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Plasma cells correspond to the last stage of B cell
differentiation and are professional antibody-secreting cells.
While most persist for only few days, some may survive for
weeks to years in dedicated survival niches. The determination
of plasma cell survival rate seems to rely both on intrinsic and
extrinsic factors. Although often opposed, the deterministic and
environmental models for plasma cell longevity are certainly
overlapping. Understanding the contribution and the regulation
of these different factors is paramount to develop better
vaccines but also to target malignant plasma cells. Here, we
review recent literature highlighting new findings pertaining to
plasma cell survival rate, intrinsic regulation of plasma cell
persistence and function, as well as the plasma cell/niche
dialogue. Moreover, the now well-recognised heterogeneity
observed among plasma cells is also discussed.
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Intrinsic regulatory mechanisms supporting
plasma cell maintenance and function

As professional secreting cells responsible for long-term
protection against reinfection, plasma cells (PC) need to
produce and secrete large amounts of antibodies while
surviving for extended periods of time. Understanding
how PC survival is regulated is paramount to develop

better vaccines as the longevity of the vaccinal antibody
response varies greatly from several years [1] to less than
a year for influenza (flu), for example [2]. Several in-
trinsic cellular machineries are thus at play to perform
such a deed. The initiation of PC differentiation ne-
cessitates a complete rewiring of the B cell transcrip-
tional machinery with increasing evidence that the
transcriptome of PC also contributes to their specific
function and survival (Figure 1 (1)). As reviewed in
depth in the recent literature [3], the mutually exclusive
expression of the B cell transcription factors Paired box 5
(PAXS5) and BTB domain and CNC homologue 2
(BACH2) and of the PC transcription factors, Interferon
regulatory factor 4 (IRF4), X-box-binding protein 1
(XBP-1), and B lymphocyte-induced maturation protein
1 (BLIMP-1) are pivotal not only for PC generation but
also for their function. Indeed, XBP-1 has long been
known to regulate the unfolded protein response (UPR),
thus supporting the secretory capacity of PC [4]. More
recently, BLIMP-1 was shown to control the size and
fitness of PC through the regulation of mammalian target
of rapamycin complex 1 (mTORC1) [5], while IRF4
regulates the endoplasmic reticulum (ER) organisation
and mitochondrial activity in these cells [6]. This PC
transcriptional program is itself under the control of
epigenetic regulations. Several studies have shown a
progressive modification of the DNA methylation land-
scape during PC differentiation in correlation with their
gene expression program [7-10]. Accordingly, PC dis-
play increased accessibility of the genes encoding IRF4,
XBP-1, and BLIMP-1 and regulators of prosurvival
proteins, while they display progressive decreased ac-
cessibility to genes encoding B cell lineage markers
(IRFS8, H2-Aa) [11]. Defective epigenetic mechanisms
induce dysfunctional PC, with cells failing to perform
oxidative phosphorylation (OXPHOS) and glucose me-
tabolization and to express genes involved in the UPR
pathway [12]. PC are also characterised by the expres-
sion of some receptors at their surface, such as Trans-
membrane activator and CAML interactor (TACI), B
cell maturation antigen (BCMA), B cell-activating factor
receptor (BAFF-R), and C-X-C motif chemokine re-
ceptor 4 (CXCR4), which are necessary for their survival,
as we will see later.

As mentioned previously, the terminal differentiation of
PC also involves important morphological changes to
accommodate the ER expansion required for enhanced
productive and secretory function. Antibody production
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Intrinsic regulatory mechanisms supporting PC maintenance and function. PC development and survival rely on progressive transcriptomic and
epigenetic rewiring (1). In parallel, ER expansion mediated by Jagn1 and Sec22b is pivotal for PC survival and for antibody production, folding, and
secretion (2). Sec22b is also necessary for mitochondrial fitness, probably through the control of ER/mitochondria contact sites. Together with the PC-
specific transcriptional profile, these changes lead to the reprogramming of PC metabolism (3). Finally, the PC-specific metabolic activity is critical for
proper antibody glycosylation in the Golgi apparatus (4). Figure generated with BioRender.

was recently shown to rely on biased codon usage [13].
Moreover, in the last two years, several proteins have
been shown to regulate the ER in PC (Figure 1 (2)).
"This is the case of Jagunall, which is a transmembrane
protein involved in the conformation of the ER [14].
Inactivation of Jagnl is responsible for an altered ER
structure associated with decreased antibody production
and secretion by PC. Moreover, the Soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor
(SNARE) Sec22b is pivotal for controlling the UPR, the
ER structure, as well as mitochondrial morphology and
function [15]. A defect in Sec22b leads to a dilated ER
network, reduced ER/mitochondria membrane contact
sites, and hyperfused mitochondria, leading to a lack of
fitness and dramatic loss of PC. Accordingly, sec22b
deficiency in the B lineage translates into a severely
reduced humoral immune response after both vaccina-
tion and infection. How the expression of these ER and
mitochondrial regulators is maintained during PC ma-
turation and long-term survival to support antibody
production is still to be determined.

