrophage-mediated ADCP in combina-
tion with daratumumab. Using fluorescent microscopy and 
flow cytometry, we assessed the effect of daratumumab on 
CTX-TCS conditioned macrophages’ ability to phagocytose 
MM cells, that have been fluorescently labeled with CFSE, in 
the presence or absence of a phagocytosis inhibitor; 
Cytochalasin D (CytoD) (Figure 4(a)).

The effect of conditioning with CTX-TCS on the efficacy of 
daratumumab anti-myeloma activity was investigated by flow 
cytometric analysis. The percentage increase in the number of 
CFSE-stained MM cells encapsulated by THP-1 macrophage 
cells was calculated from MFI values. Low dose CTX-TCS was 
found to increase daratumumab-specific killing of MM1.S cells 
in a dose-dependent manner, with statistical significance 
observed from 5 µM – 20 µM cyclophosphamide (Figure 4 
(b)). A similar increase in ADCP was observed for RPMI- 
8226 cells (Figure 4(c)).

ADCP depends on cellular cytoskeletal re-arrangement; 
therefore, we assessed the effects of an inhibitor on the level 
of ADCP to confirm that the mechanism of action was in fact 
ADCP and not direct cytotoxicity (as macrophages have the 
capacity to directly kill myeloma cells by releasing high levels of 
IFN-γ and nitric oxide). THP-1 macrophages were treated with 
1 μg/ml CytoD, which inhibits actin polymerization and there-
fore blocks phagocytosis. Flow cytometric analysis revealed the 
synergistic increase in MM cell clearance observed following 
cyclophosphamide and daratumumab treatment was dimin-
ished in the presence of CytoD. Dose-dependent increases in 
daratumumab-directed MM1.S cell phagocytosis by CTX-TCS 
conditioned THP-1 macrophages was found to be completely 
abrogated in the presence of CytoD, thereby suggesting pha-
gocytosis as the primary mechanism of action of daratumumab 
(Figure 4(d)). A similar trend was also observed when quanti-
fying RPMI-8226 MM cell phagocytosis (Supplementary 
Figure 4). Pro-inflammatory macrophages release numerous 
factors, including TNF-α, which can induce cancer cell death.48 

Therefore, we investigated TNF-α levels following CTX-TCS 
treatment to investigate the functional consequences of 
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conditioning with CTX-TCS. Cyclophosphamide was found to 
increase TNF-α release from both MM1.S and RPMI-8226 
myeloma cell lines in a dose-dependent manner (Figure 4(e– 
f)). Taken together, these data provide evidence for cyclopho-
sphamide increasing daratumumab-dependent MM cell pha-
gocytosis by enhancing macrophage anti-tumor activity.

Daratumumab’s mechanism of anti-myeloma activity is 
partially dependent on FcγRI/CD64 expression on tumor- 
associated macrophages

It has been shown that FcyRI/CD64 expression can positively 
regulate ADCP, as it mediates IgG1 specific binding with the 
highest affinity.26 To investigate the potential role of CD64 in the 
context of daratumumab-induced ADCP, we used imaging flow 
cytometry in the presence and absence of a CD64 blocking anti-
body. Here, we visualized ADCP by flow cytometry of fluores-
cently labeled target cells that were co-cultured with effector cells 

(Figure 5(a)). Daratumumab-dependent cellular phagocytosis of 
MM cells was analyzed by CFSE-labeling MM1.S MM cells (green) 
and labeling CD45+ (purple) and CD64+ (blue) THP-1 macro-
phages. Imaging flow cytometry showed macrophages phagocy-
tosing myeloma cells. The ability of macrophages to encapsulate 
MM1.S cells was dependent on FcγRI/CD64 expression. CD64 
high (+) and very high (++) expressing macrophages were pri-
marily responsible for the observed phagocytosis, whereas no or 
very low levels of phagocytosis were observed with CD64 low 
macrophages (Figure 5(b)).

