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Aberrant single-cell phenotype and clinical
implications of genotypically defined polyclonal
plasma cells in myeloma
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Multiple myeloma (MM) is driven by clonal plasma cell (cPC)-intrinsic factors and changes in
the tumor microenvironment (TME). To investigate whether residual polyclonal PCs (pPCs)
are disrupted, single-cell (sc) RNA sequencing (scRNA-seq) and sc B-cell receptor analysis
were applied in a cohort of 46 samples with PC dyscrasias and 21 healthy donors (HDs). Of
234 789 PCs, 64 432 were genotypically identified as pPCs with frequencies decreasing over
different disease stages, from 23.66% in monoclonal gammopathy of undetermined signif-
icance to 3.23% in MMs (P = .00012). Both cPCs and pPCs had a comparable expression of
typical lineage markers (ie, CD38 and CD138), whereas others were more variable (CD27
and ITGB?). Only cPCs overexpressed oncogenes (eg, CCND1/2 and NSD2), but CCND3 was
often expressed in pPCs. B-cell maturation antigen was expressed on both pPCs and cPCs,
whereas GPRC5D was mostly upregulated in cPCs with implications for on-target, off-tumor
activity of targeted immunotherapies. In comparison with HDs, pPCs from patients showed
) upregulated autophagy and disrupted interaction with TME. Importantly, interferon-related

pathways were significantly enriched in pPCs from patients vs HDs (adjusted P < .05)
showing an inflamed phenotype affecting genotypically normal PCs. The function of pPCs was consequently affected and
correlated with immunoparesis, driven by disrupted cellular interactions with TME. Leveraging our scRNA-seq data, we
derived a "healthy PC signature” that could be applied to bulk transcriptomics from the CoMMpass data set and pre-
dicted significantly better progression-free survival and overall survival (log-rank P < .05 for both). Our findings show that
genotypic sc identification of pPCs in PC dyscrasias has relevant pathogenic and clinical implications.

® scRNA-seq analysis of
pPCs in patients shows
an inflammatory
phenotype that
correlates with
myeloma pathogenesis.

® Inflamed pPCs have
perturbed interactions
with the TME leading to
immunoparesis and
correlate with
decreased survival in
MM.
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or smoldering MM (SMM) based on the bone marrow (BM)

Introduction

Multiple myeloma (MM) is a plasma cell (PC) neoplasm whose
origin is in the germinal center of a secondary follicle."? Initi-
ating somatic events at the genomic level are thought to be
translocations of recurrent oncogenes to the immunoglobulin
heavy chain locus, or trisomies of several odd-numbered chro-
mosomes." Asymptomatic PC expansions can be categorized as
monoclonal gammopathy of undetermined significance (MGUS)
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monoclonal PC percentage.”® Evolution from MGUS to SMM
and MM s paralleled by the acquisition of secondary somatic
genomic events, such as gene mutations, further translocations,
and copy-number abnormalities (CNAs).>® However, the serial
study of MM samples evolved from SMM shows that some
cases do not display genomic changes.”'” Here, transformation
to an aggressive clone has likely already happened. However, it
is possible that not all clinical progressions are explained by
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genomics alone: indeed, a disrupted tumor microenvironment
(TME) plays a clear pathogenic role in MM development'"'? by
providing prosurvival and antiapoptotic stimuli.'*"'¢ Further-
more, surveillance from immune TME cells has the potential to
prevent the evolution of asymptomatic stages of PC dyscra-
sias'”” and is disrupted along their progression.'’>'820
Strategies to restore anti-MM immune function are a prom-
ising treatment approach in relapsed/refractory MM cases,
where high-risk genomic lesions are enriched and response to
conventional treatments is poor.”>** Indeed, in the era of novel
immunotherapies, the quality of response depends not only on
escape mechanisms by tumor cells but also on effector cell
function.”*?® Immunoparesis, defined as reduced levels of >1
nonclonal immunoglobulin classes, is frequent in PC dyscrasias.
Its prevalence increases from MGUS to SMM and MM and has
prognostic value.””*" In MM, immunoparesis can explain the
increased susceptibility to infection and is associated with an
overall worse prognosis.*’~*? Clearly, immunoparesis can only
be explained by the disruption of polyclonal PCs (pPCs).
However, little is known about the functional properties of pPCs
in various stages of PC dyscrasias.