The transition between B cells and PC is also associated
with a profound metabolic rewiring (Figure 1 (3)). Naive
B cells are metabolically quiescent with low mitochon-
drial mass and Reactive oxygen species (ROS) levels.
Their differentiation thus requires enhanced energy
production to account for the proliferation phase neces-
sary before differentiation into PC. Moreover, PC re-
quire high levels of ATP for antibody synthesis and
secretion, and accordingly, they have an increased

mitochondrial mass and aerobic metabolic activity com-
pared to B cells [16]. Further metabolic changes were
also reported as PC matured with splenic short-lived PC
and bone marrow (BM) PC (BM-PC) relying on specific
metabolic pathways. BM PC seem to use glucose uptake
via. GLUT1 to generate pyruvate to glycosylate anti-
bodies (Figure 1 (4)). Moreover, they have higher max-
imal aerobic metabolism compared to splenic PC, which
also display low levels of glucose uptake [17,18]. Inter-
estingly, full metabolic activity of PC seems to be under
the control of the Blimp-1 transcriptional program since
mice lacking Blimp-1 have a defect in OXPHOS upre-
gulation [16]. How these metabolic modulations are co-
ordinated with PC morphological changes remains to be
fully established, but considering the close relationship
between the ER and mitochondria [15,19], some cross-
regulations might be expected.

The last two years have also seen a plethora of papers de-
scribing PC subsets thanks to single-cell RNA sequencing
(scRNA-seq) and fate-mapping mouse models. These dif-
ferent studies highlight that PC heterogeneity is multi-
factorial, being linked to their maturation state, ancestral
antigenic experience, tissue of residence, and isotype
[20-22]. Indeed, these datasets have re-enforced the notion
that PC maturation and longevity are associated with tran-
scriptional and metabolic changes [18]. Moreover, most
scRNA-seq datasets have confirmed that PC expressing
distinct isotypes have different transcriptional profiles
[7,20,23-26]. This striking observation may be due to the B
cell of origin and its activation history [20,24,25], specific
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transcriptional factor requirements [6], and/or the main-
tained surface expression of the IgA and IgM B cell receptor
(BCR) at the surface of PC. While it is difficult to untangle
causes, it is interesting to note that IgM-positive long-lived
mature PC with few to no somatic hypermutation and ex-
pressing public clonotypes were identified in the BM in
mouse and human, supporting an extrafollicular origin for
these cells [20,24]. Moreover, both pre- and post-germinal
centre PC were observed in the long-lived PC (LL-PC)
compartment questioning the initial idea that all LL-PC
were generated within the germinal centre [27,28]. Ad-
ditionally, three recent papers reported using germinal
centre fate-mapping that germinal centre—derived PC and
germinal centre B cell repertoires were largely convergent
[29-31]. Focusing on flu-specific PC, Sprumont et al. argue
that PC can emerge from different maturation stages during
the germinal centre reaction and are not specifically selected
from the high-affinity clones [29]. In parallel, El Tanbouly
et al. reported identical findings during the early stage of the
germinal centre but propose that over time, PC are less
diverse than germinal centre B cells, thus leading to an
apparent increase in their affinity at the population level
[30]. The differences observed between these two studies
might be explained by the methodologies used, with one
focusing on antigen-specific cells and one analysing all cells
irrelevant of their specificity. Altogether, these studies sug-
gest that antigen affinity might not be the main driving force
for the selection of PC within the germinal centre. However,
they do not address the persistence of these germinal cen-
tre—derived PC, and it is thus still possible that PC with the
highest affinity may have an intrinsic advantage in terms of
longevity in dedicated niches, as suggested by previous
works [32,33]. In addition, these studies indicate that
germinal centre—derived PC are not the only ones able to
persist in the long term and that the activation history of the
B cell of origin (i.e. Germinal centre vs extrafollicular) might
translate into specific subsets of PC.

Finally, key outputs of the recently published fate-mapping
approaches were the re-evaluation of PC lifespan, genera-
tion, and turnover rates at the single-cell resolution level.
Different models led to similar findings and reported an
average half-life of 2-3 weeks with a constant intrinsic
turnover of PC and only a few cells able to persist for very
long periods of time [21,28,34]. Again, half-life seems to
depend not only on the tissue of residence, with BM PC
displaying a longer half-life than splenic ones, but also on
the isotype with IgM PC in a study and IgA PC in another,
having the longest averaged half-life [22,28].

While intrinsic transcriptional and metabolic factors as
well as changes at the organelle level are key to establish
the PC pool and may depend on the type of stimulation
the B cell has received, several recent works have also
pushed forward our understanding of the environment-
derived extrinsic factors supporting PC maturation and
longevity.
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The current dogma is that newly generated PC can
migrate into specialised niches in which they terminate
their maturation, become quiescent, and persist for long
periods of time thanks to factors provided by a dedicated
survival niche [35]. Tissues that have been described as
possibly containing niches have in common the provi-
sion of secreted factors and adhesion molecules pro-

moting PC longevity, as well as the expression of

chemokines to attract them. They are lymphoid tissues

such as the BM, the spleen, the thymus, or the Peyer

patches, as well as nonlymphoid tissues such as the
salivary and mammary glands [22]. The BM constitutes
the most prominent sanctuary site for PC [36]. The

prevailing model is that PC persist in a multicomponent

niche composed of CxcllZ-expressing stromal cells
[37,38] acting as docking sites and of hematopoietic cells
providing survival factors. Among hematopoietic cells,

granulocytes (especially basophils

and eosinophils)

[39,40], monocytes [41], dendritic cells [42], and mega-
karyocytes [43] were proposed to promote PC survival
within the BM. T cells, especially regulatory T cells,
were also reported to limit PC survival via Cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). Although
the mechanisms at play are still unclear, cell-cell con-
tacts may be involved, as well as the secretion of soluble
factors affecting both PC and dendritic cells [44]

(Figure 2).