We next investigated the relationship between FcγRI/CD64 
expression on macrophages and their capacity to induce phago-
cytosis in the presence of daratumumab. Plotting THP-1 FcγRI/ 
CD64 expression level versus percentage clearance of MM1.S cells 
by daratumumab revealed a direct correlation between FcγRI/ 
CD64 expression and macrophage function (Figure 5(c)).

To functionally assess the impact of FcγRI/CD64, we 
repeated the experiment in the presence of an anti-CD64 

Figure 4. Low dose cyclophosphamide potentiates daratumumab mediated macrophage anti-myeloma activity. (a) Schematic of experimental setup. CFSE-labeled 
multiple myeloma cells were co-cultured with THP-1 macrophages pre-conditioned in 0–20 µM CTX-TCS. Following 18 hr incubation, fluorescent cells were analyzed by 
fluorescent microscopy and flow cytometry. (b) Daratumumab-mediated antibody-dependent cellular phagocytosis (ADCP) of MM1.S cells by 0–20 µM CTX-TCS 
conditioned THP-1 macrophages. (c) Daratumumab-mediated ADCP of RPMI-8226 cells by 0–20 µM CTX-TCS conditioned THP-1 macrophages. (d) Daratumumab- 
mediated ADCP of MM1.S cells by 0–20 µM CTX-TCS conditioned THP-1 macrophages in the absence or presence a phagocytosis inhibitor, 1 μg/ml CytoD. (e-f) Relative 
TNF-α release (fold change relative to control) from MM1.S and RPMI-8226 cells in the presence of CTX-TCS. Data from at least three independent experiments (n ≥ 3) are 
presented here as scatter plots with bars (mean ± S.E.M). Independent t-tests and one-way ANOVA statistical analysis carried out, followed by Tukey’s post-hoc test. 
*p < 0.05. **p < 0.01. ***p < 0.001.
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blocking antibody. As seen in our previous experiments, low 
dose CTX-TCS (20 µM) significantly increased daratumumab- 
specific killing of MM1.S cells. This enhanced clearance of MM 
cells was abrogated in the presence of the FcγRI/CD64 block-
ing antibody (Figure 5(d)). Although not reaching statistical 
significance, a similar trend was recorded in daratumumab- 
specific killing of RPMI-8226 cells in the presence of an FCγRI 
CD64 blocking agent (Supplementary Figure 5). Together, 
these data indicate FcγRI/CD64 as a key player in daratumu-
mab-specific ADCP of MM cells by CTX-TCS conditioned 

macrophages. We next investigated the effect of cyclophospha-
mide on macrophages from patients with active MM. FcγRI/ 
CD64 was increased following conditioning macrophages from 
MM patients with 5 µM CTX-TCS ex vivo (Figure 5(e)). 
Previous data from our lab indicates that patients treated 
with CyBorD-DARA induces expression of FCγRI/CD64 on 
patient derived blood and bone marrow monocyte/macro-
phage cells. In addition to this, CyBorD was found to increase 
CD163, a marker of phagocytic activity, expression on macro-
phages isolated from both the bone marrow (Figure 5(f)) and 

