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Il. STRESZCZENIE
Wstep:

Szpiczak plazmocytowy (multiple myeloma, MM) jest nowotworem hematologicznym
B-komoérkowym  charakteryzujacym si¢  glebokimi zaburzeniami immunologicznymi
postepujacymi wraz z progresja choroby. Dlatego poszukiwanie skutecznych lekow
oddziatujacych na elementy tego uktadu, takich jak inhibitory punktow kontrolnych nadzoru
immunologicznego, w celu poprawy immunologicznej odpowiedzi przeciwnowotworowej
wydaje si¢ mie¢ szczegodlne znaczenie kliniczne. Immunologicznymi punktami kontrolnymi
(immune checkpoint, IC) nazywane sa czasteczki, ktore reguluja mechanizmy nadzoru
immunologicznego i sg zaangazowane w rozwdj tolerancji immunologicznej, m.in. badane w
niniejszej rozprawie doktorskiej czasteczki supresorowe PD-1, CTLA-4, BTLA wystepujace
na powierzchni limfocytéw T i uczestniczace w procesie hamowania aktywacji tych komorek.
Poziom ekspresji tych supresorowych czasteczek ma zasadnicze znaczenie dla utrzymywania
homeostazy uktadu immunologicznego, tolerancji witasnych antygenow tkankowych oraz
niszczenia komorek nowotworowych. Zaburzenia ekspresji punktow kontrolnych moga
przyczynia¢ si¢ do zachwiania réwnowagi immunologicznej i rozwoju procesow
autoimmunizacyjnych (przy obnizonej ekspresji) lub sprzyja¢ rozwojowi nowotworow (przy
zwigkszonej ekspresji ~ punktow  kontrolnych).  Wprowadzenie  do  terapii
przeciwnowotworowej inhibitoréw punktow kontrolnych uktadu immunologicznego (immune
checkpoint inhibitor, ICI) poprawito znaczaco wyniki leczenia wielu nowotwordéw litych oraz
chioniaka Hodgkina, co zachecitlo do podjecia badan klinicznych z uzyciem przeciwciat
blokujacych czasteczki supresorowe PD-1/PD1-L i CTLA-4 rowniez w innych rozrostach
hematologicznych. Przeprowadzone dotad badania kliniczne z zastosowaniem blokady osi
PD-1/PD1-L i/lub CTLA-4 u chorych na MM przyniosto rozczarowanie z powodu niskiego
wskaznika odpowiedzi klinicznych (overall response rate, ORR) przy stosunkowo duzej
liczbie powaznych powiktan gléwnie o charakterze autoimmunizacyjnym. Mechanizmy
lezace u podtoza opornosci na terapeutyczne inhibitory punktéow kontrolnych obserwowanej u

przewazajacego odsetka pacjentow z MM pozostaja nadal niewyjasnione.
Cel pracy:

Celem niniejszej pracy byto zbadanie ekspresji immunologicznych punktow
kontrolnych BTLA, PD-1 i CTLA-4 na limfocytach T CD4 krwi obwodowej u chorych na

MM w celu okreslenia znaczenia poszczegdlnych czasteczek W rozwoju immunosupresji
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systemowej w roznych fazach choroby, a takze okreSlenie ich uzytecznosci klinicznej jako
celu terapii z zastosowaniem inhibitoréw punktow kontrolnych, oraz zbadanie zwigzku
ekspresji PD-1 i CTLA-4 z przebiegiem klinicznym MM celem oznaczenia ich potencjalnej

wartosci predykcyjnej i/lub rokowniczej.
Material i metody:

Pierwsza praca jest artykulem przegladowym podsumowujacym wiedz¢ na temat
biologii MM, wptywu mikrosrodowiska na rozwd¢j choroby i odpowiedz na leczenie. Na
podstawie publikacji naukowych dostepnych w bazach PubMed i Google Scholar
przedstawiono zaleznos$ci elementow komorkowych, macierzy mikrosrodowiska i cytokin

obecnych w przestrzeni pozakomdrkowej w rozwoju i przerzutowaniu MM.

