UNIVERSITA
DEGLI STUDI
DI BRESCIA

DIPARTIMENTO DI MEDICINA MOLECOLARE E TRASLAZIONALE
DOTTORATO DI RICERCA INPRECISION MEDICINE
Settore Scientifico Disciplinare M&EM/A

CICLO XXXVII

FUNCTIONAL IMPAIRMENT OF HUMAN
PLASMACYTOID DENDRITIC CELLS IN
CUTANEOUS MELANOMA

DOTTORANDA

Giorgia Ferrari

RELATORE
Prof. William Vermi

CORRELATORE
Dott.ssa Matilde Monti



e
INDEX

SOMMARIO 2
ABSTRACT 4
1. INTRODUCTION 6

1.1.Plasmacytoid Dendriti¢ells: fronthe originsto their role in cancér

Appendix 1 7
1.2.Human Cutaneous Melanoma 39
1.2.1. MelanomammunogenicityfModel ofoHotd Tumor 42

1.2.2. CurrentTherapie$or Metastatidlelanoma 43

2. AIM 46
3. RESULTS 48

3.1.Impaired actvation of plasmacytoid dendritic cells vidikalreceptor 7/9

and STING is mediated by melaneteaved immunosuppressive cytokines

and metabolic drifi Appendix 2 49

3.2.Study ofpDCscytotoxic effector functions 81

3.2.1. Material and Methods 81

3.2.2. Results 82

3.2.3. Discussion 86

4. APPENDIX 3 89
ATTENDANCE AT SCIENTIFIC CONFERENCES 92
PUBLICATIONS 92
REFERENCES 94

|



e
SOMMARIO

Il successo clinico dellmmunderapie, comgli inibitori dei checkpoint immunitari, ha
incrementato significativamente la sopravvivenza dei pazienti con melanoma metastatic
Sfortunatamente, la meta dei pazienti trattati chirurgicgraenielanoma cutanesxridiva

e non mostra una rispostarevole aginibitori dei checkpoint immunitasuggerendo la
necessita di nuove strategie terapeuticeenodulano la rispostaxmunitara innat o
adattatia

Tra le cellule immunitarie coinvolte nella rispostauamirale, le cellule dendritiche
plasmacitoidi(pDCs) giocano un ruolo crucialeollegandd 6 1 mmuni t ~ I nna
adattativa. Lecellule dendritiche plasmacitostino le principali cellule produttrici di
interferone di tipo jluando attivata seguito di riconoscimento di acidi nucleici da parte dei
recettorictollliked TLR-7 eTLR-9. Inoltre, leellule dendritiche plasmacitpioésonaessere

attivate medianta via di segnalazione@ASSTING, in seguito al riconoscimento di DNA
endogeaq, per una potente produzione di interferone di tipo | indipenddaite via di
segnalazione diLR-7 e TLRO. LOinterf Baunmmuelonegil | &1 meuni t
tumorale tramite meccanismi intringeftetti citotossici e citostatici sulle cellutsorali)ed
estrinseciad esempionodulala funzione d& celluled e | | & i mmued adattativai n n a
stimolandda produzione di chemochine fi)niammatorie (es. CX€l10). Inoltre, le pDCs
sonopotenzialmentm grado deliminaradirettamente le cellule tumorali in seguitdoada
attivazione Questo processo € mediatd dlad e s p r BRAIL iche nnteragdsdeon i
recettori TRAIER1/DR4 e TRAIL-R2/DR5 espressi dalle cellule tumotalaggiunta, la lisi

delle cellule tumorgtiud avvenire attraverso la serina proteasi granzima B (GrB) che e
prodotto ad elevati livetlialle pDCs uman@&uttavia, i meccanismi ghodulazionalelle
funzioni effettriccitotossiche delle pD@sl microambiente tumoralenostati scarsamente
desctiti.