Figure 5. Daratumumab’s mechanism of anti-myeloma activity is partially dependent on FcγRI/CD64 expression on tumor associated macrophages. (a) Schematic of 
experimental setup. CFSE-labeled multiple myeloma cells were co-cultured with THP-1 macrophages pre-conditioned in 0–20 µM CTX-TCS. Following 18 hr incubation, 
fluorescent cells were quantified by imaging flow cytometry. (b) Imaging flow cytometry showing the encapsulation of MM1.S cells (CFSE-labeled, green) in macrophage 
cells (CD45+ cells, purple; CD64+ cells, blue), thereby demonstrating ADCP (green MM cells inside blue/purple macrophages). (c) Correlation analysis of THP-1 CD64 
expression and corresponding percentage daratumumab -specific MM1.S cell clearance. Data from three independent experiments (n = 3) are presented here. (d) 
Daratumumab-specific ADCP of CTX-TCS conditioned MM1.S cells in the absence or presence of a CD64 blocking antibody. Data from three independent experiments 
(n = 3) are presented here as scatter plots with bars (mean ± S.E.M). (e) Flow cytometry data showing CD64 expression on macrophages from active multiple myeloma 
patients that were conditioned with fresh media, 0 µM or 5 µM CTX-TCS ex vivo. Data from two clinical samples (n = 2) are presented here as scatter plots with bars 
(mean ± S.E.M). (f-g) Dot plots indicate the Median Fluorescent intensity of CD163 expression on CD33+ CX3CR1+ CD56− CD14+ macrophages from active multiple 
myeloma patient bone marrow or PBMCs, respectively. Data from eight separate clinical samples collected before (Pre-Treatment) and 24 hours after treatment with 
cyclophosphamide (24 hr Post-Treatment) are presented here. Lines between dots indicate paired samples. Statistical analysis was performed by independent t-tests or 
the Wilcoxon matched pairs signed rank test. *p < 0.05. **p < 0.01. ***p < 0.001.
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PBMCs (Figure 5(g)). Although only a small sample set, this 
data would suggest that tumor-associated macrophages from 
MM patients are responsive to cyclophosphamide, showing 
increased FCγRI/CD64 surface expression and enhanced pha-
gocytic activity, thereby supporting a potential synergistic 
increase in daratumumab-specific phagocytosis.

Discussion

Despite increasing use of antibody-based therapies clinically, 
the mechanisms underlying their therapeutic efficacy is only 
partly understood. Daratumumab is the first CD38-directed 
monoclonal antibody approved for the treatment of MM. At 
the time of commencement of the Phase 1b CyBorD-DARA 
trial, daratumumab IV was only approved for use in RRMM as 
a single agent. It is now approved in RRMM in combination 
with dexamethasone and the IMiD lenalidomide or the PI 
bortezomib, based on results of two large phase 3 studies 
which showed synergism between these agents.8,49 Approval 
as initial therapy was subsequently granted for non-transplant 
eligible patients with lenalidomide/dexamethasone or bortezo-
mib, melphalan and prednisolone (VMP), 50,51 and most 
recently, for transplant-eligible patients in combination with 
thalidomide, bortezomib and dexamethasone (VTD) .52

Daratumumab is thought to have pleiotropic mechan-
isms of activity, killing myeloma cells through induction of 
complement-dependent cytotoxicity (CDC), ADCC, apop-
tosis via cross-linking and ADCP.23 Given the rapid, 
marked, and prolonged depletion of NK cells seen in dar-
atumumab-treated patients,29 we focused our attention on 
identifying possible means of enhancing macrophage- 
mediated ADCP, by harnessing the anti-tumor potential 
of TAMs. A previous study reported that resistance to 
macrophage-mediated killing in lymphoid malignancies is 
overcome by combining monoclonal antibodies with cyclo-
phosphamide .34 Cyclophosphamide was shown to induce 
an acute secretory activating phenotype (ASAP) in treated 
tumor cells, which led to macrophage infiltration and 
enhanced phagocytic activity in the bone marrow. Given 
this information, we sought to establish the existence of this 
phenomenon in MM in the context of other drugs likely to 
be used in combination with daratumumab, i.e. lenalido-
mide or bortezomib. These in vitro results accompany ex 
vivo data from the Phase 1b CyBorD-DARA trial, reported 
previously.30

Our in vitro data show that low dose cyclophosphamide 
induces MM cell death via effects on the TME rather than direct 
cellular toxicity, and that these effects are neither produced nor 
potentiated by the IMiD lenalidomide or the PI bortezomib. 
Cyclophosphamide alters the TME, promoting macrophage 
migration to the site of the tumor as shown in migration studies, 
and by upregulation of THP-1 expression of the chemoattractant 
receptors CCR2 and CCR5. This is supported by ex vivo data 
showing a trend toward increased circulating levels of CCL5/ 
RANTES alongside small but significant increases in the levels of 
pro-inflammatory TNF-α and IFN-γ, known to skew macro-
phages toward a pro-inflammatory/anti-tumor phenotype.11 

