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Key Points

• T-cell reconstitution
patterns in the bone
marrow microenviron-
ment correlate with
patient outcomes.

• Patients with worse
outcomes have more
T cells at the opposite
ends of the differentia-
tion spectrum
(naive/terminally
differentiated).

The immediate postautologous stem cell transplant (ASCT) period in multiple myeloma

represents a unique opportunity for long-term disease control because many patients have

eradicated most of their disease but also a challenge because it is characterized by the

increase of immune subsets detrimental to tumor immunosurveillance. The impact of the

tumor immune microenvironment (iTME) in post-ASCT outcomes is not known. In this

study, we included 58 patients undergoing upfront ASCT and evaluated their cellular and

humoral iTME with cytometry by time of flight (CyTOF) and luminex, respectively, at day

160 to 100 post-ASCT. We identified 2 cellular iTME patterns. Group 1 was enriched in T-cell

subsets at the opposite ends of the spectrum of T-cell differentiation compared with the rest

of the patients, that is, cells already terminally differentiated (immune senescent or

exhausted) and naive T cells. This group had worse hematologic responses post-ASCT,

inferior survival, and shorter time to hematologic progression independent of established

risk factors. No differences in the humoral iTME were noted between the 2 groups. In

addition, no differences in the cellular/humoral iTME were noted according to high-risk

fluorescence in situ hybridization status, early or late relapse. Finally, males had higher

levels of natural killer cells negative for CD16, a key receptor mediating antibody-dependent

cell cytotoxicity, a major mechanism of antitumor efficacy by therapeutic antibodies such as

elotuzumab. Our findings suggest that T-cell iTME dysfunction post-ASCT, some of which

could be reversible (exhaustion), correlates with worse outcomes. These results could be

used to guide rational selection of post-ASCT maintenance/consolidation approaches in

these patients.

Introduction

Autologous stem cell transplant (ASCT) after induction chemotherapy is considered standard of care for
all eligible multiple myeloma (MM) patients. Despite the high levels of complete response (CR) with this
approach, including minimal residual disease negative (MRD2) CR, the disease eventually relapses,
and MM remains an incurable condition for most patients. The immediate post-ASCT period represents
a unique opportunity for long-term disease control because many patients have eradicated most of their
disease. It also represents a challenge because it is characterized by the increase of immunosuppressive
subsets detrimental to tumor immunosurveillance.1 For this reason, standard maintenance therapies and
ongoing clinical trials are utilizing agents such immunomodulatory drugs and CD38 monoclonal
antibodies that target residual malignant plasma cells but also favorably reshape the tumor immune
microenvironment (iTME). Understanding what drives early post-ASCT immunosuppression and how it
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relates to patient outcomes is key for developing novel therapies
and utilizing existing therapies in a rational way in this setting.

Prior studies have identified peripheral blood immune subsets
correlating with outcomes after ASCT.2,3 However, immune
profiling was performed using oligoparametric techniques, such
as flow cytometry, that cannot accurately capture the complexity of
the immune system. Furthermore, the peripheral blood does not
always reflect what happens in the bone marrow (BM), which
represents the iTME for MM. Finally, many of these analyses were
performed using a supervised or partially supervised approach,
which could have biased the results.

In this study, we use mass cytometry and Luminex to comprehen-
sively profile the cellular and humoral iTME, respectively, of one of
the largest cohorts of patients with MM early post-ASCT. Un-
supervised clustering identified 2 major patterns of cellular immune
reconstitution, which correlated with patients’ outcomes indepen-
dent of known risk factors.