Over the last few years, important findings have been
made regarding which PC can reach these survival ni-
ches, how they mature once in the BM, and which cells
and factors contribute to their survival. As mentioned
previously, it was initially thought based on somatic
hypermutation analyses that LL-PC were generated
from the germinal centre [45]. However, this view was
first challenged by the identification of BM LL-PC
raised from T-independent immunisation [46] and more
recently by the tracking of fate-mapped PC and scRNA-
seq analyses supporting that high affinity may not be a
strict prerequisite for BM PC longevity [20,21]. Con-
sidering the turnover rate reported for BM PC by several
groups [28,34,47], while most BM PC may receive sig-

nals from their environment supporting their survival for

a couple of weeks, only a few may access survival niches

supporting very long-term persistence.

Moreover,

the establishment of new LL-PC within the BM may
not rely on competition with pre-existing ones as initially
proposed. Supporting this, Robinson et al. reported that
PC turnover rate was not affected by a block in PC
generation nor by a large increase in PC number [34]. In
parallel, Koike et al. argued that as the number of L1.-
PC progressively increases with age, competition for
survival niches might not be a key selective force within
the BM. Further work will be required to fully under-
stand how PC fate is determined in the BM ecosystem.
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Figure 2
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Critical extrinsic factors for plasma cell maintenance. PC survival is supported by extrinsic factors produced by stromal and hematopoietic cells of the
environment through (1) cell-cell contacts, which allow the activation of pathways promoting PC survival and (2) secretion of factors that attract PC in
the niches and contribute to their maintenance. The nature of the stromal component of the PC niche is still not fully established, although LepR+
mesenchymal cells are likely to be an important partner for PC through the production of Cxcl12 and the expression of several integrin ligands and
soluble factors. Several hematopoietic cell types were reported to secrete soluble factors in particular BAFF and APRIL that will bind to BCMA, TACI,
and BAFF-R expressed at the surface of PC. More recently, Tregs were proposed to limit PC maintenance through direct and indirect CTLA-

4-dependent regulation. Whether surface IgA/M BCR expression contributes to PC long-term survival is unclear. Figure generated with BioRender.

Moreover, whether these findings also apply to humans
that are constantly exposed to pathogens remains to be
determined. While we cannot totally exclude that LL-
PC niche occupancy is a random process, some mole-
cular mechanisms are likely at play. For example, a gain
of function of the chemokine receptor Cxcr4 was shown
to promote extrafollicular PC maturation and long-term
persistence  within BM  [46], suggesting that the
Cxcl12-Cxcr4 axis by strengthening interactions be-
tween stromal cells and PC might contribute to the de-
termination of which PC persist on the long-term in this
tissue.

Once in the BM, PC are thought to terminate their dif-
ferentiation. The identification of shared clones between
newly generated and ‘old’” PC in humans [24] and the
follow-up of time-stamped PC in mouse models [28,34]
confirmed that, indeed, PC progressively mature as they
reach the BM. Early PC seem to be characterised by high

expression of B220, major histocompatibility complex II
(MHC-II), and Slam family member 6 (Slamf6), while
‘old’ PC lack these markers [24,28,34]. Positive markers
for fully differentiated LL-PC were also identified and
include Epithelial cell adhesion molecule (EpCAM) for
IgM+ and IgG+ PC and Ly6a for IgA+ PC [20,26]. Of
note, all these markers seem to delineate a continuum of
maturation associated with longevity but might not be
absolute readouts for the age of the PC. Additional work
is required to fully understand which PC are destined to
become ‘persister’ and what are the mechanisms, intrinsic
or extrinsic, at play. Moreover, while BM PC were in-
itially described as mostly sessile cells [48,49], this view
was challenged recently, and PC were proposed to be a
rather motile population capable of leaving the BM to
recirculate in the bloodstream [47]. These two opposite
views might be reconciled by the observation that newly
generated BM PC were indeed motile, while older ones
were mainly sessile [28].

Current Opinion in Immunology 2024, 88:102442
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Within the niche, cell-cell contacts mediated by integrins
and chemokine receptors between PC and stromal cells are
essential for the localisation and the retention of PC in the
BM. On top of the Cxcl12-Cxcr4 axis, Very late antigen-4
(VLA-4) and Lymphocyte function associated antigen-1
(LFA-1), as well as their respective ligands Vascular cell
adhesion protein-1 (VCAM-1) and Intercellular adhesion
molecule-1 (ICAM-1), were shown to have an antiapoptotic
effect through the phosphatidylinositol 3-kinase (PI3K)
pathway that inhibits the FoxO1/3 pathway and activation of
caspases 3 and 7 [50]. In addition, a recent transinteractome
analysis reported that among stromal cells, leptin re-
ceptor—positive mesenchymal stromal cells (MSC) were the
most likely partners for PC based on the number and the
type of identified interactions. Moreover, this study high-
lighted that IgG+ PC may form more varied interactions
with the BM stromal cells than IgA+ PC, suggesting that
some subsets of PC may rely on distinct interacting partners
and might be differently retained within the BM niches [26]
(Figure 2).