Considering the hypothesis that cyclophosphamide potentiates 
daratumumab-induced macrophage-mediated ADCP, we 

assessed factors relevant to this process. Critically, our data 
show that low dose cyclophosphamide upregulates both the 
target antigen CD38 on MM cells and also FcγRI/CD64 on 
macrophages. In addition, the phagocytosis inhibitory ligands 
on myeloma cells, CD47 and PD-L1, and their corresponding 
receptors on macrophages, SIRP-α and PD-1 respectively, 
remained unchanged by cyclophosphamide in vitro. However, 
CD47 was decreased on bone marrow MM cells analyzed from 
CyBorD-DARA clinical trial patients.30 This contrasting in vitro 
and in vivo data may be a result of the tumor microenvironment 
not being fully recapitulated in vitro, resulting in an underesti-
mation of cyclophosphamide’s impact on CD47 expression. 
Daratumumab-specific killing assays confirmed enhanced kill-
ing in the presence of low dose cyclophosphamide. Imaging flow 
cytometry analyses provided visual evidence that this killing is 
mediated in part by phagocytosis, supported by the partial 
inhibition seen by blocking actin polymerization. Furthermore, 
this killing was shown to be ADCP-mediated, demonstrated by 
its dependence upon intact FcγRI/CD64 function.

In combination with our previous observations in the Blood 
Advances paper30 supporting the role of CD64, this new data 
shows the enhanced expression of CD163 on monocytes/ 
macrophages after CyBorD treatment. Although CD163 has 
been shown to have both pro- and anti- tumor effects, data 
exists to support its role in the phagocytic activity of macro-
phages in multiple myeloma patients.53 These data highlight 
the complexity and plasticity of macrophage phenotypes in 
various tumor microenvironments .54 A recent study indicated 
that CD163 expression identifying M2 macrophages, in com-
bination with targeting CD47, increased anti-tumor phagocy-
tosis. In the associated published clinical trial,30 we observed 
a decrease in CD47 on multiple myeloma cells following cyclo-
phosphamide treatment. This data, alongside the favorable 
outcomes observed in the clinical trial, indicates an enhanced 
CD64/CD163 macrophage expression in combination with 
a reduction in MM cell CD47 with increased anti-tumor 
activity.30

In the clinical setting, cyclophosphamide has been demon-
strated to synergize with several other myeloma therapies 
enabling responses to be attained in patients with resistant 
disease.55 For example, in the phase 1/2 REPEAT study, 
patients with documented lenalidomide-resistant disease were 
treated with lenalidomide, dexamethasone and low dose daily 
cyclophosphamide, with an overall response of 67% achieved.55 

Low dose cyclophosphamide has recently been combined with 
daratumumab, the IMiD pomalidomide and dexamethasone in 
RRMM patients previously treated with lenalidomide and a PI. 
The regimen was efficacious and well tolerated in a heavily pre- 
treated group.56 Additionally, the ANDROMEDA study, 
a randomized controlled phase 3 study comparing CyBorD- 
DARA with CyBorD in patients with light chain amyloidosis, 
a related plasma cell dyscrasia to MM is ongoing, with 
a positive outcome reported.57

Our results show that cyclophosphamide enhances daratu-
mumab-mediated killing of MM cells via alterations in the 
TME, which promote macrophage recruitment, polarization 
to a pro-inflammatory phenotype, and ADCP. These 
effects may complement the activity of immunomodulatory 
agents and proteasome inhibitors. Cyclophosphamide is 
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a widely accessible, orally available, well-tolerated and rela-
tively inexpensive treatment for multiple myeloma. It has 
numerous other immunomodulatory activities including the 
ability to promote cytotoxic T cell function, downregulate anti- 
inflammatory Tregs, and improve presentation of tumor anti-
gens by dendritic cells.32 Our findings support the addition of 
cyclophosphamide to existing or novel immunotherapy regi-
mens for the treatment of MM patients and those with related 
plasma cell disorders, and shed light on its mechanism of 
action in the context of monoclonal antibody therapy.
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