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Abstract
CD38-targeted antibody, daratumumab, is approved for the treatment of multiple myeloma (MM). Phase 1/2 studies
GEN501/SIRIUS revealed a novel immunomodulatory mechanism of action (MOA) of daratumumab that enhanced the
immune response, reducing natural killer (NK) cells without affecting efficacy or safety. We further evaluated
daratumumab’s effects on immune cells in whole blood samples of relapsed/refractory MM patients from both treatment
arms of the phase 3 POLLUX study (lenalidomide/dexamethasone [Rd] or daratumumab plus Rd [D-Rd]) at baseline (D-Rd,
40; Rd, 45) and after 2 months on treatment (D-Rd, 31; Rd, 33) using cytometry by time-of-flight. We confirmed previous
reports of NK cell reduction with D-Rd. Persisting NK cells were phenotypically distinct, with increased expression of
HLA-DR, CD69, CD127, and CD27. The proportion of T cells increased preferentially in deep responders to D-Rd, with a
higher proportion of CD8+ versus CD4+ T cells. The expansion of CD8+ T cells correlated with clonality, indicating
generation of adaptive immune response with D-Rd. D-Rd resulted in a higher proportion of effector memory T cells versus
Rd. D-Rd reduced immunosuppressive CD38+ regulatory T cells. This study confirms daratumumab’s immunomodulatory
MOA in combination with immunomodulatory drugs and provides further insight into immune cell changes and activation
status following daratumumab-based therapy.

Introduction

Daratumumab is a CD38-targeted monoclonal antibody that
has demonstrated activity as monotherapy [1, 2] and in
combination with standard-of-care regimens in patients with
relapsed/refractory multiple myeloma (MM) and newly
diagnosed MM [3–6]. The ability of daratumumab to induce
deep and durable responses in MM is thought to be in
part due to its direct on-tumor mechanism of action
(MOA), including complement-dependent cytotoxicity [7],
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antibody-dependent cellular cytotoxicity (ADCC) [7],
antibody-dependent cellular phagocytosis [8], apoptosis [9],
and direct enzymatic inhibition [10]. Recently, we revealed an
immunomodulatory MOA of daratumumab, including the
expansion of cytotoxic T cells, increase in T-cell repertoire
clonality, and elimination of CD38+ myeloid-derived sup-
pressor cells, regulatory B cells, and a subpopulation of reg-
ulatory T cells (Tregs; CD4+CD25+CD127dim) [11]. We
showed a rapid reduction of natural killer (NK) cells in whole
blood (WB) and bone marrow of MM patients after the first
dose of daratumumab, to a low level that remained over the
course of treatment, and a recovery of these cells after treat-
ment discontinuation [12]. Interestingly, this reduction in NK
cells was not complete, and peripheral blood mononuclear
cells (PBMCs) from the patients were still capable of inducing
lysis by ADCC of CD38+ tumor cells in vitro, suggesting that
persisting NK cells retained cytotoxic functionality [12].

To further investigate the immunomodulatory effects of
daratumumab, we recently utilized mass cytometry by time-
of-flight (CyTOF) on WB and/or bone marrow samples
from 32 patients treated with daratumumab monotherapy in
SIRIUS or GEN501 at baseline and after 2 months of
treatment [13]. CyTOF utilizes next-generation, high-para-
meter, single-cell analysis platforms, overcoming the chal-
lenges of classical cytometry by allowing for the
simultaneous analysis of cellular composition and marker
expression across a wide range of immune cell subpopula-
tions [14–16]. Our analysis revealed the downregulation of
CD38 expression across a large number of immune cell
types, and the selective depletion of the strongly immuno-
suppressive fraction of Tregs that highly express CD38
[11, 13]. We confirmed NK cell reduction, and CyTOF
profiling revealed that daratumumab induced distinct phe-
notypic changes in the persisting NK cells, with increased
expression of CD27, HLA-DR, CD69, and CD137, sug-
gesting that these cells may be capable of daratumumab-
mediated ADCC. In addition, we demonstrated a shift to
CD8+ prevalence with higher granzyme B (GrB) positivity
in the T-cell population of responders, supporting
monotherapy-induced CD8+ T-cell activation [13]. Collec-
tively, these findings supported a broad immunomodulatory
role for daratumumab that may contribute to the observed
depth of response.