Single-cell RNA sequencing (scRNA-seq) has the potential to
dissect the clonal PC (cPC) and pPC populations, and initial
studies have found a different transcriptomic signature of the 2
populations.®*** However, our studies®® and others**>* have
shown that pPCs do not always clearly separate from cPCs in
scRNA-seq uniform manifold approximation and projection
(UMAP) plots, suggesting that a pure transcriptomic approach
may be imperfect to accurately identify pPCs. Newer technol-
ogies allowing single-cell B-cell receptor (BCR) genotyping
along with transcriptome sequencing of the same single cell are
better suited for this task. In this study, we developed an
algorithm to unambiguously identify pPCs at the single-cell
genotypic level. This allowed us to study their functional
properties in MGUS, SMM, and MM stages and in comparison
with normal PCs from healthy donors (HDs), showing they have
profoundly deranged functions affecting the TME and the
production of polyclonal immunoglobulins, which ultimately
correlate with disease progression and prognosis.

Materials and methods

A detailed description of all methods is presented in the
supplemental Methods, available on the Blood website.

Sample selection

BM aspirates from 46 patients affected by MGUS (n = 7), SMM
(n = 16), and MM (n = 23) were obtained at Fondazione IRCCS
Ca' Granda Ospedale Maggiore Policlinico, Milan, ltaly,
according to the International Myeloma Working Group
criteria,” as well as 4 samples from HD. Detailed clinical infor-
mation for each case is presented in supplemental Table 1.

Three HDs were collected from Erasmus MC Cancer Institute,
Rotterdam, The Netherlands; 14 samples (HDs) were obtained
from publicly available databases.?**

Sample processing
Mononuclear cells were used with Ficoll-Paque medium (Cytiva,
catalog no. 17144002) density gradient centrifugation, and

SINGLE-CELL ANALYSIS OF POLYCLONAL PLASMA CELLS

CD138" BM cells were prepared using the EasySep CD138
Positive Selection Kit Il (STEMCELL Technologies, catalog no.
17887A), after erythrocyte lysis (Cytognos, catalog no. CYT-BL),
following manufacturer’s instructions.

scRNA 5’ sequencing library construction and
sequencing

The Chromium Next GEM Single Cell 5" v2 protocol (CGO00330
Rev E) was applied, and single-cell 5" RNA-seq libraries were
generated following standard manufacturer’s protocols.

BCR Amplification Kit (10x Genomics; PN-2000253) was used for
analysis of the hypervariable V(D)J region of the BCR. Generated
libraries were sequenced on a NovaSeq6000 platform (lllumina
sequencing system) using a 150 bp paired end protocol, tar-
geting ~100 000 reads per cell and 15 000 reads per cell for 5
gene expression (GEX) and V(D)J enriched libraries, respectively,
according to manufacturer's recommendations.

CD138" preprocessing scRNA-seq analysis

The GEX and V(D)J scRNA-seq data were aligned and quanti-
fied using the Cell Ranger (version 7.1) pipeline, and the Seurat
pipeline (version 4.4.0) was used to analyze expression
matrices.

Polyclonal cell selection

To analyze genotypically identified pPCs, a multistep process
was applied, defining the dominant clonotype and the nucle-
otide sequence of the CDR3 of any nonclonal clonotype, fol-
lowed by the Immcantation pipeline®’*® and InferCNV analysis.

PCs scRNA-seq analysis

scRNA-seq analysis was performed using the Seurat pipeline,
using the reciprocal principal component analysis method for
integration. The integrated Seurat object was scaled, and the
batch effect was corrected by Harmony39 (version 1.2.0), before
the functional enrichment analysis. To avoid cell clustering
confounding factors, immunoglobulin-related genes (genes
located in immunoglobulin heavy chain, immunoglobulin light
chain A, or immunoglobulin light chain k loci) were removed for
downstream analyses.''-33:35:40

Single-cell copy-number variation analysis
CNAs were inferred from single-cell GEX data using InferCNV R

package®' (version 1.16.0, https://github.com/broadinstitute/
inferCNV).

Single-cell HD signature definition and scoring

HD gene signature was defined by a differential GEX analysis
("wilcoxauc” R function) between HDs and MGUS, SMM, and
MM, and only genes significantly upregulated in HDs (Benja-
mini-Hochberg adjusted P < .05; log fold change >0.1) were
retained. Then, intersection of deregulated genes within each
contrast using the “distinct” mode was calculated (Complex-
Heatmap [version 2.18.0]).

Finally, the HD GEX signature was inferred in the multiple
myeloma research foundation bulk RNA-seq data set (IA17
release, https://research.themmrf.org). Survival analysis was
performed using survival (version 3.5-8) and survminer (version
0.4.9) packages.
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CD138™ preprocessing scRNA-seq analysis

GEX and V(D)J scRNA-seq data of matched 31 CD138™ samples
(n = 23 fresh and n = 8 frozen) were preprocessed using the Cell
Ranger pipeline (version 7.1).