Un gran numero di studa documentato che le cellule dendritiche plasmamiésentnel
microambiente tumorale possono essere inibite nelle loro famitunnoralj mediante
citochine immunosoppressorie RBE2, 11-10, TGFA) eoncometaboliti (es. acido lattico)
prodotti dalle cellule tumotaliacquisire un fenotipo tolerogerpco o muovend-o | 0
evasione e lacrescitadeltunid@t i precl i ni ci s Jtguyite agonsstt o n o
di TLR-7 e TLR9, delle cellule dendritiche plasmacitoidi infiltranti il tuaondificala




risposta immunitaria afttimorale locale e sistemica, promuovendce | i ndelle eetiuie o n e
tumorali.lnoltre, numerosiriabclinici hannevidenziateche la somministraziodeagonisti

di TLR-7, TLR9 e STING, singolarmente o in combinazione con gli inibitori dei checkpoint
immunitaripuoindurre una rispostntitumoralespecifica dei linfociti T e una conseguente
regressione tumoraiepazienti con melanoma metastatico.f i ne, 1 vacci ni
delle cellule dendriticiptasmacitoidi hanno dimostrato di aumentare i linfociti T circolanti
citotossiciTut t avi a, pPDGs comeitezapia celillaré dum@orale nella pratica
clinica é limitata dalarita di queste cellule nel sangue periferico

Nel mio progetto di tedafunzioreinnata (espressione e produzidin&N-a e CXCL:=10)

e lafunzioneeffettrice citotossica (espressione di TRAIL e @GeB@ cellule dendritiche
plasmacitoidsonostat valutae mediante citofluorimetria ed ELISA in un sistenvéron

cui le pDCs sonstateesposta supernatanti di linee cellulari di melanoma cutaneo.

| risultati dimostr@o che ilsecretomael melanomdanneggia significativamentedpacita

delk cellule dendritiche plasmacitoidi di produrre didlENCXCI-10 tramite le vie di
segnalazione di TRA, TLR9 e STING.Nello stesso sistermavitrpl 6 a trasdritomica
(RNA-Seq) ha suggerito ché¢ 6 esposi zi one nelanomsindpce rumaat an
ri programmazione dell despressione genica
tolerogenicdJlterioriesperimentn vitrchanno dimostrato che questo meccanismo inibitorio

e, in partedipendentalalla lattacidosi e dalla deprivaziongudiosio ad opera delle cellule

di mel anoma c¢he ddlaglicaisinalla pDGlindltrend & s 21 e i O |
TRAIL e di GrB nelle cellule dendritiche plasmacit@dno inibite a seguito del
condizionamento conisupernatantta conf er ma di quanto sugg
In prospettivaguesti risultati potrebbeportare allo sviluppo duovestrategig¢erageutiche

basate sulla somministrazione di agahi$tiR-7, TLR9 o STING, in combinazione con
terapie &ersaglio molecolare e immunoterapie, in particolar modo per pazragtanoma
cutaneaa stadio inizialguandoil compartimento delle cellule dendritiche plasmacitoidi e
ancora intatto. Inoltre, la comprensia® meccanismi effettori esercitédie cellule
dendritiche plasmacitoidi potrebbe aprureve prospettive terapeutiche, ad esepapita

terapia cellulare
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ABSTRACT

The clinical successinofmundherapies, such as immune checkpoint blockades (ICBs), has
significantly improved the outcome of patients with metastatic melanoma (MM).
Unfortunately, half of the surgically resected patients relapses and do not show a durabl
response to ICBs, suggestimgneed for novel therapeutic strategiesotulatahe innate

or adaptive immunesponses

Among immune cells involved in d@atnor responsglasmacytoid dendritic cells (pDCs)

play a crucial role bridging the innate and adaptive immunity. pDks mgor type |
interferon (HIFN) producing cells upon nucleic acids sensing thirolix{jke receptor (TLR)

7- and 9 signaling pathways. Moreover, pDCs can activate the cydaMBFVEYnthase
(cGAS)stimulator of interferon genes (STING) pathway @mtogenous DNA sensing,
elicitinga potentdIFN production independently of TERO pathwaysl-IFN is involved in
anticancer immunityiaintrinsic(i.e. cytotoxic effects directly on tumor cahsl) extrinsic
mechanisms, particularly by modulatimgaten and adaptive immune cells through the
production of prenflammatory chemokines (e.g. CXKDI.In addition,properly activated

pDCs are able to directly kill tumor cells. phegess is mediated by THalpha related
apoptosis inducing ligand (TRAleXxpressed on pDCs surface, thegractsvith TRAIL-

R1/DR4 or TRAIL-R2/DR5 expressed on tumor celsirthermore, lysis of tumor cells can
occur through the serine protease granzyme B (GrB) which is strodgbedoy human
pDCs.Howeverlittle is krown about the modulation of seeffecta cytotoxic properties

of pDCsin thetumor microenvironmerfT ME).