To further expand upon these findings, we conducted
CyTOF immune cell profiling of daratumumab in a large
patient population and in the presence of a randomized con-
trolled standard-of-care comparator arm on patient samples
collected in the phase 3 POLLUX study (ClinicalTrials.gov
Identifier: NCT02076009). POLLUX evaluated daratumumab
plus lenalidomide and dexamethasone (D-Rd) versus the
comparator control regimen (lenalidomide and dex-
amethasone alone [Rd]) in relapsed/refractory MM [3].
Immune responses in these patients were also evaluated by

monitoring the T-cell repertoire by T-cell receptor (TCR)
sequencing and gene expression profiling of >700 genes from
24 different immune cell types (NanoString® PanCancer
Immune Cell Profiling Panel, NanoString Technologies,
Seattle, WA, USA) at baseline and in response to treatment.

Methods

Samples for CyTOF were analyzed as described previously
[13]. Additional details on sample preparation, staining,
CyTOF, TCR, and NanoString analyses can be found in
Supplementary Methods.

CyTOF sample sources and staining

The study design and patient population included in the
POLLUX study have been previously published [3]. Briefly,
WB samples were collected from 40 patients receiving D-Rd
and 45 patients receiving Rd at baseline, and matched sam-
ples after 2 months of treatment were collected from 31
patients receiving D-Rd and 33 patients receiving Rd. Paired
baseline and on-treatment samples were available for 31 D-Rd
and 33 Rd patients; samples were available at baseline only
for 9 D-Rd and 12 Rd patients. Clinical response data of the
POLLUX study were from patients who received D-Rd or Rd
at the clinical cutoff date of March 6, 2017. Responders were
defined as patients with a best clinical response of partial
response or better. Of patients profiled with CyTOF, 7.5%
were nonresponders and 92.5% were responders in the D-Rd
group, and 22.2% were nonresponders and 77.8% were
responders in the Rd group. This was reflective of the intent-
to-treat population, with 7.1% nonresponders and 92.9%
responders in the D-Rd group and 23.6% nonresponders and
76.5% responders in the Rd group. Samples were processed
and antibody staining was performed using a panel of metal-
conjugated antibodies specific for lineage markers and other
markers of interest (Table S1).

This study was conducted according to the Declaration of
Helsinki and the International Conference on Harmoniza-
tion Good Clinical Practice guidelines, study protocols and
analysis plans were approved by ethics committees or
institutional review boards at each study site, and all
patients provided written informed consent.

Data preprocessing and quality control

Stained samples were analyzed using a CyTOF C5 system.
Gating was performed using Cytobank (www.cytobank.org;
Cytobank, Inc, Santa Clara, CA, USA), and data were
further processed via custom scripts based on the flowCore
package. Channel intensities were normalized with cali-
bration beads following data acquisition, and the arcsinh
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function with a cofactor of five was used to transform the
measured intensities for each channel. Quality control of
this sample set was performed using clustering via the Earth
Mover’s Distance algorithm [7] on the percentage of cells
and marker enrichment modeling [17]. These analyses
revealed the absence of technical batch effects and the
expected clustering of control samples (Fig. S1a, b).