Cell-cell communication and interaction analysis
Interaction analysis was performed using the MultiNicheNet
package (version1.0.3)*? implemented in R (https:/github.com/
saeyslab/multinichenetr). The analysis includes 31 matched
samples, and it was performed integrating CD138" cells and
CD138" cells for the TME. Comparisons were conducted
between patients with and without immunoparesis.®’

Results

Landscape of pPCs across stages of PC dyscrasias
We analyzed CD138-purified samples from 7 patients with
MGUS, 16 patients with SMM, and 23 patients with MM. CD138*
samples from HD were sourced locally (n = 4), from collaborators
(n = 3), and from publicly available databases (n = 14).333¢ For
patients with PC dyscrasias (supplemental Table 1), we devel-
oped a workflow (Figure 1A) to leverage single-cell data to
genotypically identify cPCs vs pPCs. The polyclonal nature of the
latter group was confirmed by the lack of identity and hierarchical
relationship of the heavy and light chain BCR sequence with the
BCR sequence of cPCs of the same patient (supplemental
Table 2). PCs sharing the same light chain or substantial iden-
tity with the clonal sequence were excluded from analysis
(“Materials and methods”; supplemental Table 2). CNA analysis
through InferCNV*' confirmed that pPCs of each individual
sample did not share any of the CNAs observed in their cPCs
counterparts, in both supervised and unsupervised analyses
(supplemental Figures 1-5). After filtering cells, a total of 234 789
PCs (n = 54 419 from HDs, n = 15 882 from MGUS, n = 55 409
from SMM, and n = 109 079 from MM) (Figure 1B) were used for
further analysis. Using this approach, 170 357 cells (72.55%) were
genotyped as cPCs and 64 432 (27.44%) as pPCs. Overall, the
frequency of pPCs was higher for MGUS and decreased in SMM
and MM samples. In MGUS, the mean percentage of pPCs was
23.66% (range, 6.34%-46.77%), whereas in SMM it dropped to
10.10% (range, 1.14%-52.69%) and in MM to 3.23% (range,
0.25%-23.65%; P = .00012, XZ test) (supplemental Table 3). The
absolute number of pPCs followed a similar trend, with 3103
(19.53%) in MGUS, 3291 (5.93%) in SMM, and 3619 (3.31%) in
MM (Figure 1B-C).

We first analyzed cells in bulk, that is, merging the transcriptome
of each single cell in a single “pPC" vs “cPC" sample for all
patients with MGUS, SMM, and MM. pPCs were quite similar to
cPCs in MGUS, with no differentially expressed genes. In turn,
differentially expressed genes were found in SMM and MM as
expected (supplemental Figure 6). However, the strength of
scRNA-seq is to evaluate the contrasts among thousands of cells
per sample without losing each individual signal, therefore
retaining the heterogeneity of each sample and each cell within
the sample. Performing this analysis, in the UMAP sample space,
pPCs from different individuals tended to cluster together.
However, there also was a considerable admixture of pPCs and
cPCs in the sample space of each patient (Figure 1D;
supplemental Figures 7-9A), indicating that transcriptomics alone
may fail to accurately dissect every pPC from cPCs. The UMAP
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distribution of cells by disease stage showed how PCs from
MGUS, SMM, and MM were progressively more distant from PC
from HD, as expected (Figure 1E; supplemental Figure 9B).
When stratified by fluorescence in situ hybridization, PC tended
to cluster by cytogenetic group rather than by symptomatic
stage (supplemental Figure 10). Next, we looked at canonical PC
marker genes. Our analysis confirmed previous observations,
such as the frequent loss of CD27°**3% in cPCs and their uni-
form expression of CD38, CD138, and B-cell maturation
antigen (BCMA) (TNFRSF17; Figure 1F). As expected, oncogenes
such as NSD2, CCND1/2, and MAF were only expressed in cPCs.
Interestingly, we found GPRC5D expression to be on average
lower in pPCs than in cPCs from the same patients, differently
from BCMA (supplemental Figure 11). This might explain the
lower risk of infections of anti-GPRC5D T-cell redirecting immu-
notherapies than anti-BCMA treatments.”” Of note, pPCs
frequently expressed markers usually attributed to cPCs, such as
IGTB7 and CCND3, and this was true for both pPCs from
patients and PCs from HDs (Figure 1F).

pPCs from patients show deregulated expression
profiles and an inflammatory phenotype