A large set of studies have documented that {associated pDCs (I#DCs) recruited to

the TMEcould be hijacked in their functions by immunosgsive cytokines (e.g., PGEZ2,
IL-10, and TGFA) and oncomet ab erodudee sy thé ®imog celfs, | a c |
could acquire a tolerogenic phenotype, thus allowing tumors to evade the immune systen
Preclinical data suggest that the activatidod-@DCs by TLR7/9 agonists administration
amplifies the local and systemictamtior immune response and promotes tumor cells killing.
Accordingly, numerous clinical trials highlighted that-7TRRand STING agonists
administration, individually or sombination with ICB therapies, has the potential to
stimulate specific T cell response and subsequent tumor regragstalarlyfor patients

with MM. Finally, pDGbased cancer vaccines have been shown to increase the frequency of




circulatingcytotoxicT lymphocytedHowever, theDC celtbased therapy for cancer in the
clinicis limited due to thearityof circulatingpDCscompartment

In this PhD project, the pDGsnatefunctionality (i.eexpression and productionIBN-a

and CXCL10)ard cytotoxic effector functionality (i.e. TRAIL and GrB expredsan)
been evaluateay flow cytometry and ELISésinganin vitrasystenmof humanperipheral
bloodpDCsexpogdto CM cell lines supernatants {8H8l).My findingsdemonstratéthat
melanomaecretomsignificantly impairs pD@dility to producéFN-a a n d -1@HaC L
both TLR7/9 and cGASSTING signaling pathways. Moreover, bulk F8¢fuencing
(RNA-segrnalysisf SN-mel exposed pDGsiggestdthat melanoma secretoreeiredthe
pDC transcriptomic profile towards an Heifectiveand tolerogenistate Furtherin vitro
experimentslemonstrated the involvement of lactic acidosis and glucose deprivation by
melanoma cells in the glycolytic impairment of pidtally,TRAIL and GrBexpressiom
pDCswasreducedfter theSN-melconditioningconfirming the RNAseq data.

In perspectivahese findingsould enable develomoveltherapeutiapproachelsased on
the administration of TLR/9 and STING agonists, together with tanfperapies and
immunotherapigsparticularly forCM patientsin the earlystagein which the pDC
compartment is still preserveddoreover, the comprehension of the pDCs effector

mechanismeould opemew therapeutiwindowsfor celttherapy.

o
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1. INTRODUCTION




INTRODUCTIO

1.1. Plasmacytoid Dendritic Cells: from development to their
role in cancerd Appendix 1

Data on pDCs biologyunctionalityand their dualrole in different types otancer are

summarised in the following reviewaathored by the candidate.

[Monti M*, Ferrari G* Gazzurelli L, Bugatti M, Facchetti F, VernPl\smacytoid dendritic
cells at the forefront of argancer immunity: rewiring strategies for tumor nmeir@ment
remodelling. J. Exp. Clin. Cancer Res. 2024; 43:196]
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Plasmacytoid dendritic cells at the forefront =
of anti-cancer immunity: rewiring strategies
for tumor microenvironment remodeling

Matilde Monti'", Giorgia Ferrari'’, Luisa Gazzurelli', Mattia Bugatti', Fabio Facchetti’ and William Vermi'?*

Abstract

Plasmacytoid dendritic cells (pDCs) are multifaceted immune cells executing various innate immunological functions.
Their first line of defence consists in type | interferons (I-IFN) production upon nucleic acids sensing through endo-
somal Toll-like receptor (TLR) 7- and 9-dependent signalling pathways. Type | IFNs are a class of proinflammatory
cytokines that have context-dependent functions on cancer immunosurveillance and immunoediting. In the last few
years, different studies have reported that pDCs are also able to sense cytosolic DNA through cGAS-STING (stimu-
lator of interferon genes) pathway eliciting a potent I-IFN production independently of TLR7/9. Human pDCs are

also endowed with direct effector functions via the upregulation of TRAIL and production of granzyme B, the latter
modulated by cytokines abundant in cancer tissues. pDCs have been detected in a wide variety of human malignant
neoplasms, including virus-associated cancers, recruited by chemotactic stimuli. Although the role of pDCs in cancer
immune surveillance is still uncompletely understood, their spontaneous activation has been rarely documented;
moreover, their presence in the tumor microenvironment (TME) has been associated with a tolerogenic phenotype
induced by immunosuppressive cytokines or oncometabolites. Currently tested treatment options can lead to pDCs
activation and disruption of the immunosuppressive TME, providing a relevant clinical benefit. On the contrary,

the antibody-drug conjugates targeting BDCA-2 on immunosuppressive tumor-associated pDCs (TA-pDCs) could be
proposed as novel immunomaodulatory therapies to achieve disease control in patients with advance stage hemato-
logic malignancies or solid tumors. This Review integrate recent evidence on the biology of pDCs and their pharma-
cological modulation, suggesting their relevant role at the forefront of cancer immunity.