Identification and differential analysis of immune
cell population counts and marker intensities

Sample groups were compared per population fraction
between time points (before and during treatment) and
between response groups (responders and nonresponders). In
total, 201 patient samples were acquired by CyTOF;
43 samples did not meet the quality criteria and were exclu-
ded from the analysis, along with nine corresponding cycle
(C) 3 day (D) 1 samples of excluded C1D1 samples (i.e.,
paired samples from the same patients). After quality
assessment and selection of samples with >10,000 live singlet
events of lymphocyte/monocyte count, 149 patient samples
and 38 control samples were clustered into nodes of similar
cellular events using the spanning-tree progression analysis of
density-normalized events (SPADE) algorithm [16, 18], and
subsequently gated into immune populations (Table S2) via
Cytobank software [5, 6]. The SPADE algorithm was run
using 150 nodes with a downsampling rate of 10% to max-
imize the number of cell populations while minimizing the
number of empty nodes. Cell fraction was calculated for the
total number of cells (%total) for each node or bubble of each
sample and relative to the “parent” populations in the SPADE
tree hierarchy (%parent). Differential analysis of population
fractions and marker intensity over time and between treat-
ment groups was conducted by calculating the mean marker
intensity (MMI) for each cluster in the SPADE tree and
performing a two-sided two-sample t-test, allowing for
unequal group variance to compare MMI values for each
group (time/response). Raw P values for all cluster and
marker combinations were generated by this differential
analysis, and bootstrap-adjusted P values were calculated to
correct for multiple dependent hypothesis testing. In the event
that repeated observations over time occurred for the same
subject, response group means were calculated for the fold
changes (MMI difference between two time points).

Bin analysis

To quantify changes in the distribution of signal intensity of
a given marker, centiles of the single-cell data across all
conditions were calculated for each given population and
channel of interest. Those values were then used to define
bins; bins with overlapping values were combined in
the event that >1% of cells had similar signal intensity. The

fraction of cells in each bin for each condition of
interest was compared with the total number of cells
within the entire bin to enable comparisons across condi-
tions. The effect of treatment over time was visualized by
plotting the cell fraction and the lower limit of intensity of
each bin.

To estimate the significance of differences observed
using centile bins, the empirical cumulative distribution
function of the signal intensity for each condition was cal-
culated. To control for differences in number of cells per
sample, each point was weighted according to the total
number of cells in the corresponding sample. The test sta-
tistic corresponds to the difference between empirical
cumulative distribution functions. To estimate significance,
a null distribution was constructed in which conditions are
assumed to be identical by computing the empirical
cumulative distribution functions difference after condition
labels were randomly permuted. The P value was computed
by comparing the true empirical cumulative distribution
functions difference with the null distribution.

Visualization

MMI differential testing results were visualized in a
SPADE-blend tree by coloring each SPADE tree cluster
using a combination of raw P values and fold changes
computed after changes in marker intensities or population
fractions. Numbers (nodes) grayed out in SPADE trees were
not included in the analysis due to a restricted parent–child
population comparison or the existence of an empty node
for one patient sample in the respective data set. Radviz
projections [19] allow for the comparison of populations
and conditions while preserving the relation to original
dimensions. We used this new method to visualize single-
cell level trends. Treatment effects on specific subsets of
cells were visualized using appropriate channels represent-
ing different phenotypic and transitional markers, and
Radviz shifts were used to direct manual gating and
downstream statistical analysis. Fan charts developed by the
Bank of England [20] were used to examine the individual
contributions of each channel and assess the homogeneity
of the response across a given cell population. In brief, the
centiles for each marker and each condition were calculated,
and the corresponding values were visualized as stacked
area plots color-coordinated to their corresponding centiles.
The color intensity is greatest at the center of each fan chart
(centered on the 50th centile) and decreases symmetrically
across the spectrum of higher and lower centiles.

NanoString analysis

Paired PBMC samples (collected on D1 of C1 and C3) were
prepared for profiling on the nCounter PanCancer Immune
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Profiling for Human cells (http://www.nanostring.com/
products/gene_expression_panels) to probe a panel of
>700 genes involved in immune processes such as activa-
tion response, evasion of immune recognition, and sup-
pression of immune activity (Fig. S2).

Filtration and normalization were performed on all samples
that passed quality control. Sample pairing was accounted for
using a random-effect term and correlation estimation using a
limma::duplicateCorrelation function. Here, an expression
matrix with 292 samples × 490 genes was used in a limma-
based differential expression analysis pipeline. Sample num-
bers per analysis group were: D-Rd C1D1, 75; D-Rd C3D1,
77 (71 paired); Rd C1D1, 70; Rd C3D1, 70 (65 paired).