Methods

We included patients with MM undergoing a preplanned, single
ASCT within 12 months of diagnosis with available BM CD1382

sorted or unsorted mononuclear cells and BM plasma at day 160
or day 1100 after ASCT. All patients were conditioned with
melphalan 200 mg/m2. All included patients had consented to have
their BM samples and clinical data used for research purposes, and
this study was approved by the Mayo Clinic Institutional Review
Board and was conducted in accordance with the Declaration of
Helsinki. The electronic medical record was reviewed to obtain
clinical characteristics and treatment information for these patients.
Hematologic responses were defined as per the international
myeloma working group criteria4 and were classified into complete
response (CR), very good partial response (VGPR), partial response
(PR), no response, and progressive disease (PD). MRD status, when
performed, was assessed by multicolor flow cytometry. Engraftment
syndrome was defined using established criteria.5

Luminex analyses

Cytokine and chemokine protein levels in BM plasma were
measured using Luminex xMAP technology. The multiplexing
analysis was performed using the 65-plex immune monitoring kit
(ProcartaPlex Thermo Fisher) on the Luminex 100 system. Raw data
were analyzed per the manufacturer’s protocol. The following
proteins were analyzed: cytokines: G-CSF, GM-CSF, IFN-a, IFN-g,
IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8 (CXCL8), IL-9, IL-10,
IL-12p70, IL-13, IL-15, IL-16, IL-17A (CTLA-8), IL-18, IL-20, IL-21,
IL-22, IL-23, IL-27, IL-31, LIF, M-CSF, MIF, TNF-a, TNF-b, TSLP;
chemokines: BLC (CXCL13), ENA-78 (CXCL5), Eotaxin (CCL11),
Eotaxin-2 (CCL24), Eotaxin-3 (CCL26), Fractalkine (CX3CL1),
Gro-a (CXCL1), IP-10 (CXCL10), I-TAC (CXCL11), MCP-1
(CCL2), MCP-2 (CCL8), MCP-3 (CCL7), MDC (CCL22), MIG
(CXCL9), MIP-1a (CCL3), MIP-1b (CCL4), MIP-3a (CCL20), SDF-
1a (CXCL12); growth factors/regulators: FGF-2, HGF, MMP-1,
NGFb, SCF, VEGF-A; soluble receptors: APRIL, BAFF, CD30,
CD40L (CD154), IL-2R (CD25), TNF-RII, TRAIL (CD253), TWEAK.

Mass cytometry

Our antibody panel included 36 antibodies directed against well-
characterized surface markers of lymphoid cells (T cells, B cells,
natural killer [NK] cells). Mass cytometry antibody–metal conjugate

combinations are detailed in supplemental Table 1. Major lymphoid
cell phenotypes are defined in supplemental Table 2. For primary
conjugations, purified antibodies were obtained in carrier protein-
free phosphate-buffered saline and labeled using the X8 polymer
MaxPAR antibody conjugation kit (Fluidigm) according to the
manufacturer’s protocol. The antibody panel was designed using
the web-based Fluidigm panel designer to select channels with
optimal signal and minimal background from oxidation, isotopic
impurity, or abundance sensitivity. All antibodies were titrated to
optimal staining concentrations using primary human BMs of
patients with MM. Antibody master mixes were prepared fresh for
each experiment. A reference sample was run with each experiment
to evaluate for staining inconsistencies. All BM samples were
processed identically. Mononuclear cells were obtained after ACK
lysis of BM samples and were viably frozen in RPMI 1640, 20% fetal
bovine serum, 10% dimethyl sulfoxide. Cryopreserved cells were
resuscitated for mass cytometry analyses by rapid thawing and
were rested in RPMI 1640 (20% fetal bovine serum) for 60 minutes
prior to staining. Staining was performed using Fluidigm’s protocol.
Briefly, 1 to 3 million cells were stained for viability with 5 mM
cisplatin for 5 minutes at room temperature and quenched with cell
staining medium (CSM; Fluidigm). Cells were then incubated for
10 minutes at room temperature with human FcR blocking reagent
(Biolegend) and then stained with the surface antibody cocktail for
60 minutes at 4°C with gentle agitation. Finally, cells were washed
twice with CSM, fixed with 1.6% paraformaldehyde, washed with
CSM, and resuspended in 1:1000 solution of Iridium intercalator
diluted in MaxPar Fix and Perm buffer (Fluidigm) for 20 minutes at
room temperature. Prior to acquisition, cells were washed twice in
CSM and twice in deionized water and were then diluted to
a concentration of 0.5 million cells per milliliter in water containing
10% of EQ 4 Element Beads (Fluidigm). Cells were filtered through
a 35-mm membrane prior to mass cytometry acquisition. Samples
were then acquired on a Helios mass cytometer.