Kolejne dwie prace oryginalne (powstate w kontynuacji) prezentujag wyniki badan
przeprowadzonych w grupie obejmujacej 40 pacjentow z aktywnym MM w réznych fazach
choroby: 26 pacjentow z nowo rozpoznanym MM (newly diagnosed MM, NDMM) oraz 14
pacjentow z nawrotowym/opornym MM (relapsed/refractory MM, RRMM) uprzednio
leczonych chemioterapia, lekami immunomodulujagcymi (immunomodulatory drugs, IMID),
inhibitorami proteasomu (proteasome inhibitor, Pl). Grupg kontrolng stanowito 20 zdrowych
ochotnikow odpowiadajacych wiekiem i plcig grupie badanej (healthy controls, HC). Badania
przeprowadzono po uzyskaniu pisemnej zgody od wszystkich uczestnikow. Materiat do badan
stanowily komorki jednojadrzaste wyizolowane z krwi obwodowej (peripheral blood
mononuclear cells, PBMCs). Metodg cytometrii przeptywowej oznaczano ekspresje
jakosciowa i ilosciowg badanych ICs (PD-1, CTLA-4 i BTLA) w populacjach limfocytow T
CD4+, CD4+CD127+ (T effector cells, Teff) oraz CD4+CD127- (T regulatory cells, Treg).
Stan systemowej aktywacji okreslano poprzez okreslenie ekspresji markera aktywacji CD69
w populacji limfocytow T CD4. Ponadto badano populacje¢ limfocytéw efektorowych: Thl
(CD3+CD8-IFN-y+) i Thl7 (CD3+CD8-IL-17+) oraz subpopulacje limfocytow
regulatorowych Treg (CD4+CD25+CD127, CD4+CD25+FOXP3+, CD4+FOXP3+CD127-),
a takze ich wzajemne proporcje w postaci stosunku Thl/Treg i Th17/Treg w réznych fazach
choroby. Przedmiotem badania byta takze wielkos¢ obwodowej populacji starzejacych sie
autoreaktywnych limfocytow T CD4+CD28-. Dodatkowo korelowano ekspresje biatek
supresorowych PD-1 i CTLA-4 na limfocytach T CD4 z czynnikami niekorzystnego
przebiegu klinicznego, a takze z czasem do wystgpienia progresji (time to progression, TTP) i

czasem calkowitego przezycia (overall survival, OS) pacjentow.



Wyniki:

Praca pogladowa podsumowuje dotychczasowsg wiedz¢ nt. roli mikrosrodowiska
szpiku kostnego w rozwoju i progresji MM podkreslajac sie¢ wzajemnych oddzialywan
miedzy elementami  komérkowymi  (uwzgledniajac  rowniez  komorki  uktadu
immunologicznego) z elementami macierzy pozakomorkowej, ktére razem tworzg
immunosupresyjne $rodowisko kreujace warunki do transformacji nowotworowej
plazmocytoéw. Przenoszenie si¢ plazmocytow do krwi obwodowej prowadzi do osadzania si¢

komoérek nowotworowych poza szpikiem kostnym, a tym samym do progresji choroby.

W drugiej publikacji z cyklu o charakterze oryginalnej pracy badawczej wykazano, ze
limfocyty T CD4 w NDMM prezentuja cechy immunostarzenia (immunosenescence),
obejmujace deficyt iloSciowy ekspresji immunologicznych punktéw kontrolnych PD-1,
BTLA i CTLA-4 oraz relatywnie zwigkszong sekrecje cytokin prozapalnych IFN-y i IL-17.
Natomiast progresja MM (RRMM) przebiega z czeSciowym przywroceniem ekspresji
czasteczek supresorowych uczestniczacych w nadzorze immunologicznym, co koresponduje z
poglebieniem dysfunkcji sekrecyjnej IFN-y i IL-17, i odpowiada fenotypowi komorek
wyczerpanych (exhausted). Obserwowano takze, ze PD-1 jest jedynym receptorem
supresorowym wystepujacym na wiekszym odsetku limfocytéw T CD4 u wszystkich chorych
na MM niezaleznie od fazy choroby, ktorego ekspresja koreluje z niekorzystnym przebiegiem

klinicznym i tendencja do skroconego OS.

W kolejnej pracy oryginalnej (bedacej kontynuacja poprzedniej), poza potwierdzeniem
zwiazku suboptymalnej ekspresji immunologicznych punktow kontrolnych z réznymi etapami
choroby (NDMM i RRMM), zaobserwowano takze obwodowa eckspansje limfocytow T
CD4+CD28- u wszystkich pacjentow (najwigkszg w grupie NDMM), ktérych fenotyp i
funkcjonalna charakterystyka odpowiada autoreaktywnym limfocytom cytotoksycznym
(noszacym cechy immunostarzenia). Ciekawa obserwacja byto wykazanie zwigzku poziomow
ekspresji czasteczek supresorowych z TTP; niski poziom CTLA-4 w grupie NDMM i wysoka
ekspresja PD-1 w grupie RRMM korelujg z krotszym TTP.