Hematopoietic cells contribute to the PC niche through
the production of prosurvival factors, including inter-
leukin (IL-) 5, IL.-6, members of the Tumor necrosis
factor (I'NF) family (I'NFa, BAFF and APRIL), and
signals through the CD44 and CD28 axes [51]. While
BAFF was shown to support PC survival at least ex vivo
and in the spleen in a B cell depletion context [52,53],
APRIL was proposed as key for the extrinsic regulation
of PC maintenance in the BM. Indeed, APRIL supports
the maturation of immature PC into LL.-PC and ensures
their survival in the BM by activating Extracellula
signal-regulated kinase (ERK), p38, c-Jun N-terminal
kinase (JNK), and the classical Nuclear factor-k B (NF-
kB) pathway [54]. The latter leads to the inhibition of
caspase 12 in the ER, which inhibits PC apoptosis [50]
(Figure 2). A recent work also showed that BM PC ex-
press the purinergic ion channel P2ZRX4 that senses
extracellular ATP released by their environment and is
required for their persistence [55]. Studies using co-
culture experiments confirm that intrinsic regulation of
the metabolism and transcriptome is also needed, as well
as the natural specific setting of hypoxia in the BM with
an O, tension that is inferior to 10 mmHg [56]. Hypoxia
also promotes the differentiation of B cells into PC by
increasing the expression of genes involved in metabo-
lism [57]. However, how hypoxia regulates the local
persistence of PC within the BM niches is not clear.

Interestingly, malignant PC in the context of multiple
myeloma (MM) were shown to hijack BM niches to
promote tumour growth. This incurable haematologic
disorder is characterised by the abnormal accumulation of
malignant over-proliferative PC associated with altered
BM microenvironment composition leading to lytic bone
lesions [58]. MM cells rely on the CXCR4/CXCIL12 axis
and on the integrin VLLA4 for their homing to the BM and
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their interaction with mesenchymal stem/stromal cells,

conferring cell adhesion—mediated drug

resistance.

Moreover, MM cell survival and proliferation are also
dependent on 1.6, BAFF, and APRIL, like their normal
counterpart. MM cells can also shape their environment
to promote their survival and escape the immune system.
For example, they were shown to alter stromal cell tran-
scriptome [59], cytokine secretion (IL-6, I1.-10) [60] and
function, leading to impaired osteogenesis and T cell
inhibition [59]. MM cells also ‘educate’ immune cells
with a direct impact on myeloid cells by promoting M2
macrophage polarisation and osteoclast differentiation,
thus contributing to bone lesions. These pathological ni-

ches were reviewed in depth recently [61,62].

Altogether, these findings suggest that upon their arrival
within the BM, PC can still be motile with an in-
trinsically determined half-life, allowing, as they die, the
arrival and maintenance of new PC. Moreover, only few
PC, upon anchoring within a dedicated niche, may be-
come sessile and long-lived through the coupled action
of extrinsic factors and intrinsic modulation of their
transcriptome and metabolism. How the few PC that

become fully long-lived are selected is not totally clear

but may not depend on their origin or affinity. Lastly,
understanding whether PC secretory function varies
through BM PC maturation and long-term persistence

will require further investigations.

Conclusion and open questions

Generation, survival, and function of PC are supported by a
network of epigenetic, transcriptional, metabolic, and orga-
nelle-related factors that are interlinked. As we learn more
and more about PC heterogeneity, it becomes essential to
re-interrogate these findings to understand whether distinct
PC subsets rely on similar cellular programs for their survival

and function. Over the last 2 years, we have gained further

insights into the intrinsic regulation of PC survival, and, in
particular, the pivotal regulatory role of the ER in PC
biology has been re-evaluated well beyond antibody secre-
tion. Moreover, the niche competition model for PC long-
term survival has been largely questioned. While total PC

number does not seem to influence PC survival, whether

PC may compete with other cell types in the frame of dy-
namic niches likely to evolve during infections and en-
vironmental changes (e.g. diet, circadian rhythm, and other
possible pathways) still needs to be addressed. How PC may
in turn control or affect their environment is also a fasci-
nating and understudied field. Indeed, recent works sug-

gested that BM PC may promote myeloid differentiation of

hematopoietic stem and progenitor cells [63,64]. Finally,
improving our understanding of the extrinsic and intrinsic
factors regulating PC longevity is obviously of paramount
importance for not only designing more effective vaccines
but also to find new ways of targeting malignant PC in the

frame of MM, for example.

www.sciencedirect.com

Current Opinion in Immunology 2024, 88:102442



6 Lymphocyte development and activation

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest

None.