Mass cytometry data analysis

Flow cytometry standard files were normalized and concatenated
using the Fluidigm acquisition software. Flow cytometry standard
files were uploaded to the Astrolabe Cytometry Platform (Astrolabe
Diagnostics, Inc) where transformation, cleaning (doublets, debris),
labeling, and unsupervised clustering (using FlowSOM)6 were done
as previously described.7,8 Data were transformed using arcsinh
with a cofactor of 5, and the marker intensities presented in the
paper are all after transformation. A minimum of 86147 CD451

events per file were used for clustering. Because the astrolabe
platform is designed to overcluster data, astrolabe-identified cell
clusters were sometimes merged so that the minimum median
cluster size was not smaller than the minimum median doublet rate.
As an additional method of robust cluster identification, we only
considered clusters that formed discrete islands after viSNE
visualization,9 a method that is sensitive to outliers and batch
effects. Identified clusters were then exported for downstream
statistical analyses. All immune subset frequencies are reported as
a percent of CD451 cells. Batch effects were handled as previously
described.10 The Astrolabe cytometry platform applies the Ek’Ba-
lam cell labeling algorithm8 to each sample separately. Therefore,
even if there is variance in the mean mass intensity of particular
markers, the platform labels cell populations correctly. To avoid
batch effects within the data analysis, the Astrolabe Cytometry
Platform did not compare numerical intensities between samples.

1798 PARMAR et al 13 APRIL 2021 x VOLUME 5, NUMBER 7



Each sample was analyzed separately, and then comparisons were
made using cell frequencies. The underlying assumption was that
a given subset was the same regardless of whether the underlying
marker intensity had shifted; in other words, a T cell was defined as
a T cell whether the CD31 peak was centered on a transformed
intensity of 4 or a transformed intensity of 6. This mirrors the
approach used in manual gating analysis.

Statistical methods

Fisher’s exact test was used to compare categorical variables and
Wilcoxon rank sum (2 groups) or Kruskal-Wallis test (.2 groups)
for continuous variables. Kaplan-Meier survival analysis was used to
estimate the overall survival (OS) and time to progression (TTP),
and we used the log-rank test to compare groups. A Cox
proportional hazards model was used to evaluate the impact of
variables of interest on OS/TTP and results presented as risk ratios
with their respective 95% confidence interval. Hierarchical cluster-
ing of patients according to the abundance (% of CD451 cells)
of immune subsets was performed using the Ward’s minimum
variance method. A 2-sided false discovery rate (FDR) adjusted P
value of ,.05 was considered significant when multiple compar-
isons were performed; otherwise, a P value of,.05 was considered
significant. Statistical analysis was performed using JMP Pro
statistical software version 14.1 (SAS Institute, Cary, NC).

Results

The clinical characteristics of the 58 patients included in the study
are shown in Table 1. No patients were lost to follow-up. Because
several patients were transplanted before MRD testing became
standard at our institution, we only had MRD status in 12 patients
with CR, of which 6 were MRD2.