Keywords Plasmacytoid dendritic cells, Cancer, Immune surveillance, Tumor microenvironment, Type | Interferon,
Cytotoxic function, Immunometabolism, TLR7/9 agonists, STING agonists, Clinical trials

Background

Plasmacytoid dendritic cells (pDCs) are bone marrow-
derived circulating innate immune cells, identified as
CD123* (IL3R), CD303" (BDCA-2, also known as C-type

. + s
'Matilde Monti and Giorgia Ferrari contributed equally to this work. lectin CLEC4C), CD304" (BDCA-4) cells, and negative
*Correspondence: for lineage markers and C.Dl 1c [1]. . ‘
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School of Medicine, Saint Louis, MO, USA cytosolic receptors. pDCs have been detected in a wide

©The Author(s) 2024. Open Access This article is licensed under a Creative Commans Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
requlation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/icenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativecom-
mons.org/publicdamain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.




Monti et al. J Exp Clin Cancer Res (2024) 43:196

variety of human neoplasms, including carcinomas [e.g.
uroendothelial bladder cancer (UBC); colon-rectal ade-
nocarcinomas (CAD); lung squamous cell carcinoma
(LSCC); head neck squamous cell carcinoma (HNSCC)],
cutaneous melanoma (CM), lymphomas, and virus-
associated cancers (e.g., cervical cancers, oral cancers,
nasopharyngeal carcinoma, Kaposi's sarcoma) [3, 4]. In
the last decade, studies have proposed a relevant role for
pDC also in cancer immunity. Their expansion and acti-
vation in the tumor tissue by recently developed com-
pounds might promote a fine-tuning remodelling of the
tumor microenviroment (TME). The present review will
summarize recent advances on the role of pDCs in can-
cer by focusing on their intrinsic antitumor activity and
functional states in cancer tissues. Based on these find-
ings, this review will propose combinatorial strategies to
overcome cellular and molecular immune escape mecha-
nisms targeting pDCs biology.

The multifaceted biology of pDC in cancer

pDCs are multifaceted immune cells, executing innate
immunological functions [5]. Their first line of defense
against viral infections and cancer consists of type I
interferons (I-IFNs) production upon sensing nucleic
acids through endosomal Toll-like receptor (TLR) 7- and
9-dependent signaling pathways [6, 7]. Besides TLRs,
human pDCs express different nucleic acid sensors, such
as C-type lectin receptors (CLRs), RIG-I-like receptors
(RLRs), NOD-like receptors (NLRs), and cyclic guano-
sine  monophosphate-adenosine monophosphate syn-
thase (cGAS) [8, 9].

Moreover, pDCs are producers of type III interferons
(IEN-A or IL-28/IL-29) and have been identified among
the restricted cell subsets also expressing the IFN-A func-
tional receptor (IFNAR) [10]. As previously reviewed
[11], HI-IFNs can serve as an autocrine signal to poten-
tiate the anti-viral and antitumor activities of pDCs by
triggering IFN-a and IFN-A production [12, 13], and it
also influences the activation status of pDCs by upregu-
lating CD80 and CD86. In addition to IFNs production,
pDCs could exert direct cytotoxic functions or potentiate
Natural Killer (NK) cells effector functions. By TLR7/9
engagement, activated pDCs could exert killing capaci-
ties via the upregulation of TNF-related apoptosis induc-
ing ligand (TRAIL) [14, 15]. Moreover, granzyme B (GrB)
is constitutively expressed in human pDCs, but its pro-
duction and release are further induced by the cytokines
abundant in cancer tissues [15-17].