We next restricted our analysis to the phenotype of 64 432
pPCs to determine their transcriptomic heterogeneity. After
filtering cells using standard quality controls (supplemental
Figure 12A-C), pPCs were replotted along with PCs from HDs:
here, we observed a slight divergence of cells from patients and
HDs, but overall there was a considerable overlap of cells from
all disease stages (Figure 2A). After creating UMAP plots by
clusters and by patients (supplemental Figure 13A-B), we next
asked what genes are differentially expressed in the different
clinical categories. Analysis of differentially expressed genes
showed that pPCs from patients had a similar pattern, different
from HDs (Figure 2B). The latter group showed overexpression
of genes such as DUSP1, BTG1, FKBP2, and NFAKB1A, mainly
involved in controlling MAPK signaling, protein folding, and
protection against oxidative stress. Conversely, in pPCs from
patients, we found upregulation of genes usually associated
with inflammation and/or stress conditions (ie, IRF1, ISG15, and
IFITM1), the autophagy receptor SQSTM1 and the VIM gene,
often upregulated during epithelial to mesenchymal transition
(Figure 2B). Canonical PC marker genes were not different
between pPCs in patients and HDs. Other genes were instead
exclusively expressed in pPCS from patients, such as CTSB,
CTSD, and OPTN involved in autophagy. Even more interest-
ingly, we found that only PCs from SMM and MM upregulated
the surface integrin ICAM1, implying that interaction with the
TME changes for pPCs in more advanced stages (Figure 2C).
We performed a differential expression (DE) analysis to look at
pathway analyses in all possible 1:1 contrast combinations
(Wilcoxon rank sum test, with adjusted P value Benjamini-
Hochberg correction): there was an upregulation of inflamma-
tory pathways (hallmark tumor necrosis factor o and interferon
alfa [IFN-a] response, hallmark oxidative phosphorylation) in
pPCs from patients compared with HDs, as well as comparing
pPCs across disease stages with each other, with the most clear-
cut differences between MGUS and SMM/MM (Figure 3A;
supplemental Figure 14A-C). Statistics are presented in
supplemental Table 4. In summary, we showed a climax of
increasing inflammatory status in pPCs from HD to MM
(Figure 3B-D; supplemental Figure 14A-C).

DA VIA et al
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Figure 1. Clonal and polyclonal cells identification in patients affected by PC dyscrasias and HD. (A) Schematic overview of cohort of samples and workflow of the study.
(B) Donut charts representing the distribution of polyclonal (blue) and clonal cells (red) in PC dyscrasias and HDs. Numerical values are reported. (C) The proportions of clonal
cells (red) and polyclonal cells (blue) in each sample, categorized by clinical state (top). (D) UMAP plot showing all clonal (red) and polyclonal (blue) cells, with numerical values.
(E) UMAP representation of the sample space categorized by disease stage. Colors as in panel C. Numerical values and percentages are reported for each category. (F) Violin
plots showing distribution of expression of genes commonly upregulated in patients with PC dyscrasias, along with annotations of the clinical classification (top). BM, bone
marrow; df, degrees of freedom.
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Figure 1 (continued)

Single-cell transcriptomic correlates of
immunoparesis

Production of polyclonal immunoglobulins in patients with PC
dyscrasias is impaired to variable extents. Particularly, reduction
in the production of uninvolved immunoglobulins is seen as a
risk factor for progression in asymptomatic conditions®'** and
as a risk factor for survival and infections in MM, where it also
predicts lower response to vaccination.**” Our unique data
set allowed us to specifically characterize the transcriptional
profiles of pPCs in patients with and without immunoparesis,
defined as the decrease of >1 of the uninvolved immunoglob-
ulin classes.>' Having shown the presence of strongly enriched
inflammatory pathways in pathological pPCs, we next sought to
define their expression profile in patients with immunoparesis.

Of 46 patients (n = 10013 pPCs; Figure 4A), 38 showed
immunoparesis. We first observed that pPCs frequency tended
to decline in patients showing immunoparesis (supplemental
Figure 15A-D), likely explaining at least in part the decreased
production of immunoglobulins. Next, we analyzed their GEX
profile. The patients without immunoparesis showed the
expression of genes related to NF-kB (ie, BIRC3), cell adhesion
(ie, CXCR4, SDC1, and PECAMT), autophagy (ie, FOS and
CST3), and antiapoptotic pathways (ie, DYNLL1). Compared
with pPCs in patients without immunoparesis, pPCs in patients
with immunoparesis showed upregulation of genes related to
the IFN pathway (ie, IRF1, MX1, and ISG15), unfolded protein
response (ERNT), and cell proliferation and apoptosis (ie,
H3F3B and NOP53), implying a more deregulated tran-
scriptome (Figure 4B). Then, to explore the functional conse-
quences of GEX deregulation, we performed DE analysis
comparing the immunoparesis status within the subset of
symptomatic patients (n = 23). Here, in the presence of
immunoparesis, pPCs were functionally enriched for IFN-related
pathways (hallmark IFN-y) and oxidative phosphorylation
(Figure 4C-D). Statistics are presented in supplemental Table 5.
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Taken together, our results reveal consistent changes in
expression profiles of pPCs in patients with immunoparesis and
correlate the presence of a proinflammatory phenotype with
decreased immunoglobulin production.