Mass cytometry identifies 2 major cellular immune

reconstitution patterns after ASCT

We identified 26 lymphoid subsets early after ASCT. Their
phenotypic characteristics and structure on a viSNE map are
shown in Figure 1 and supplemental Figure 1, respectively. ViSNE
maps for individual patients are also shown in supplemental
Figure 2. To better understand patterns of immune reconstitution
early post-ASCT, we clustered patients based on their cellular iTME
(cytometry by time of flight [CyTOF]–identified immune subsets).
Three groups were identified (Figure 2). Immune subset differences
(using an FDR-corrected P value to account for multiple
comparisons) across the 3 groups are shown in Figure 3. Group 2
was characterized by a robust early B-cell recovery compared with
groups 1 and 3 with no other differences identified between groups
2 and 3.

The remaining differences across the 3 groups were exclusively
driven by T-cell subsets in group 1. Group 1 was characterized by
higher levels of the T-cell-2 subset, a double-negative, terminally
differentiated subset and the T-cell-4 subset, resembling NKT cells
(CD561) but also with markers of immune senescence/terminal
differentiation (CD27/CD282, KLRG11, CD571) and low levels of
TIGIT expression. Other T-cell subsets differentially increased in
group 1 were T-cell-14, -16, -19, and -20 subsets. Of these, the
T-cell-16 and -19 subsets were CCR5 expressing subsets with
features of terminal differentiation (CD27/CD282, KLRG11) and, in
the case of T-cell-16, exhaustion (TIGIT1). T-cell subset -20 had
a phenotype characteristic of naive T cells (CCR7/CD45RA1,

CD45RO2). No differences in NK-cell subset reconstitution
patterns were identified. Finally, no cytokine differences were noted
across the 3 groups (data not shown).

These data suggest that early immune reconstitution in a subset of
patients post-ASCT is enriched in T-cell subsets at the opposite
ends of the spectrum of T-cell differentiation, that is, cells already
terminally differentiated (immune senescent) or naive T cells.

Immune reconstitution patterns early after ASCT

correlate with patient outcomes

We then evaluated if there were differences in immune subsets
or cytokines according to patient characteristics and outcomes.
We considered the following characteristics as dichotomous
variables (using an FDR-corrected P value to account for multiple

Table 1. Characteristics of patients

Characteristic, N 5 58 Median (range) or n (%)

Female sex 16 (28)

Age, y 62 (41-75)

Diagnosis period 6/2/2014 (1/29/2010-5/23/2018)

Follow-up of surviving patients for survival from
ASCT, mo

59 (24-110)

High-risk FISH* 13 (22)

Type of induction therapy

IMID-based 43 (73)

At least triplet therapy 49 (84)

Interval, diagnosis to ASCT, mo 6 (1-11.6)

Hematologic response prior to ASCT

CR 19 (33)

VGPR 19 (33)

PR 14 (24)

, PR 6 (10)

Engraftment syndrome 6 (10)

Hematologic response post-ASCT

CR 24 (41)

VGPR 17 (29)

PR 11 (19)

,PR 6 (10)

Maintenance therapy

IMID based 26 (45)

Single agent 27 (47)

Combination therapy 8 (13)

No maintenance† 23 (40)

Outcomes post maintenance

Time to relapse, mo 17 (2-83)

Relapse within 12 mo 14 (24)

Remission lasting .36 mo with maintenance 10 (17)

Remission lasting .18 mo without maintenance 11 (9)

*Defined as the presence of t(4;14), del(17/17p), t(14;16), or t(14;20).
†Of which 3 were primary refractory and as a result switched therapy.
IMID, immunomodulatory drug (thalidomide, lenalidomide, pomalidomide); NR, no re-

sponse/disease progression.
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comparisons): sex, high-risk fluorescence in situ hybridiza-
tion (FISH), CR status after ASCT, relapse within 12 months
from ASCT, and relapse within 18 months (unmaintained) or
36 months (maintained) post-ASCT. We found no differences
with the exception of sex and CR status. Males had higher
levels of the CD162 NK-cell-3 subset compared with females
(median 1.9% vs 0.7%, FDR-corrected P value of .02). Patients
in a hematologic CR had lower levels of the T-cell-13 subset
(median 3.2% vs 5.2%, FDR-corrected P value of .03). When
considering all the clinical characteristics included in Table 1,
patients in group 1 were less likely to achieve a hematologic CR
(10% vs 48%, P 5 .04) and more likely to have a hematologic

PR or PD (80% vs 19%, P , .001) post-ASCT compared with
the rest of the cohort.