NanoString data analyses were also conducted on patient
samples for which both NanoString and CyTOF data were

available, using CyTOF-derived cellular abundance esti-
mates as covariates in the model matrix, in addition to
standard response-based differential expression tests to
remove the contribution of bulk cell type differences from
the differential expression signal and allow for the focus on
altered transcriptional behavior. This NanoString-CyTOF
matched profiled data set consisted of: D-Rd C1D1, 22;
D-Rd C3D1, 18 (16 paired); Rd C1D1, 23; Rd C3D1, 15
(15 paired).

T-cell clonality and richness analyses

TCRβ sequencing was conducted on PBMCs from paired
WB samples using the ImmunoSEQ™ assay (Adaptive
Biotechnologies, Seattle, WA, USA). The main metrics

Fig. 1 D-Rd and Rd mediated changes of mean CD38 expression
on immune cell populations and mean total immune cell popula-
tions after 2 months of therapy. Panel a shows the mean CD38
expression on immune cell populations and panel b shows the mean
total immune cell populations after 2 months of therapy for D-Rd
treatment (left) and Rd treatment (right). The visualization method
used is the SPADE‐blend tree with which the differential testing
results (here, contrasting pre‐ versus on‐treatment sample data)
are projected as colored highlighting on the SPADE tree to maximize
exploration of the statistical analysis results, simultaneously, in the

samples under investigation. Br bright, Breg regulatory B cell, D-Rd
daratumumab plus lenalidomide and dexamethasone, mDC myeloid
dendritic cell, Monos monocytes, NK natural killer, NKT natural killer
T cell, PBMC peripheral blood mononuclear cell, pDC plasmacytoid
dendritic cell, Rd lenalidomide and dexamethasone, Tem effector
memory T cell, TEMRA effector memory CD45RA+ T cell, Treg reg-
ulatory T cell. Nodes are colored by decrease (cyan; green, if sig-
nificant [raw P value]) or increase (magenta; red, if significant [raw
P value]).
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evaluated at baseline and upon treatment include T-cell
clonality, defined as the extent of mono- or oligoclonal

expansion, and T-cell richness, defined as the number of
clones with unique TCRβ rearrangements.
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Data sharing statement

The data sharing policy of Janssen Pharmaceutical Com-
panies of Johnson & Johnson is available at https://www.ja
nssen.com/clinical-trials/transparency. As noted on this site,
requests for access to the study data can be submitted
through Yale Open Data Access Project site at http://yoda.
yale.edu.

Results

Extensive and broad downregulation of CD38
expression and changes in immune cell composition
by daratumumab

Across the majority of immune cell types investigated
(Table S2), CD38 expression was downregulated with
D-Rd (Fig. 1a, left). In particular, significant down-
regulation was observed for NK cells, B cells, basophils,
monocytes, and CD4+ T cells and no substantial change for
CD8+ T cells. In contrast, Rd alone caused an upregulation
of CD38 in NK cells and CD8+ T cells with a significant
upregulation in naive CD8+ T cells. Except for the non-
memory B cells, Rd did not downregulate CD38 expression
in any of the cell subsets (Fig. 1a, right). Furthermore, D-Rd
treatment showed a significant reduction in the CD56dim NK
cells and, to a lesser extent, a reduction in the CD56bright NK
cells, compared with no substantial changes in the NK cells
or their subpopulations in the control arm. A significant
expansion of various memory CD8+ T-cell subtypes was
observed with D-Rd after 2 months of therapy (Fig. 1b,
left), whereas the expansion in memory CD8+ T cells with
Rd was not significant (Fig. 1b, right). Immune cell gene
expression profiling with NanoString strengthened this
finding (Fig. S3a; Table S3a, b). Significantly, decreased
expression levels were observed with D-Rd for genes such
as SH2D1B (EAT2) and NK-expressed lectin-like receptors
KLRF1, KLRC1, and KLRC2 [21]. In addition, expression
levels of killer cell immunoglobulin-like activating receptor