The interactome landscape of immunoparesis in
pPCs

Given that progression and persistence of MM are influenced
by the BM TME and functional properties of both cPCs and
pPCs are clearly dependent on interactions with the TME, we
next investigated the cell-cell interactions between PCs reper-
toire and TME in the BM. To gain a first insight into the
composition of the TME, we performed scRNA-seq of 31 paired
CD138" and CD138" cell fractions within our cohort. In total,
we integrated 171 928 cells into a single data set and used the
MultiNicheNet pipeline,*? a tool that infers cell-cell interactions
based on ligand-receptor expression and on the pathway acti-
vation downstream of the ligand in different cell types. Within
this dataset, 102 194 cPCs, 7447 pPCs, and 62 287 TME cells
were analyzed (supplemental Table 6). The TME and the PCs’
compartment mapped separately in UMAP plots (Figure 5A).
Here, we found 148 006 cells from 23 samples (n = 89 037
cPCs, n = 3923 pPCs, and n = 55 046 TME cells) characterized
by immunoparesis and 23 922 cells from 8 immunoparesis-
negative samples (n = 13157 cPCs, n = 3524 pPCs, and
n = 7241 TME cells; Figure 5B). Splitting the TME data by cell
type, 32966 T cells, 3472 B cells, 15 261 myeloid cells, 6589
natural killer (NK) cells, 1019 dendritic cells, and 2980
hematopoietic stem cells (HSCs) were analyzed and no signifi-
cant differences were observed in the relative composition of
the TME populations between patients with and without
immunoparesis (Figure 5B; supplemental Table 6; supplemental
Figure 16) with the known exception of a significant depletion
of pPCs in patients immunoparesis patients (adjusted P = .004;
supplemental Figure 16).

DA VIA et al

520z 1890300 L€ uo 1senb Aq ypd ulew-g495z20-+202-PIq” POOIA/L¥8ZBEZ/¥T L €/92/S L /HPd-Bloiie/poo|q/Bi0 suonedligndyse//:diy woly papeojumoq



I |
| I
—_— Polyclonal cell ly (64,432)
: . . olyclonal cells only ( ) : 4 cD38
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B 4 m
“ ! ‘ ‘ SDC1
3 | ‘ | MS4A1
L4 ¢ & é é TNFRSF17
o 4 Q
K5 % * A P SLAMF7 3
= 3 9
@ HD (54,419) 2, 4 GPRCSD &
® MGUS (3,103) = \ cenot G
=<
® SMM (3.291) &3 | ‘ ccnpz &
® MM (3,619 3 ‘ |
* CCND3
4
CD27
5
CXCR4
o
D_I
§ T T T 3
= = o s . | SIRPA
‘ ITGB4
>
UMAP_1 3 o
» L ITGB7 E
3 @,
“ L ICAM1 ‘:i
B, AP S cams 3
15615 ] ° : =3 CD47 3
soett ] . p 5 9 a
ARPCSL ” . a3 | | THBS1 g
DGR ] - L L3 3
PTP4A3 7] o =3 J J CD81 @
RNASEK T - L [ _‘W
s : - 3 | VCAM1 8
MXI i - Py | =
DDIT4 i . . 3 e
CRIP1 “ CD44 [}
s ] : : : 6 :
- : : % VIM ¢
S100A4 ] .
Hn . = 4 —p— —— — | D74
LGALS3 : .
$100A6 . &
B : - :
ANXA2 ] . ° SQSTM1
i : : - s r gy
ReL17 ° ° . P =
ASS eas ] . b4 4 é é ATF5
f:‘L6138963.4- L] L] 3 >
PECAM1 ] . = ° | | | ULK1 =
=y -8 <
- : g, l | | uLk2 S
] . 2 Q
Wi 2 5, o —p— —p— D53
slooas ] ° ° e ﬁ L | i CTSA ‘-‘."r
v ] ? ° s 3 L L ‘ CTSB =
tonss e . O g !
S100A6 - . i ‘ i CTSD S
TAGINZ 1 ° ° 3 2
DERL3 ] : 2 i g ﬁ ﬁ CTSS
HAA ] N s 3]
T B S
SIS g 4 oPT
IL2RG ] 9 (]
MICOS10 -] . HD MGUS SMM MM
B g 5
e : : .
EEF1G 1 . L4
BSCL2 -1 . .
HLA-B - .
MTRNR2L12_} .
TXNDCS
LF2 1 04
SRSFY o .
- -
cmepe ] s e
TRIBT ] hd
RPS2 = -
MT-ND:« -1 L ]
ATPSFID Y .
MT-ND2
FKB1A ] ©
CHCHD10 - 04
FKBP2 -1 .
DUSPS °
JUND ] .
DUSP1
OTUD1 T °
UBALD2 -1 .
HIPC ] .
T T T T
HD MGUS SMM MM
Percent Expressed Average Expression
. 25
® 50 R o8
e %
I-tvo