Tumor-associated pDCs (TA-pDCs; i.e. into the tumor
milieu or tumor-draining lymph nodes) are recruited at
the tumor site by chemokines (e.g. CXCL12 and CCL20)
released by cancer cells or by the TME. The presence
of pDCs in the TME has been associated with different
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outcomes suggesting their dual functional/regulatory
state in cancer immunity. Indeed, they can exhibit either
a tolerogenic or immunogenic phenotype, depending on
the immunological context. Moreover, pDCs may inter-
act with tumor-associated viruses [e.g. Human Papil-
loma Virus (HPV), Epstein-Barr Virus (EBV), Human
herpes virus 8 (HHV8)] that persist in tumor tissues and
may contribute to tumor immunity [4, 18-20]. How-
ever, no direct pDC-virus interaction in cancers has been
reported as yet. Further studies are necessary to under-
stand the crosstalk between oncogenic viruses and pDCs
and whether the tumor-infiltrating pDCs in HPV/EBV/
HHV8 positive tumors are immunocompetent. Although
the role of pDCs in cancer immunoediting/immune sur-
veillance is still uncompletely understood, a large set of
studies have documented that tumor-infiltrating pDCs
often exhibit a non-activated and tolerogenic state [21—
23]. The non-activated tolerogenic TA-pDCs state could
be induced by immunosuppressive cytokines or onco-
metabolites. Tolerogenic pDCs are characterized by low
[-IFNs production and co-stimulatory molecule expres-
sion and promote regulatory T cell (Treg) induction
together with increased expression of immunomodula-
tory molecules (e.g. IDO). Accordingly, a high density of
TA-pDCs have been frequently associated with a poor
clinical outcome. On the other hand, pDCs are endowed
with the ability to induce maturation of conventional
DC1 (cDCl1), can present tumor antigens and prime
tumor-specific cytotoxic CD8' T cells [24-26]; however,
whether and how human pDCs cross-prime CD8" T
cells in vivo has been controversial for a long time. Based
upon a recent report, cross-presenting pDCs were unable
to prime CD8" T cells efficiently, but require conven-
tional DCs (cDCs) to achieve CD8* T cell cross-priming
in vivo [27].

Novel immunotherapeutic approaches aim to disrupt
the immunosuppressive TME by reprogramming the
tolerogenic phenotype of TA-pDCs and other immune
cells, towards an immunogenic phenotype boosting
innate and adaptive tumor-specific immune responses.

News in pDC affiliation

Decoding pDC ontogeny

The dispute over pDC ontogeny and affiliation started
from their first identification by Karl Lennert as cells
with plasma cell-like morphology located in lymphoid
tissues described as “lymphoblasts” [28] (Fig. 1A). Over
the decades, hematopathologists referred to these cells
as “T-associated plasma cells” [29], “plasmacytoid T
cells” [30] and “plasmacytoid T-zone cells” [31]. Sub-
sequently, these cells were characterized in morphol-
ogy and phenotype and referred as to plasmacytoid
monocytes [32, 33] (Fig. 1A). It was then reported that
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Fig. 1 Discovery of plasmacytoid dendritic cells, decoding their ontogeny

and differentiation. a The timeline clarifies the different nomenclature

and origin that have been attributed to human pDCs from their first identification to the present. b pDCs share features with both myeloid

and lymphoid lineage opening a debate regarding their ontogeny. Two main developmental cascades are proposed to generate fully differentiated
pDCs from lymphoid or myeloid progenitors. These findings were obtained from in vitro experiments by using hematopoietic stem progenitor
cells (HSPC) from human bone marrow (indicated with human icons) or by using mouse models (indicated with mouse icons). Human pDCs
express some B-lineage transcription factors such as E2-2, BCL11A and FOXP1, but lacks expression of most classical transcription factors for B-cells,

including PAX5, BLIMP1, BOB1T, MUM1/IRF4, OCT2, and BCL6. MPP: multipo
lymphoid progenitor; GMDP: granulocyte monocyte and dendritic cell pro
dendritic cell progenitor. Created with BioRender.com

peripheral blood plasmacytoid monocytes can differen-
tiate into dendritic cells under the influence of stimuli,
such as viruses, IL-3, and CD40L [34-37]. Through iso-
lation and in vitro studies, pDCs were identified as Nat-
ural Interferon Producing Cells [38, 39] (Fig. 1A).

Although the name of this subset can be immediately
traced back to classical dendritic cells, the origin of the
pDC is still under debate within the scientific commu-
nity [40—42] and it was supported by the pDC pheno-
type sharing concomitant features with both myeloid
and lymphoid cells [32, 33, 38, 43]. Moreover, plas-
macytoid and classic DCs exhibit distinct features in
terms of morphology, phenotype, and functions [5, 39,
44-46], raising doubts over whether they belong to the
same cell lineage.

Recently, Ziegler-Heitbrock and colleagues proposed
reclassifying pDCs as innate lymphocytes, based on
developmental trajectory shared with B cells and the
scant classic DC functional properties (i.e. antigen pres-
entation and migration via the lymphatics), or restor-
ing their original name, type I-Interferon producing

tent progenitor; CLP: common lymphoid progenitor; MLP: multipotent
genitor; MDP: monocyte and dendritic cell progenitor; COP: common

cells as the defining functional feature of these cells [40]
(Fig. 1A).