Acknowledgements

This work was supported by Inserm and Université Paris-Cité and a
Fondation pour la recherche médicale team label (to KB —
EQU202203014627), France. This work was supported by the International
Waldenstrom’s Macroglobulinemia Foundation (IWMF, USA) (to ME).
Opinions, interpretations, conclusions, and recommendations are those of
the author(s) and are not necessarily endorsed by the IWMF. MK is sup-
ported by a 4th year PhD fellowship from La Ligue Contre Le Cancer,
France. HM is supported by a PhD fellowship from the French Ministry for
Education, France. The ‘EMiLy’ U1160 INSERM unit is a member of the
OPALE Carnot institute, The Organization for Partnerships in Leukemia
(Institut Carnot OPALE, Institut de Recherche Saint-Louis, Hopital Saint-
Louis, Paris, France. Web: www.opale.org. Email: contact@opale.org).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

e of special interest
ee of outstanding interest

1. Amanna lJ, Carlson NE, Slifka MK: Duration of humoral immunity
to common viral and vaccine antigens. N Engl/ J Med 2007,
357:1903-1915.

2. Davis CW, Jackson KJL, McCausland MM, Darce J, Chang C,
Linderman SL, Chennareddy C, Gerkin R, Brown SJ, Wrammert J,
et al.: Influenza vaccine-induced human bone marrow plasma
cells decline within a year after vaccination. Science 2020,
370:237-241.

3. Wiggins KJ, Scharer CD: Roadmap to a plasma cell: epigenetic
and transcriptional cues that guide B cell differentiation.
Immunol Rev 2021, 300:54-64.

4. Zhu H, Bhatt B, Sivaprakasam S, Cai Y, Liu S, Kodeboyina SK,
Patel N, Savage NM, Sharma A, Kaufman RJ, et al.: Ufbp1
promotes plasma cell development and ER expansion by
modulating distinct branches of UPR. Nat Commun 2019,
10:1084.

5. Tellier J, Shi W, Minnich M, Liao Y, Crawford S, Smyth GK, Kallies
A, Busslinger M, Nutt SL: Blimp-1 controls plasma cell function
through the regulation of immunoglobulin secretion and the
unfolded protein response. Nat Immunol 2016, 17:323-330.

6. Low MSY, Brodie EJ, Fedele PL, Liao Y, Grigoriadis G, Strasser A,
Kallies A, Willis SN, Tellier J, Shi W, et al.: IRF4 activity is required
in established plasma cells to regulate gene transcription and
mitochondrial homeostasis. Cell Rep 2019, 29:2634-2645 e5..

7. Price MJ, Hicks SL, Bradley JE, Randall TD, Boss JM, Scharer CD:
IgM, IgG, and IgA influenza-specific plasma cells express
divergent transcriptomes. J Immunol 2019, 203:2121-2129.

8. Herviou L, Jourdan M, Martinez A-M, Cavalli G, Moreaux J: EZH2 is
overexpressed in transitional preplasmablasts and is involved
in human plasma cell differentiation. Leukemia 2019,
33:2047-2060.

9. Haas M, Caron G, Chatonnet F, Manenti S, Alaterre E, Devin J,
Delaloy C, Bertolin G, Viel R, Pignarre A, et al.: PIM2 kinase has a
pivotal role in plasmablast generation and plasma cell survival,
opening up novel treatment options in myeloma. Blood 2022,
139:2316-2337.

10. Fujii K, Tanaka S, Hasegawa T, Narazaki M, Kumanogoh A, Koseki
H, Kurosaki T, Ise W: Tet DNA demethylase is required for
plasma cell differentiation by controlling expression levels of
IRF4. Int Immunol 2020, 32:683-690.

11. Scharer CD, Barwick BG, Guo M, Bally APR, Boss JM: Plasma cell
differentiation is controlled by multiple cell division-coupled
epigenetic programs. Nat Commun 2018, 9:1698.

12. Guo M, Price MJ, Patterson DG, Barwick BG, Haines RR, Kania AK,
Bradley JE, Randall TD, Boss JM, Scharer CD: EZH2 represses
the B cell transcriptional program and regulates antibody-
secreting cell metabolism and antibody production. J Immunol
2018, 200:1039-1052.

13. Giguére S, Wang X, Huber S, Xu L, Warner J, Weldon SR, Hu J,
Phan QA, Tumang K, Prum T, et al.: Antibody production relies on
the tRNA inosine wobble modification to meet biased codon
demand. Science 2024, 383:205-211.

14. Hagelkruys A, Wirnsberger G, Stadlmann J, Wéhner M, Horrer M,
Vilagos B, Jonsson G, Kogler M, Tortola L, Novatchkova M, et al.: A
crucial role for Jagunal homolog 1 in humoral immunity and
antibody glycosylation in mice and humans. J Exp Med 2021,
218:€20200559.

15. Bonaud A, Gargowitsch L, Gilbert SM, Rajan E, Canales-Herrerias
e P Stockholm D, Rahman NF, Collins MO, Taskiran H, Hill DL, et al.:
Sec22b is a critical and nonredundant regulator of plasma cell
maintenance. Proc Nat/ Acad Sci USA 2023, 120:2213056120.
This study demonstrates that Sec22b is indispensable for PC survival
via control of ER and mitochondrial dynamics.