(KIR) genes, which suppress the killing function of NK
cells through recognition of major histocompatibility com-
plex molecules, were also decreased with D-Rd (Fig. S3a,
left; Table S3a). Increased RNA expression for genes
including CD8A and CD8B, which play a role in T-cell
activation [22], and LAG3, a checkpoint molecule expres-
sed on the surface of activated lymphocytes [23], was
observed with D-Rd treatment. Gene expression changes in
the immune cell compartment were observed with Rd, but
these were moderate and not confined to a specific cell type
(Fig. S3a, right, c; Table S3b).

Phenotype of persistent NK cells

Consistent with previous findings in daratumumab mono-
therapy studies GEN501 and SIRIUS [13], the number of
NK cells was significantly reduced in patients treated with
D-Rd compared with Rd. Interestingly, this decrease
induced by D-Rd was more pronounced in CD56dim than in
CD56bright NK cells (Fig. 2a). The ratio of CD56dim to
CD56bright is significantly decreased upon treatment in
patients treated with D-Rd (P < 0.01; Table S4a). Three
patients treated with D-Rd had NK cell levels that remained
stable or increased and also had NK cells that were
phenotypically distinct from those of the rest of the patient
population (Fig. S4a). Because the treatment-induced
changes observed were dominated by these three patients,
we focused our in-depth analyses of NK cell subtypes,
excluding corresponding samples (Fig. 2b-e), though the
same analyses were conducted on all patients (Fig. S4b–e).
We first evaluated changes in the expression of NK cell
markers using BinAnalysis. While changes in median CD38
expression suggest a strong and significant decrease
(Fig. 1a), when considering the shape of the distribution
D-Rd induces a shift toward cells expressing higher levels
of CD38 in both CD56dim and CD56bright NK cells (Fig. 2b).
D-Rd also induced increased expression of CD27, HLA-
DR, CD69, and CD137 in persisting CD56dim NK cells that
were of a larger magnitude than with Rd (P < 0.05; absolute
effect ≥ 0.005 for each marker). Persistent CD56bright NK
cells had increased CD69 and decreased CD127 expression
upon D-Rd treatment, with magnitudes greater than
observed with Rd (P < 0.05; absolute effect ≥ 0.04 for both
markers, Fig. 2b). Visualizing the overall difference
between treated and untreated samples over these markers,
we observed that Rd has virtually no effect on NK cell
phenotype, while D-Rd induced a shift in both subpopula-
tions, with CD56dim NK cells being more affected than
CD56bright cells (Fig. 2c). CD27 and CD127 have been
suggested as maturation markers for CD56dim and
CD56bright NK cell subsets, respectively [24–26]. CD69 and
HLA-DR are known markers of the activation of CD56dim

NK cells, while CD137 expression has been associated with

Fig. 2 Persistent NK cells were shifted toward an activated, less
mature phenotype upon D-Rd treatment. a Ratio of CD56bright and
CD56dim cells relative to the total number of NK cells at baseline and
upon treatment, normalized to the total number of T cells. b On-
treatment to baseline ratio of positive cell fractions in D-Rd and Rd in
function of the signal intensity centiles for a subset of markers across
CD56bright and CD56dim NK cells. c Radviz projection with contour
plots representing marker expression levels of CD56bright and CD56dim

cells at baseline and upon D-Rd and Rd treatment. d Percentages of
CD137+CD56dim and CD56bright NK cells relative to total CD56dim and
CD56bright NK cells, respectively. e Percentages of subtypes of CD27
and CD69 NK cells relative to total NK cells. Br bright, D-Rd dar-
atumumab plus lenalidomide and dexamethasone, NK natural killer,
Rd lenalidomide and dexamethasone.
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the activation of ADCC in CD56dim NK cells [27–29]. We
therefore investigated CD69+, CD27+, CD127+, and
CD137+ NK cell subpopulations in greater detail. The