Figure 2. Polyclonal cell selection and marker genes expression by clinical stages. (A) UMAP of scRNA-seq data of pPCs with colors indicating clinical clusters. Numerical
values are reported for each category. (B) Dot plot displaying the top 20 marker genes that distinguish each clinical state. The x-axis lists the clinical category, whereas the y-
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Figure 3. Transcriptional characterization of pPCs. (A) Cartoon depicting the deregulated expression profiles of pPCs, derived from 1:1 DE analyses by Wilcoxon test. Circle
size corresponds to the number of cells in the category expressing the gene of interest, whereas shade correlates with the level of expression. Color code as in Figure 1C. (B-D)
Gene set enrichment analysis (GSEA) plots depicting the enrichment of signal pathways based on the hallmark gene set. NES, normalized enrichment score.

To understand disruption of intercellular relationships in this
scenario, we first analyzed the immunoparesis-negative
setting. Comparing top-ranked ligand-receptor interactions
and analyzing the downstream targets, pPCs were predicted to
be able to send signals to specific cell compartments such as
pPCs, CD8 effector, CD8 memory, and progenitor red blood
cells (Figure 5C; supplemental Figure 17A-B). Mining PCs as
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senders, of relevance were the CD38:PECAM1 (CD31) cell
interaction, with a role in regulation of cell migration, and a
broad spectrum of interactions mediating cell adhesion
involving ICAM2, ICAM3, and ITGB2 (T lymphocytes), already
described in promoting cell survival processes.”®** Further-
more, cPCs and pPCs displayed the ability to receive signals
from myeloid (dendritic cells [DCs], HSCs, monocytes,
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Figure 4. Transcriptomic landscape of immunoparesis. (A) Cartoon showing the pathological subset of patients (MGUS, SMM, and MM), for downstream DE analyses. Color
code as shown in Figure 1C. (B) Dot plot of top 10 marker genes that distinguish patients with and without immunoparesis. The x-axis lists the clinical category, whereas the y-
axis lists gene names. Circle size corresponds to the number of cells in the category expressing the gene of interest, whereas shade correlates with the level of expression. (C)
DE analysis comparing the patients with or without immunoparesis within a symptomatic subset of patients, using Wilcoxon rank sum test, with adjusted P value Benjamini-
Hochberg correction. No immunoparesis, blue; immunoparesis, yellow. (D) GSEA on the genes ranked by their contribution to hallmark oxidative phosphorylation, com-
plement and IFN-y response. NES, normalized enrichment score.

plasmacytoid DCs [pDCs], and megakaryocyte progenitor cells) In this scenario, immune and inflammatory responses were
and lymphoid compartments (CD8 effector, CD8 memory, NK, driven by the specific interaction of THBS-1 in monocytes and
progenitor B, and mucosal-associated invariant T [MAIT] cells). megakaryocyte progenitor cells with SDCT in pPCs and ITGA6
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Figure 5. Predicted interactions of PCs with microenvironment. (A) UMAP representation of PCs integrated with TME, colors indicate TME cell types. (B) UMAP plot of PCs
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in pPCs and by the signaling of HMGB-1 in HSCs, NK, pDCs,
MAIT, CD8 cells, progenitor B cells, and monocytes and SDC1
(in pPCS). In addition, we found CCL5:SDC1 ligand-receptor
interactions between T cells and cPCs/pPCs, which are known
to be involved in tumor cell migration.”®> Looking at the
downstream deregulated gene targets, derived by ligand-
target correlation, genes implicated in the autophagy axis and
in endoplasmic reticulum stress (BNIP3, MT1X, and MT2A)>>7
were upregulated, as well as B-cell survival pathways regulators
(ie, CD74 and ITGA6%®; supplemental Figure 18A-B). These
findings highlight an active involvement of pPCs in the proin-
flammatory TME in immunoparesis-negative cell landscape.
However, pPCs in this setting maintain their functional role
through autophagy, endoplasmic reticulum stress regulation,
and B-cell survival pathway activation.

Conversely, cPCs became the main contributor of TME inter-
actions in the immunoparesis-positive cell landscape, where a
significant depletion of pPCs:TME interactions was observed
(Figure 5D; supplemental Figure 19A-B). These differences
were not simply determined by a depletion of pPCs because
the DE analyses are normalized for cell count.