It has been reported that pDCs can express lymphoid
transcripts including the pre-T cell antigen receptor alpha
chain (pT-a), Spi-B, y5, Pax5, and TdT [47-49], suggest-
ing the lymphoid origin of pDC [50]. Moreover, human
pDCs and their neoplastic counterparts are also marked
by some B-lineage transcription factors such as BCL11A
and FOXP1 [51]. However, the similarities between
pDCs and early B cells in terms of molecular features
might rely on their expression of E2-2 and E2A/HEB
transcription factors, which are known to regulate com-
mon target genes [52]. More importantly, human pDCs
lack expression of most classic transcription factors for
B cells including PAX5, BLIMP1, BOB1, MUM1/IRF4,
OCT2, and BCL6 [51]. Thus, these evidences are insuf-
ficient to prove the common origin of B cells and pDCs
[42]. An early study identified a mouse M-CSFR/CD115"
IL-7Ra” FLT3" CDP with the highest expression level of
homologous E protein transcription factors (E2-2, also
known as Tcf4) and superior potential to generate pDC

=
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compared to canonical Lin~ cKIT"* FLT3* M-CSER/
CD115" CDP, under the same conditions [53], postulat-
ing a possible dual origin of pDCs. Despite the fact that it
is now collectively accepted that pDCs can develop from
both myeloid and lymphoid precursors [54-57] (Fig. 1B),
this issue confuses and divides the scientific community
regarding pDC classification [40-42]. The entire process
of pDC development takes place in the bone marrow
(BM) from hematopoietic stem progenitor cells (HSPCs)
and is orchestrated by specific cytokine signals. In com-
mon with ¢cDCs, pDC development is strongly depend-
ent on fms-like tyrosine kinase-3 ligand (FIt3L) [55, 57,
58] and transcriptional cofactor Trim33 (also known
as TIF1-y) [59]. Flt3L KO mice have reduced levels of
pDCs and ¢DCs [55], and the expression of FIt3L recep-
tor (FIt3/CD135) by BM precursor is essential to produce
both murine and human DCs [55, 60]. Moreover, Trim33
deletion in vivo caused rapid loss of pDCs and cDCs
affecting the earliest stages of differentiation, but it also
abolished mature B cells. In particular, Trim33-deficient
Flt3* progenitors failed to induce the DC differentiation
program establishing Trim33 as a key transcriptional
regulator of Flt3L-driven pDCs and ¢DCs development
[59]. The pivotal role of FIt3L driving pDC development
from BM progenitors, but its failure to induce lymphoid
cell commitment, was one of the main reasons claimed
to justify the close developmental affinity of pDC to ¢cDC
lineage [32]. Besides the dependence on FLT3L cytokine,
¢DC and pDC share the expression of transcription fac-
tors, thus supporting a common regulatory network [42,
52, 55, 58]. Notably, pDC development was observed in
mice depleted of lymphoid precursor through estrogen
therapy [61]. Moreover, the common cytokine recep-
tor y-chain or the transcription factor JAK3, which
are required for the development of lymphocytes, are
not required for pDC development [32, 50, 55], further
confirming the interrelation of pDCs and ¢DCs in the
developmental process. Finally, pDCs and ¢DCs share
a restricted common dendritic cell progenitor (CDP)
through myeloid lineage, with the ability to respond to
myeloid cytokines (MCSF, GMCSF) [62]. An in vitro cul-
ture system has been used to demonstrate human DC
sequential origin from increasingly restricted progeni-
tors [63]. CDP has been proposed as the unique progeni-
tor restricted to DC lineage in humans originated from
human monocyte-dendritic progenitor (hMDP), which
in turn originates from a human granulocyte-monocyte-
DC progenitor (hGMDP) [63]. Subsequently, Helft et al.
showed that a large proportion of multipotent lymphoid
early progenitors (MLPs) in humans were more efficient
in generating CD1417 ¢DCs than common myeloid pro-
genitors (CMPs), and MLPs were also the only progeni-
tors able to generate CD303" pDCs in vitro and in vivo
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[64]. Recently, clonal lineage tracing of mouse pDCs has
confirmed the shared origin of conventional and plasma-
cytoid DCs [65], strongly in contrast with previous data
identifying mouse Ly6DMCD2" lymphoid progenitors as
unique progenitors for pDCs [66]. Pathogenic drivers in
neoplastic entities, such as blastic plasmacytoid dendritic
cell neoplasm (BPDCN), “Mature PDC Proliferation”
(MPDCP), and acute myeloid leukemia (AML)-PDC, are
shared by blasts, pDCs, monocytes and cDCs, suggest-
ing a common differentiation trajectory [67, 68] and that
a significant proportion of pDC neoplastic proliferation
might originate from a myeloid precursor.