percentage of CD137+CD56dim NK cells was significantly
higher with D-Rd (mean signal intesity [MSI] > 0.25 as
CD137+; P < 0.01; Table S4b), but not with Rd (Fig. 2d).
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Similar increases in the percentage of CD27+, CD69+, and
HLA-DR+ populations were observed with D-Rd, while the
percentage of CD127+CD56bright NK cells was decreased
(data not shown). To investigate the relationship between
activation and the maturation status of NK cells, we com-
pared populations expressing CD27 and CD69. While the
proportion of cells remained constant with Rd treatment, the
percentage of CD27−CD69− cells was significantly
decreased and CD27+CD69− and CD27+CD69+ popula-
tions significantly increased (MSI > 1 as CD69+ and
CD27+; P < 0.01; Fig. 2e; Table S4c). Cells corresponding
to CD27−CD69+ were not significantly modulated upon
D-Rd treatment. Altogether, these findings suggest that NK
cells are reduced, while undergoing a selection process in
response to D-Rd, resulting in a relative increase in cells of
an immature activated phenotype.

Upon correction of the NanoString immune cell gene
expression data for the cell abundances measured with
CyTOF, P values for NK cell- and CD8+ T-cell–related
gene expression were no longer significant for D-Rd
(Fig. S3b, left; Table S3c). This implies that the decreased
expression of NK cell genes (SH2D1B, KLRF1, KLRC1,
KLRC2, and NCAM1; Table S3a) observed with uncor-
rected NanoString data is best explained by a decrease in
the numbers of NK cells and not transcriptional down-
regulation. Similarly, the increase in the expression
of CD8A, CD8B, and LAG3 is better explained by CD8+

T-cell expansion (see “T-cell phenotyping” below), not
increased transcription (Table S3a versus c).

Upon correction of cell abundance changes measured
with CyTOF for Rd (Fig. S3b, right; Table S3d), NK and
T-cell genes did not differ significantly in expression
levels, with the exception of KIR activating genes with
short cytoplasmic domain that transduce activating
signals (KIR_activating_subgroup_2; KIR2DS1, KIR2DS2,
KIR2DS3, KIR2DS4, and KIR2DS5).

T-cell phenotyping

Significant increases were observed in the proportion of
total T cells and various T-cell subsets with D-Rd, but not
Rd (Fig. 3; Table S5). Interestingly, the proportion of
T cells increased preferentially in deep responders (com-
plete response or better) receiving D-Rd and correlated with
a higher proportion of CD8+ versus CD4+ T cells (Fig. 3a):
CD3+ T cells evaluated for several markers of activation
and exhaustion revealed a shift in composition toward
CD8+GrB+ T cells in response to D-Rd (CD8+ T cells, P <
0.01; CD8+GrB+ T cells, P < 0.05; Fig. 3b). We corrobo-
rated this observation by paired-sample analysis of the
percentage of CD8+ cells in which this increase was distinct
for D-Rd–treated patients (P < 0.01; Fig. 3b). D-Rd led to a
higher proportion of effector memory (TEM) and effector
memory CD45RA+ (TEMRA) cells versus Rd (Fig. 3c;
Table S5). Greater increases in HLA-DR expression were
observed in D-Rd–treated versus Rd-treated patients, par-
ticularly for memory and CD8+ TEM (Fig. 3d).

Consistent with previous reports of daratumumab
monotherapy studies [13], we observed the depletion of
immunosuppressive CD38+ Tregs (CD4

+CD25+CD127−) in
patients who received D-Rd for 2 months (Figs. 4a and S5;
Table S6). Interestingly, this depletion was not observed in
patients treated with Rd alone (Figs. 4a and S5). WB
samples were analyzed to assess rare CD38+ myeloid-
derived suppressor cell populations, and we detected a
selective reduction of these monocytic myeloid-derived
suppressor cells with D-Rd versus Rd (Fig. 4b; Table S6).