In detail, cPCs and pPCs were characterized by the inflammatory
signaling mediated by the IFITM1:CD81 interaction (pPCs:pPCs,
pPCs:CD8 effector/memory cells, Treg:pPCs), which is involved
in IFN-y response pathway.*”“? Of note, in this scenario where
the interactions between myeloid compartment and pPCs were
significantly depleted, DCs and pDCs were found to sustain
pPCs survival through BAFF-BCMA axis.®’**

Furthermore, the axis TGFB2:TGFBR1/TGFBR2/TGFBR3 medi-
ated interactions between cPCs and CD8 T cells together with
TGFB1:ATGB1 (MAIT and NK with pPCs), suggesting a role of
PCs in the immunosuppression of T-cell compartment. Of note,
the y-chain cytokine IL-15 was shown to signal from pPCs in an
autocrine manner to pPCs and in a paracrine manner to cPCs by
binding the common cytokine receptor y chain (y. or CD132;
encoded by the IL2RG gene) in the immunoparesis-negative
setting. Conversely, in patients with immunoparesis, this cyto-
kine signals from cPCs to cPCs and pPCs through the IL15RA
receptor.*®” Only in this latter setting, the downstream
signaling involves activation of proinflammatory pathways.
Furthermore, downstream target genes related to inflammation
and IFN pathways were upregulated (ie, IFI16, IFIT3, and
PLSCR1),°® as well as negative regulators of NF-xB pathway
such as TNFSF10. Conversely, in this setting genes related to
autophagy and B-cell maintenance were downregulated (ie,
CSTH, BNIP3, MTX1, and MT2A**°¢; supplemental Figure 20A-
B). Altogether these data support the presence of a proin-
flammatory status in patients with immunoparesis, driven by
aberrant cellular interactions not found in patients without
immunoparesis, likely affecting pPCs survival and function.

Signature analysis allows prediction of survival in
independent data sets

The presence of residual normal PCs has been correlated with
prognosis in patients with MM.?>*3 Our data show that even
pPCs in patients can be profoundly dysregulated and different
from normal PCs in HDs. Therefore, our unique data set allowed
us to generate a "healthy PC” (hPC) signature through the
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union of the differentially expressed genes in the 3 contrasts of
PCs from HD with pPCs from patients with MGUS, SMM, and
MM, respectively. Importantly, our hPC signature corrects for
the dysregulated expression of pPCs in patients and incorpo-
rates a total of 158 genes (Figure 6A; supplemental Table 7)
representing genes truly expressed in hPCs only.

Applying the hPC signature in our cohort, a gradient could be
observed, with the signature being enriched in HD and pro-
gressively less represented in pPCs from MGUS, SMM, and MM
cases (Figure 6B).

Finally, we determined whether enrichment for the hPC signature
could have a clinical impact within a newly-diagnosed MM popu-
lation. We hypothesized that in bulk RNA-seq generated from
CD138-selected cells part of the signal could be generated by
pPCs, and our single-cell derived signature could identify the
relevant genes even if expressed in a minority of cells. Therefore,
we interrogated the RNA-seq data of CoMMpass®” and ranked
patients based on the fractional representation of the hPCs
signature. A simple categorical distinction based on the enrich-
ment of the hPCs signature above and below the median clearly
separated patients based on their survival. In particular, the median
progression-free survival was 3.36 years (95% confidence interval,
2.75-4.23) in patients above the median and 2.47 years (95%
confidence interval, 1.99-3.18) in patients below the median
(P =015, log-rank test; Figure 6C). Median overall survival was not
reached in patients above the median and was 5.87 years (range,
5.36 to not reached) in patients below the median (P = .048, log-
rank test; Figure 6D). Based on these results, we assume that the
hPCs signature might represent a surrogate of residual functional
“polyclonality” within the BM and has prognostic value.

Discussion

The TME architecture has long been implicated in the initiation
and evolution of PC dyscrasias. pPCs are an obvious compo-
nent of the TME but have been understudied despite a clear
biological and clinical relevance. Part of this depends on tech-
nical issues. For example, pPCs cannot be separated from cPCs
based on isolation with magnetic beads while doing so with
flow sorting is complicated and not easily performed by most
laboratories. In this scenario, we applied a comprehensive
approach including scRNA-seq coupled with BCR genotyping
to unambiguously identify and study pPCs.