Subsequently, we evaluated whether immune reconstitution
patterns post-ASCT correlate with OS or TTP. Group 1 had worse
OS from diagnosis and from ASCT and worse TTP from ASCT
(Figure 4). Univariable and multivariable analyses revealed that
immune group 1 and high-risk FISH were independent predictors of
OS (Table 2).

Discussion

In this study, we identified 2 major reconstitution patterns of the
cellular iTME early post-ASCT in patients with MM treated with an
upfront ASCT. We find that a group of patients is characterized by
higher levels of naive and terminally differentiated T cells, some of
which are expressing markers of T-cell exhaustion. This group is
characterized by worse hematologic responses after ASCT and
inferior OS and TTP independent of high-risk FISH.

The presence of T cells at the 2 opposite ends of the T-cell
differentiation spectrum, that is, naive and terminally differentiated,
in the group with the worst outcomes suggests that the iTME of
these patients is enriched in subsets unable to mediate effective
clearance of malignant cells. Naive T cells have not been yet
activated to engage antigens. On the opposite spectrum, terminally
differentiated effector T cells have expanded in response to
antigens, presumably against MM cells in this case, because these
patients had higher levels of residual disease, but were unable to
control the tumor. We were intrigued to note CCR5 expression in
several of these T-cell subsets. Maximal T-cell recruitment and
T-cell–mediated antitumor responses rely on CCR5 expression in
both CD41 and CD81 T cells.11,12 CCR5 expression on CD4
T cells is essential for activation of antigen-presenting cells and the
resulting enhanced CD8 T cell cross-priming and tumor rejection in
mouse models of malignancies.11 This is thought to be mediated by
the expression of CCR5 ligands CCL3 and CCL4, which are also
produced by malignant plasma cells in the iTME of MM and are
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thought to be implicated in osteoclastogenesis.11,13 Therefore,
these immune cells are likely attracted in the iTME by residual
malignant plasma cells. Infiltration by CCR51 lymphocytes is
common in the microenvironment of other tumors14,15 and has
been associated with favorable prognosis.15 We noted features of
T-cell exhaustion (PD-1 and TIGIT) in some of the CCR5-expressing
T-cell subsets, which suggest that these populations of tumor
infiltrating lymphocytes might not be able to control tumor growth

because they are exhausted. T-cell exhaustion post-ASCT has been
noted by us and others1,3,7,16 and has been reversed in vivo by use
of checkpoint inhibitors, such as anti-TIGIT antibodies.17

Several of the identified subsets were senescent. Immunosenes-
cent T cells are characterized by a decrease in surface CD27 and
CD28 costimulating molecules and increase of KLRG1 and in some
cases CD571.18 They have been shown to have immunoregulatory
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properties and to suppress effective antitumor immune responses.19

It has been demonstrated that therapies such as ASCT7,16

and MM itself can induce T-cell immunosenescence20 and that
higher levels of senescent T cells are associated with worse
outcomes at diagnosis in MM.7 Our study suggests that the
same is true after ASCT. In fact, existing maintenance approaches,
such as lenalidomide, skew the T-cell repertoire toward a less
terminally differentiated phenotype.21 These immunosenescent
subsets also increase in triple refractory patients but not during
earlier relapses,22 which could be a result of clonal T-cell expansion
induced by CD38 monoclonal antibodies.23 The concurrent
increase in the naive T-cell pool in these patients suggests that
immunomodulation early post-ASCT using agents that are able
to skew a residual naive T-cell pool toward an early effector
phenotype, such as CD38 antibodies, perhaps in combination with
anti-TIGIT agents to “revive” exhausted subsets could be a reason-
able therapeutic strategy.