16. Price MJ, Patterson DG, Scharer CD, Boss JM: Progressive
upregulation of oxidative metabolism facilitates plasmablast
differentiation to a T-independent antigen. Cell Rep 2018,
23:3152-3159.

17. Lam WY, Becker AM, Kennerly KM, Wong R, Curtis JD, Llufrio EM,
McCommis KS, Fahrmann J, Pizzato HA, Nunley RM, et al.:
Mitochondrial pyruvate import promotes long-term survival of
antibody-secreting plasma cells. Immunity 2016, 45:60-73.

18. Lam WY, Jash A, Yao C-H, D’Souza L, Wong R, Nunley RM,
Meares GP, Patti GJ, Bhattacharya D: Metabolic and
transcriptional modules independently diversify plasma cell
lifespan and function. Cell Rep 2018, 24:2479-2492 €6..

19. Aoyama-Ishiwatari S, Hirabayashi Y: Endoplasmic
reticulum-mitochondria contact sites — emerging intracellular
signaling hubs. Front Cell Dev Biol 2021, 9:653828.

20. Liu X, Yao J, Zhao Y, Wang J, Qi H: Heterogeneous plasma cells
*e and long-lived subsets in response to immunization,

autoantigen and microbiota. Nat Immunol 2022, 23:1564-1576.
Large scRNA-seq study characterizing the heterogeneity of mouse PC
in the spleen and BM.

21. Xu AQ, Barbosa RR, Calado DP: Genetic timestamping of plasma
cells in vivo reveals tissue-specific homeostatic population
turnover. Elife 2020, 9:59850.

22. Tellier J, Tarasova |, Nie J, Smillie CS, Fedele PL, Cao WHJ, Groom

e JR, Belz GT, Bhattacharya D, Smyth GK, et al.: Unraveling the
diversity and functions of tissue-resident plasma cells. Nat
Immunol 2024, 25:330-342.

This in-depth analysis of tissue-resident PC demonstrates that PC have

a tissue-specific transcriptome and that the BM PC pool may en-

compass cells originating from different organs.

23. Van Buijtenen E, Janssen W, Vink P, Habraken MJM, Wingens LJA,
Van Elsas A, Huck WTS, Van Buggenum JAGL, Van Eenennaam H:
Integrated single-cell (phospho-)protein and RNA detection
uncovers phenotypic characteristics and active signal
transduction of human antibody-secreting cells. Mo/ Cell
Proteomics 2023, 22:100492.

24. Duan M, Nguyen DC, Joyner CJ, Saney CL, Tipton CM, Andrews J,

. Lonial S, Kim C, Hentenaar |, Kosters A, et al.: Understanding
heterogeneity of human bone marrow plasma cell maturation
and survival pathways by single-cell analyses. Cell Rep 2023,
42:112682.

This scRNA-seq analysis of human BM PC demonstrates the hetero-

geneity of these cells in the human system.

Current Opinion in Immunology 2024, 88:102442

www.sciencedirect.com


http://www.opale.org
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref1
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref1
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref1
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref2
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref2
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref2
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref2
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref2
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref3
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref3
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref3
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref4
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref4
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref4
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref4
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref4
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref5
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref5
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref5
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref5
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref6
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref6
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref6
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref6
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref7
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref7
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref7
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref8
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref8
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref8
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref8
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref9
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref9
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref9
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref9
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref9
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref10
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref10
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref10
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref10
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref11
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref11
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref11
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref12
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref12
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref12
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref12
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref12
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref13
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref13
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref13
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref13
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref14
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref14
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref14
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref14
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref14
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref15
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref15
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref15
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref15
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref16
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref16
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref16
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref16
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref17
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref17
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref17
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref17
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref18
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref18
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref18
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref18
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref19
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref19
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref19
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref20
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref20
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref20
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref21
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref21
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref21
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref22
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref22
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref22
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref22
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref23
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref24
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref24
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref24
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref24
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref24

25. Higgins BW, Shuparski AG, Miller KB, Robinson AM, McHeyzer-
Williams LJ, McHeyzer-Williams MG: Isotype-specific plasma
cells express divergent transcriptional programs. Proc Nat/
Acad Sci USA 2022, 119:2121260119.

26. Bonaud A, Larraufie P, Khamyath M, Szachnowski U, Flint SM,

. Brunel-Meunier N, Delhommeau F, Munier A, Lonnberg T, Toffano-
Nioche C, et al.: Transinteractome analysis reveals distinct
niche requirements for isotype-based plasma cell subsets in
the bone marrow. Eur J Immunol 2023, 53:2250334.

This in silico transinteractome analysis identifies LepR+ mesenchymal

cells as the most likely stromal partner for PC.

27. Robinson MJ, Dowling MR, Pitt C, O’Donnell K, Webster RH, Hill

ee DL, Ding Z, Dvorscek AR, Brodie EJ, Hodgkin PD, et al.: Long-lived
plasma cells accumulate in the bone marrow at a constant rate
from early in an immune response. Sci Immunol 2022,
7:eabm8389.