In summary, the ontogeny of pDCs remains controver-
sial and a dual myeloid/lymphoid origin of pDCs should
be considered in order to justify the pDC heterogene-
ity and plasticity observed under different conditions.
ScRNA-seq studies provided helpful information in
the area of pDC ontogeny [61, 66]; however, this intri-
cate issue requires additional studies to be thoroughly
understood.

Human pDC heterogeneity

Increasing reports have demonstrated the potential het-
erogeneity of pDC cell populations devoted to specific
immune functions [69-76]. However, the mechanisms
behind the different pDC functions have not yet been
fully elucidated and it is unclear whether the environ-
mental cues, rather than specific genetic programs, con-
tribute to pDC diversification [77-79].

Originally, two pDC subsets were identified in human
blood and tonsils based on the expression level of CD2
surface antigen: a rare CD2"€" pDC subset as compared
to the major fraction of CD2'ov pDCs [69, 80] (Fig. 2).
CD2"e" and CD2'°Y pDC subsets showed differentiated
ability to initiate T cell immune responses associated
with distinct transcriptional profiles. Moreover, upon
activation, CD2"8" pDCs showed higher expression of
costimulatory molecule CD80 and higher production of
IL-12p40 compared to CD2"°Y pDCs, accompanied by
an increased capacity to trigger naive T cell expansion.
Of note, CD2"8" pDCs unexpectedly overexpressed the
lysozyme (LYZ), a typical myeloid marker, and the IFN-
regulated surface tyrosine kinase receptor AXL. More
recently, a further characterization of human pDCs in
bone marrow, cord blood, and tonsils enabled the divi-
sion of CD2"&" pDCs into CD57CD81* and CD5~CD81~
subsets both expressing classical pDC surface markers
and pDC-defining transcription factors E2-2/TCF4
and SPIB [70, 80]. However, the CD2Ms"CD5TCD81*
pDCs significantly diverged in their transcriptional
profile, including a notable overexpression of LYZ and
AXL receptor, and functional studies revealed that
CD2"8"CD5TCD81" pDCs showed a mature phenotype
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Fig. 2 The human circulating pDC subsets. Human pDCs are defined as Lin

CD11c CD123/IL3R* BDCA-2/CD303* BDCA-4/CD304" cells

and designated to IFN-a production. Upon stimulation with TLR7/9 ligands, three human pDC subpopulations were identified as PD-L1°CD80"

pDCs (P1) specialized in IFIFN production, PD-L17CD80" pDCs (P3) specialized in adaptive immune functions, and PD-L17CD80™ pDCs (P2) showing
both innate and adaptive immune functions. In unstimulated/basal conditions, no pDCs subsets have been detected. The CD2* pDCs subset most
likely corresponds to a new DC cluster, named AS-DC, that is identified as AXL™LYZ"SIGLEC6™ DCs exerting regulatory functions, such as inducing T
cells activation and expansion. The expression of AXL and LYZ was also previously observed on the CD5*CD81" subset among CD2* pDCs. Created

with BioRender.com

(i.e. costimulatory molecule and HLA-DR expression)
and a weak ability to produce IFN-a, consistent with low
expression of the Interferon Regulatory Factor 7 (IRF7)
[70] (Fig. 2). Specifically, CD5tCD81* pDCs were able to
produce large quantities of proinflammatory cytokines,
such as IL-12p40 and IL-6, promoting T cell proliferation
and inducing their differentiation into Treg [70]. A fur-
ther functional feature of CD5TCD81% pDCs was their
ability to activate B cells and induce plasma cell differen-
tiation and antibody production dependent on pDC-B
cell contact through CD70-CD27 interaction [70]. It
should be noted that tissue pDCs are mostly negative for
CD2 and CD5 [33, 51], as revealed by immunostaining

on reactive lymph nodes and cutaneous lupus erythe-
matosus (Fig. 3), suggesting that phenotypic diversifica-
tion in different microenvironments [81] or different
developmental phases might occur. This finding could
be also explained by the absent/low expression of surface
CCR7 on CD27CD5%AxI" DCs [82]. Based on single-cell
transcriptomic profiling and functional studies, human
blood DCs and monocytes were reclassified into six dif-
ferent clusters, among which cluster 6 (DC6) mapped
to pDCs [71]. Of relevance, a new DC subset character-
ized by AXL and SIGLEC6 expression was identified
and designated as cluster 5 (DC5) AS-DCs. The AS-
DCs were found in blood and lymphoid organs, but are