We noted that the NK-cell pool post-ASCT recovered in a homoge-
nous way with the exception of male patients having more CD162 NK
cells. CD16 is a key receptor mediating antibody-dependent cell
cytotoxicity, which is a major mechanism of antitumor efficacy by
therapeutic antibodies to tumor antigens, including elotuzumab.24

Our findings suggest that elotuzumab efficacy early after ASCT
might be decreased in male patients. Our differences compared
with other studies, that identified differences in NK-cell subsets in
the peripheral blood of patients with MRD2 CR,3 may have to do
with differences in the markers tested (limited NK-cell–specific
markers in our panel), sample source (marrow vs peripheral blood),
and patient cohort characteristics. Similar to others,2 we noted
less robust B-cell immune reconstitution in patients with inferior
outcomes. Interestingly, patients not achieving CR had higher levels
of exhausted T cells. More exhausted T cells in patients at higher
risk for relapse has been reported in the past.1 These cells in our
study expressed CD27 and CD28 but also some markers of
senescence such as KLRG1 but not CD57. It is unclear if these

cells represent progenitor or terminally exhausted T cells25 and
to what extent they could be modulated by checkpoint inhibition.
Finally, we did not observe any differences in the cytokine compartment
across the various immune groups or when performing prespecified
comparisons according to clinical characteristics. This suggests
that the humoral iTME compartment post-ASCT might be too
homogenous to detect differences in this cohort possibly as a result
of common humoral factors driving immune and hematopoietic
recovery early post-ASCT.

Our study has several limitations. Most of our patients were
male, and we did not validate our findings in a separate cohort,
so generalizability is limited. We were restricted by the number
of patients with all available samples and enough clinical follow-
up for this study. MRD status was only available for half of the
patients in CR. Therefore, we could not accurately assess
differences between MRD1 and MRD2 CRs. Several (40%)
patients did not receive maintenance, which reflects differ-
ences in practice patterns for patients diagnosed at an earlier
period. However, receiving maintenance was not an independent
predictor of outcomes in this cohort. We used cryopreserved
samples, and therefore, myeloid populations could not be adequately
assessed, because several key populations, such as myeloid
derived suppressor cells, are lost after cryopreservation,26 whereas
T-cell loss is thought to be stochastic. For this reason, we did not
include markers for myeloid populations and focused on the lymphoid
compartment.

In summary, here we define major immune reconstitution patterns
early after ASCT using novel multiparametric approaches that
can help deepen our understanding of the state of the iTME in
this setting.
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Table 2. Univariable and multivariable analyses on OS and TTP

Univariable Multivariable

Characteristic Risk ratio (range) P Characteristic Risk ratio (range) P

OS

Group 1 vs not 2.5 (1.1-5.6) .02 Group 1 vs not 3.5 (1.5-8.3) .009

Age 1.4 (0.22-10.7) .7

High-risk disease* 5.51(2.3-11.2) ,.0001 High-risk disease* 6.4 (2.8-14.9) ,.0001

CR post-ASCT 0.83 (0.38-1.76) .6

PR/PD vs not 1.9 (0.9-4) .1

Received maintenance therapy 2.18 (0.96-4.94) .06

TTP

Group 1 vs not 2.1 (1.01-2.1) .04 Group 1 vs not 2.2 (1.1.-4.6) .03

Age 0.26 (0.1-1.5) .12

High-risk disease* 2.5 (1.2-5.2) .01 High-risk disease* 2.7 (1.3-5.6) .008

CR post-ASCT 1.1 (0.6-2) .8

PR/PD vs not 1.8 (0.99-3.4) .06

Received maintenance therapy 0.9 (0.5-1.6) .7

*Defined as the presence of t(4;14), del(17/17p), t(14;16), or t(14;20).
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