D-Rd promotes adaptive T-cell responses

TCR sequencing revealed a significant increase in median
clonality of the T-cell repertoire with D-Rd (median
at baseline, 0.166 to median following treatment, 0.263;
P= 3.0e−12), but not with Rd (P= 0.66, baseline levels not
different between treatment arms; Fig. S6a, b). Importantly,
this clonality increase of the T-cell repertoire was correlated
significantly with the expansion of CD8+ T cells observed
by CyTOF, suggesting daratumumab induced adaptive
T-cell responses (Fig. 5a; Table S7). This effect was not
observed with Rd alone, supporting the hypothesis that
clonal expansion of T cells can be specifically attributed to
daratumumab. Moreover, high baseline TCR richness is
determined to be predictive of improved progression-free
survival in patients treated with D-Rd (P= 0.034) but not
Rd (P= 0.239; Fig. 5b). T-cell clonality (D-Rd: P= 0.12;
Rd: P= 0.76) was not predictive of progression-free
survival for either treatment arm (data not shown). In
addition to observed increased clonality in D-Rd–treated
patients, T-cell richness decreased significantly with D-Rd
(P= 9.2e−5) but not with Rd (P= 0.52; Fig. S6c).

Fig. 3 D-Rd increased the proportion of T cells preferentially
in deep responders, shifted CD3+ T cells toward a CD8+GrB+

phenotype, increased the proportion of effector memory T cells,
and increased HLA-DR expression on T-cell subtypes compared
with Rd. Panel a shows increases in the proportion of T cells pre-
ferentially in deep responders in response to D-Rd treatment; panel
b shows the shift of CD3+ T cells toward a CD8+GrB+ phenotype in
response to D-Rd treatment; panel c shows an increase in the pro-
portion of effector memory T cells in response to D-Rd treatment*;
and panel d shows increased HLA-DR expression on T-cell subtypes
in response to D-Rd treatment, compared with Rd. C cycle,
CR complete response, D day, D-Rd daratumumab plus lenalidomide
and dexamethasone, MR minimal response, MSI mean signal inten-
sity, PR partial response, Rd lenalidomide and dexamethasone, sCR
stringent complete response, SD stable disease, Tem effector memory
T cells, TEMRA effector memory CD45RA+ T cells, VGPR very good
partial response. *Line represents 1:1 diagonal.
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Discussion

The current study presents the results of comprehensive
omics profiling conducted to further elucidate and support
the mode of action of the CD38-targeted monoclonal anti-
body daratumumab. We recently reported results in a small
patient population treated with monotherapy, which
demonstrated the immunomodulatory effects of dar-
atumumab: (1) expansion of cytotoxic T cells; (2) reduction
of immune suppressive cells, including CD38+ myeloid-
derived suppressor cells, regulatory B cells, and a sub-
population of regulatory Tregs (CD4+CD25+CD127dim),
to promote T-cell activity against myeloma cells; and

(3) increase in T-cell repertoire clonality, reduction of NK
cells, and downregulation of CD38 on target cells [11, 30].
To explore these effects in a larger patient population, in
greater depth, and in respect to a comparator treatment, we
conducted comprehensive omics profiling in the phase 3
POLLUX study evaluating D-Rd versus Rd alone in
relapsed/refractory MM. Broad and deep profiling was con-
ducted through combined TCR sequencing, mass cytometry,
and immune cell transcriptomic profiling to investigate the
effect of daratumumab combination therapy on the T-cell
repertoire, immune cell composition, and gene expression
status. Our objective was to correlate immune cell
phenotypic changes with efficacy and depth of response

Fig. 4 D-Rd treatment reduces
immunosuppressive CD38+

Tregs and MDSCs compared
with Rd. Panel a shows Treg

population; panel b shows
MDSC population. C cycle,
D day, D-Rd daratumumab plus
lenalidomide and
dexamethasone, MDSC
myeloid-derived suppressor cell,
MSI mean signal intensity,
Rd lenalidomide and
dexamethasone, Treg

regulatory T cell.