Using this advanced approach, we provide evidence that pPCs
would not necessarily be identified with accuracy based on
transcriptomics alone. Indeed, after removing immunoglobulin
genes, that is, highly expressed cell-specific genes accounting
for a big part of the transcriptomic diversity between PCs, pPCs
did not necessarily segregate away from cPCs from the same
patient in the UMAP space, suggesting they might be them-
selves phenotypically aberrant. This is different from previous
studies® and can be explained at least in part by the innovative
methodology we employed.

pPCs from patients showed the expected DE of canonical
marker genes compared with cPCs. However, we also
convincingly show that GPRC5D expression is natively lower in
pPCs than in cPCs, a finding that may suggest that anti-
GPRC5D bispecific antibodies may relatively spare pPCs and
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is measured in years.

explain the lower prevalence of infections in such patients
contrary to anti-BCMA antibodies.”®

Moreover, our data reveal a profoundly dysregulated tran-
scriptomic landscape of pPCs from patients affected by
asymptomatic or symptomatic PC dyscrasias compared with BM
PCs derived from HDs sourced with a broad age range. In this
setting, pPCs showed upregulation of IFITM1, SQTM1, CTSB,
CTSD, and OPTN*?4° markers and ICAM1,”"”* implying an
upregulation of inflammation, autophagy, and IFN pathways,
with a climax from asymptomatic to symptomatic patients. Of
note, the primary purpose of autophagy is to sustain the cellular
homeostasis in extreme conditions,”® such as the ones pro-
moted by oxidative and proteotoxic stress owing to an intense
production and secretion of immunoglobulins.””® Therefore,
autophagy is fundamental for long-lived PCs to optimize the

3134 € blood” 26 JUNE 2025 | VOLUME 145, NUMBER 26

protein metabolism and the cell viability,”’®° and we believe

that this pathway is exaggerated in the setting of residual pPCs
with the BM of patients with PC dyscrasias. Our findings also
have translational implications. Patients showing immunoparesis
had the lowest number of residual pPCs, and these cells were in
turn also functionally aberrant. Indeed, pPCs derived from
patients with immunoparesis showed upregulation of IRF1, MXT1,
SG15, ERN1, H3F3B, and NOP53 genes suggesting activation
of IFN-a and IFN-y pathways, unfolded protein response, and
cell proliferation/apoptosis signaling in the suppression of
uninvolved immunoglobulins. We further extended this analysis
by looking at intercellular interactions between PCs and the TME
within each patient, providing evidence of an inflamed TME in
patients with immunoparesis. In this scenario, we observed a
significant decrease in the number of interactions of pPCs with
other immune cells in the TME. Furthermore, pPCs were
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characterized by a proinflammatory transcriptome, characterized
by the interaction between IFITM1 and CD81 and the activation
of the TGFB2:TGFBR1/TGFBR2/TGFBR3 axis that we see in our
patients were indeed shown to be mainly driven by IFN path-
ways and may affect pPCs survival and function, including pro-
duction of immunoglobulin M and immunoglobulin  G.®'
Altogether, our findings shed new light on mechanisms of
deregulated pPCs homeostasis leading to immunoparesis in
patients affected by PC dyscrasias. Furthermore, based on pre-
vious studies,®®* we speculate that in these conditions the
immune microenvironment could be less competent in antigen-
presenting activity and in immunosurveillance, further adding to
the complex interrelationships among antibody production,
immunity, and tumor progression. Whether this was solely
related to the burden of cPCs producing more inflammation in
the TME, thus affecting the number and function of residual
pPCs, or other factors influence these findings is something that
will need to be further investigated.

Our data do not necessarily identify the primary cause of an
inflamed TME. cPCs may be responsible through perturbed
interaction with pPCs and other cells in the TME. However, it
can also be argued that a proinflammatory TME can itself have a
primary driver role, deranging the normal BM PC transcriptional
program and thus promoting the growth of preexisting cPCs,
harboring initiating genomic lesions, whose proliferative
potential was not expressed until then. The notion that cPCs
can progress to an overt MM without acquiring new genomic
events and thus potentially based on microenvironmental
stimuli is indeed quite substantial,’>®> and our data shed some
light on the type of selection applied from the TME on BM
pPCs.

Intriguingly, we also identified a specific "hPC" signature by
comparing PCs from HD with pPCs of patients rather than to
total CD138" cells, which resulted decreased across disease
stages. Notably, this signature can be applied to bulk RNA-seq.
In the CoMMpass data set, patients with an HD signature
enrichment over the median showed a better progression-free
survival and overall survival. Given the PC-specific nature of
the signature, this is not a result of less pure sampling. Rather,
these findings emphasize the role of residual “functional poly-
clonality” within BM PCs, suggesting that the maintenance of a
normal polyclonal population, and/or less transcriptionally dis-
rupted cPCs, affects patient’s survival %%

In conclusion, our study uses a new methodology of analysis to
gain deep insights into the transcriptional landscape of pPCs in
PC dyscrasias, suggesting they are affected by TME disruption
just as other immune cells. Therefore, their dysfunction can be
used as a proxy for TME disruption promoted by MM and has
biological and clinical consequences whose understanding may
affect research and treatment of MM.
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