INTRODUCTIO

<
N




Monti et al. J Exp Clin Cancer Res (2024) 43:196

CD2+TCF4 CD5+TCF4
ERNEE G
4 'r.;_‘f:)z. ';-r & é‘ %t“ ~._‘ LG}\ :

Reactive LN

Cutaneous LE

ﬁ”f, ] s '_" o '." { .
Nflﬂhi PO R R o Tl

‘ L 5 1 e
A 7o Y _5{3 v, L NI

Page 6 of 31

_x%;
Lt
]

Fig. 3 Tissue pDCs are mostly negative for CD2, CD5, and PD-L1. Sections are from reactive lymph nodes (LN) (a-f; representative images from 2
out of 5 cases analyzed) and cutaneous lupus erythematosus (LE) (g-i; representative images of 1 out of 3 cases analyzed) and stained with TCF4/

E2.2,CD2, CD5, and PD-L1, as labeled. Magnification 400x; scale bar 50 pm

absent in peripheral tissues, such as skin [81]. Based on
gene expression analysis, AS-DCs exhibited a spectrum
of states ranging from a pDC-like signature (e.g., IL3RA,
IG], NRP1, MZB1) to a ¢DC2-like signature (e.g., IFI30,
ITGAX, LY86, GLIPR2, FGR, LYZ, ENTPDI1) suggest-
ing a relationship between these subsets. By flow cytom-
etry analysis, AS-DCs were found within both ¢DC
(CD123"°¥CD11c¢t) and pDC (CD123*CDllc™) gates
[71]. Although CD123*CD11c¢™ AS-DCs expressed pDC
markers (e.g., CD123 and CD303), they are function-
ally distinct from pDCs. As compared to IFN-a produc-
ing pDCs, AS-DCs are more potent activators of T cells.
Interestingly, the previously described CD2"e" pDC sub-
set [69, 70] most likely correspond to AS-DCs in terms
of phenotype (i.e. CD2, AXL, CX3CR1, LYZ and CD86
expression) and regulatory functions (i.e. naive T cells
activation and proliferation) [71] (Fig. 2). Therefore, some
functions previously attributed to pDCs could be due to
contaminating AS-DCs and functional studies should
be performed by excluding AxI* DCs. Finally, the iden-
tity and developmental trajectory of AS-DCs [72] is still
a matter of debate and further studies will be required
to determine whether Axl™ DCs constitute a distinct DC
subset [71] or are circulating DC progenitors [83].

In recent years, pDC heterogeneity has been revealed
as a wide range of diversification upon stimulation

[73-76]. Three divergent human pDC subpopulations
were identified upon activation in response to a single
innate stimulus, based on programmed death-ligand 1
(PD-L1) and CD80 expression [73] (Fig. 2). These sub-
populations showed distinct functional features asso-
ciated with specific transcriptional signatures. The P1
pDCs (PD-L1*CD807) displayed plasmacytoid mor-
phology and were specialized in I-IEN production, the
P3 pDCs (PD-L1-CD80%) exhibited dendritic morphol-
ogy and performed regulatory immune functions (i.e.
T cell activation and T helper 2 (Th2) differentiation),
and the P2 pDCs (PD-L17CD80") represented an inter-
mediate subset [73]. Although their proportions varied
among donors, P3-pDCs appeared to be less abundant
than P1-pDCs and P2-pDCs. Moreover, the P1-pDC and
P3-pDC phenotypes were regulated by different kinet-
ics, being the first and the last to appear after stimuli,
respectively. However, the activated pDC populations
displayed a phenotypic stability, with or without a second
viral challenge, thus indicating that P1, P2, and P3 pDCs
are stable cellular entities in diverse functional states.
P1-pDCs were prevalent in IFN-a-mediated autoimmune
diseases (e.g., lupus and psoriasis) [73], whereas P3-pDCs
were increased in melanoma and negatively impacted
clinical outcomes [84]. Therefore, CD80 and PD-L1 sur-
face markers can be used as biomarkers to track pDCs
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