This paper describes a new PC-specific fate-mapping mouse model and

reports that PC accumulate at a constant rate in the BM after im-

munization.

28. Koike T, Fuijii K, Kometani K, Butler NS, Funakoshi K, Yari S, Kikuta

ee J, Ishii M, Kurosaki T, Ise W: Progressive differentiation toward
the long-lived plasma cell compartment in the bone marrow. J
Exp Med 2023, 220:20221717.

The authors demonstrate that only few PC persists for years, instead

there is a permanent renewal of those cells. PC that survive for years

have gained some specific characteristics.

29. Sprumont A, Rodrigues A, McGowan SJ, Bannard C, Bannard O:
Germinal centers output clonally diverse plasma cell
populations expressing high- and low-affinity antibodies. Cell
2023, 186:5486-5499 e13..

30. ElTanbouly MA, Ramos V, MacLean AJ, Chen ST, Loewe M,
Steinbach S, Ben Tanfous T, Johnson B, Cipolla M, Gazumyan A,
et al.: Role of affinity in plasma cell development in the germinal
center light zone. J Exp Med 2024, 221:e20231838.

31. Sutton HJ, Gao X, Kelly HG, Parker BJ, Lofgren M, Dacon C,
Chatterjee D, Seder RA, Tan J, Idris AH, et al.: Lack of affinity
signature for germinal center cells that have initiated plasma
cell differentiation. Immunity 2024, 57:245-255 €5..

32. Smith KGC: The extent of affinity maturation differs between
the memory and antibody-forming cell compartments in the
primary immune response. EMBO J 1997, 16:2996-3006.

33. Phan TG, Paus D, Chan TD, Turner ML, Nutt SL, Basten A, Brink R:
High affinity germinal center B cells are actively selected into
the plasma cell compartment. J Exp Med 2006, 203:2419-2424.

34. Robinson MJ, Ding Z, Dowling MR, Hill DL, Webster RH, McKenzie

ee (, Pitt C, O’'Donnell K, Mulder J, Brodie E, et al.: Intrinsically
determined turnover underlies broad heterogeneity in plasma-
cell lifespan. Immunity 2023, 56:1596-1612 e4.

Using a PC-specific fate-mapping system, the authors identified specific

markers and transcriptomic signatures of long-lived PC.

35. Radbruch A, Muehlinghaus G, Luger EO, Inamine A, Smith KGC,
Dorner T, Hiepe F: Competence and competition: the challenge
of becoming a long-lived plasma cell. Nat Rev Immunol 2006,
6:741-750.

36. Fairfax KA, Kallies A, Nutt SL, Tarlinton DM: Plasma cell
development: from B-cell subsets to long-term survival niches.
Semin Immunol 2008, 20:49-58.

37. Wols HAM, Underhill GH, Kansas GS, Witte PL: The role of bone
marrow-derived stromal cells in the maintenance of plasma
cell longevity1. J Immunol 2002, 169:4213-4221.

38. Tokoyoda K, Egawa T, Sugiyama T, Choi B-I, Nagasawa T: Cellular
niches controlling B lymphocyte behavior within bone marrow
during development. Immunity 2004, 20:707-718.

39. Gomez MR, Talke Y, Goebel N, Hermann F, Reich B, Mack M:
Basophils support the survival of plasma cells in mice. J
Immunol 2010, 185:7180-7185.

40. Chu VT, Frohlich A, Steinhauser G, Scheel T, Roch T, Fillatreau S,
Lee JJ, Lohning M, Berek C: Eosinophils are required for the
maintenance of plasma cells in the bone marrow. Nat Immunol
2011, 12:151-159.

Regulation of plasma cell survival and longevity Khamyath et al. 7

41. Belnoue E, Tougne C, Rochat A-F, Lambert P-H, Pinschewer DD,
Siegrist C-A: Homing and adhesion patterns determine the
cellular composition of the bone marrow plasma cell niche. J
Immunol 2012, 188:1283-1291.

42. Rozanski CH, Arens R, Carlson LM, Nair J, Boise LH, Chanan-Khan
AA, Schoenberger SP, Lee KP: Sustained antibody responses
depend on CD28 function in bone marrow-resident plasma
cells. J Exp Med 2011, 208:1435-1446.

43. Winter O, Moser K, Mohr E, Zotos D, Kaminski H, Szyska M, Roth
K, Wong DM, Dame C, Tarlinton DM, et al.: Megakaryocytes
constitute a functional component of a plasma cell niche in the
bone marrow. Blood 2010, 116:1867-1875.

44. Glatman Zaretsky A, Konradt C, Dépis F, Wing JB, Goenka R, Atria
DG, Silver JS, Cho S, Wolf Al, Quinn WJ, et al.: T regulatory cells
support plasma cell populations in the bone marrow. Cell Rep
2017, 18:1906-1916.

45. Shlomchik MJ, Weisel F: Germinal center selection and the
development of memory B and plasma cells. Immunol Rev 2012,
247:52-63.