Immune Profiling of Multiple Myeloma Patients in POLLUX 581



observed in patients receiving D-Rd versus Rd and to
explore whether D-Rd promotes adaptive T-cell responses.

Our data show that D-Rd specifically downregulates the
target CD38 on various immune cell types. Notably,
transfer of daratumumab-CD38 complexes from tumor or
normal cells to immune effector cells (trogocytosis) results
in reduced levels of CD38 on the cell surface [31]. Fur-
thermore, several immune cell composition shifts were
induced by D-Rd versus Rd alone, including increases in
total T cells, as well as subsets of effector and memory
CD8+ T cells, with a preferential increase in CD8+ T cells
in deep responders. Importantly, these effector and CD8+

TEM cells show an activated phenotype, with the upregu-
lation of activation markers such as GrB and HLA-DR.
Consistent with previous reports [12, 13], we observed a
rapid reduction in NK cells in response to treatment with

D-Rd, and levels remained low during the course of treat-
ment and recovered after treatment ended. Utilization of
high-resolution CyTOF revealed a shift of CD56dim and
CD56bright NK subpopulations after treatment, with several
markers showing differences in expression levels between
D-Rd and Rd alone. D-Rd increased the proportion of
CD27+, CD69+, and CD137+CD56dim NK cells, suggesting
that the persisting NK cells are immature and activated
with increased cytotoxic potential [32]. We showed a
significant increase in the proportion of immature NK
cells with increased expression of maturation marker
CD27 on CD56dim NK cells. Importantly, PBMCs from
daratumumab-treated patients still induced lysis by ADCC
of CD38+ tumor cells in vitro [33, 34]. These results,
together with observations from this current study, suggest
consumption and maturation of CD56bright NK cells with
retained cytotoxic functionality of the persisting NK cells,
and an influx of less mature NK cells [35]. No changes were
observed in either the CD56dim or CD56bright NK cell pro-
portions in the Rd treatment arm. However, CD38 expres-
sion was substantially upregulated in NK cells and some
T-cell subsets.

TCR sequencing revealed robust increases in T-cell
clonality and decreases in T-cell richness by D-Rd treatment
that were not observed with Rd. Of particular interest is the
finding that high TCR richness at baseline was predictive of
improved progression-free survival with D-Rd, analogous
to the reported findings with immune checkpoint inhibitors
[36]. Interestingly, TCR repertoire richness has been pre-
viously associated with favorable outcomes in patients with
breast cancer [37]. Preserved immunocompetence may be
an important prerequisite to obtain the optimal effect of
boosting the immune response with daratumumab and
suggests that the use of daratumumab in early lines of
therapy before the immune system has been exhausted by
other treatments may result in the greatest benefit.

Together with the immunophenotyping data, our TCR
sequencing results demonstrated that T-cell clonality
increases are correlated with the expansion of CD8+ T cells,
suggesting an adaptive immune response in D-Rd–treated
patients. Such increases in T-cell clonality have been pre-
viously observed in settings that include vaccination stu-
dies, clearance of viral infection, and the expansion of
tumor-specific T cells [38].

In conclusion, the immune modifications induced by the
addition of daratumumab to Rd in this study are largely
consistent with the observations seen in daratumumab
monotherapy studies and confirm that daratumumab’s
immunomodulatory MOA remains operational when dar-
atumumab is used in combination with lenalidomide. This
study provides additional insights into changes in relative
numbers and activation status of NK cells and T-cell
subtypes following daratumumab-based therapy.

Fig. 5 T-cell repertoire clonality increases in patients receiving
D-Rd versus Rd and baseline TCR richness is predictive of
improved PFS in patients treated with D-Rd. Panel a compares
TCR clonality in patients receiving D-Rd versus Rd treatment; panel
b shows the correlation of baseline TCR richness and improved PFS in
patients treated with D-Rd versus Rd. D-Rd daratumumab plus lena-
lidomide and dexamethasone, PFS progression-free survival, Q quar-
tile, Rd lenalidomide and dexamethasone, TCR T-cell receptor.
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