46. Alouche N, Bonaud A, Rondeau V, Hussein-Agha R, Nguyen J,

ee Bisio V, Khamyath M, Crickx E, Setterblad N, Dulphy N, et al.:
Hematological disorder associated Cxcr4-gain-of-function
mutation leads to uncontrolled extrafollicular immune
response Short title: Cxcr4 signaling and the extrafollicular
response. Blood 2021, 137:3050-3063.

This study reports that Cxcr4 signalling strength regulates the extra-

follicular response and the migration, maturation, and persistence of PC

within the BM.

47. Benet Z, Jing Z, Fooksman DR: Plasma cell dynamics in the bone
marrow niche. Cell Rep 2021, 34:108733.

48. Zehentmeier S, Roth K, Cseresnyes Z, Sercan O, Horn K, Niesner
RA, Chang H-D, Radbruch A, Hauser AE: Static and dynamic
components synergize to form a stable survival niche for bone
marrow plasma cells. Eur J Immunol 2014, 44:2306-2317.

49. DiLillo DJ, Hamaguchi Y, Ueda Y, Yang K, Uchida J, Haas KM,
Kelsoe G, Tedder TF: Maintenance of long-lived plasma cells
and serological memory despite mature and memory B cell
depletion during CD20 immunotherapy in mice. J Immunol 2008,
180:361-371.

50. Cornelis R, Hahne S, Taddeo A, Petkau G, Malko D, Durek P, Thiem

. M, Heiberger L, Peter L, Mohr E, et al.: Stromal cell-contact
dependent PI3K and APRIL induced NF-xB signaling prevent
mitochondrial- and ER stress induced death of memory plasma
cells. Cell Rep 2020, 32:107982.

This study highlights the importance of cell-contact dependent PI3K and

APRIL-mediated signalling pathways in the maintenance of PC in the

BM niches.

51. Nguyen DC, Duan M, Ali M, Ley A, Sanz |, Lee FE-H: Plasma cell
survival: the intrinsic drivers, migratory signals, and extrinsic
regulators. Immunol Rev 2021, 303:138-158.

52. Thai L-H, Le Gallou S, Robbins A, Crickx E, Fadeev T, Zhou Z,
Cagnard N, Mégret J, Bole C, Weill J-C, et al.: BAFF and CD4+ T
cells are major survival factors for long-lived splenic plasma
cells in a B-cell-depletion context. Blood 2018, 131:1545-1555.

53. Avery DT, Kalled SL, Ellyard JI, Ambrose C, Bixler SA, Thien M,
Brink R, Mackay F, Hodgkin PD, Tangye SG: BAFF selectively
enhances the survival of plasmablasts generated from human
memory B cells. J Clin Invest 2003, 112:286-297.

54. Stephenson S, Care MA, Doody GM, Tooze RM: APRIL drives a
coordinated but diverse response as a foundation for plasma
cell longevity. J Immunol 2022, 209:926-937.

55. Ishikawa M, Hasanali ZS, Zhao Y, Das A, Lavaert M, Roman CJ,
Londregan J, Allman D, Bhandoola A: Bone marrow plasma cells
require P2RX4 to sense extracellular ATP. Nature 2024,
626:1102-1107.

56. Nguyen DC, Garimalla S, Xiao H, Kyu S, Albizua |, Galipeau J,

L3 Chiang K-Y, Waller EK, Wu R, Gibson G, et al.: Factors of the bone
marrow microniche that support human plasma cell survival
and immunoglobulin secretion. Nat Commun 2018, 9:3698.

www.sciencedirect.com

Current Opinion in Immunology 2024, 88:102442


http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref25
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref25
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref25
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref25
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref26
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref26
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref26
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref26
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref26
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref27
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref27
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref27
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref27
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref27
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref28
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref28
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref28
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref28
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref29
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref29
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref29
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref29
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref30
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref30
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref30
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref30
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref31
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref31
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref31
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref31
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref32
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref32
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref32
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref33
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref33
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref33
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref34
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref34
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref34
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref34
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref35
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref35
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref35
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref35
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref36
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref36
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref36
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref37
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref37
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref37
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref38
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref38
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref38
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref39
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref39
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref39
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref40
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref40
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref40
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref40
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref41
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref41
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref41
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref41
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref42
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref42
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref42
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref42
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref43
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref43
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref43
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref43
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref44
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref44
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref44
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref44
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref45
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref45
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref45
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref46
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref47
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref47
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref48
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref48
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref48
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref48
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref49
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref49
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref49
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref49
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref49
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref50
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref50
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref50
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref50
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref50
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref51
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref51
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref51
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref52
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref52
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref52
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref52
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref53
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref53
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref53
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref53
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref54
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref54
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref54
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref55
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref55
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref55
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref55
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref56
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref56
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref56
http://refhub.elsevier.com/S0952-7915(24)00032-3/sbref56

8 Lymphocyte development and activation

Using an in vitro model, the authors propose that MSC secretome and
hypoxia are key factors controlling PC maintenance and survival.
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