WhioskKi:

Zwigkszona dystrybucja PD-1 i zwigzek z niekorzystnym przebiegiem klinicznym
wskazuje na nadrzedng role PD-1 w sieci supresorowych oddzialywan jako przyczyne

zaburzonej odporno$ci komorkowej w MM. Mechanizm immunosupresji w MM w



poczatkowych etapach choroby wigze si¢ z nasilonym immunostarzeniem limfocytow T,
natomiast w czasie progresji MM jest zwigzany gldwnie z wyczerpaniem funkcjonalnym tych
komorek; jedna z cech roznigcych oba dysfunkcjonalne stany (tj. immunostarzenie i
wyczerpanie) jest rozny stopien deficytu poziomu ekspresji immunologicznych punktow
kontrolnych PD-1, CTLA-4 i BTLA zalezny od etapu choroby; suboptymalna ekspresja
punktéw kontrolnych w MM moze istotnie obniza¢ skutecznos¢ terapii z uzyciem inhibitorow
tych czasteczek i stanowié¢ jeden z mechanizmdéw opornosci na t¢ forme¢ immunoterapii w tej
chorobie. Ponadto ekspansja obwodowa starzejgcych sie limfocytow T CD4+CD28- (0
wiasciwosciach autoreaktywnych komorek cytotoksycznych) wraz z obnizonym poziomem
ekspresji PD-1 i CTLA-4 obserwowanym u pacjentéw z MM (szczeg6lnie w grupie NDMM)
moze $wiadczy¢ o zwickszonym potencjale do rozwoju procesow autoimmunizacyjnych
zarowno w przebiegu MM, jak i w czasie immunoterapii z uzyciem terapeutycznych
inhibitoréw punktéw kontrolnych. Zwiazek niskiego poziomu ekspresji CTLA-4 z istotnie
krotszym TTP w grupie NDMM oraz negatywny wplyw ekspresji PD-1 na przebieg
kliniczny, OS i TTP w grupie RRMM wskazuje, ze stosowanie inhibitorow badanych
punktéw kontrolnych jest niekorzystng strategig lecznicza dla chorych z NDMM, natomiast
pacjenci w grupie RRMM z progresja choroby stanowig grupe chorych, ktéra moze odnies¢

korzys$¢ kliniczng z tej formy terapii.



I11. ABSTRACT
Introduction:

Multiple myeloma (MM) is a B-cell haematological malignancy characterized by
profound and progressing immune alterations. Therefore, the efficacy of drugs targeting the
elements of immune environments (such as immune checkpoint inhibitors) in order to
improve anti-tumor response is of particular clinical importance. Immune checkpoints (ICs)
are molecules that regulate immune surveillance mechanisms and are involved in the
development of immune tolerance (e.g. inhibitory PD-1, CTLA-4, and BTLA molecules
examined in the current dissertation); they are expressed on the surface of immune cells
(including T cells) and involved in inhibition of cell activation. The optimal level of ICs
expression is essential for maintaining homeostasis of the immune system including tolerance
toward tissue self-antigens and eradication of cancer cells. Alterations in the expression of ICs
may contribute to the immune imbalance and the development of autoimmune responses (at
reduced ICs expression) or promote the development of cancer (when ICs expression is
increased). The introduction of ICs inhibitors (ICIs) into cancer therapy significantly
improved the results of treatment of many solid cancers and Hodgkin's lymphoma, what
prompted physicians to administration of ICIs into clinical trials in other hematological
malignancies. However, the clinical trials conducted so far with the use of antibodies blocking
the PD-1/PD1-L axis and CTLA-4 in patients with MM have shown disappointing results due
to the unfavorable benefit-to-risk profile with low overall response rate (ORR) and a much
higher frequency and severity of immune-related adverse events (iIRAEs). The mechanisms
underlying the resistance to ICIs observed in the vast majority of MM patients remain still

unresolved.
The aim of the study:

The purpose of this study was to assess the expression of ICs (BTLA, PD-1 and
CTLA-4) on CD4 T lymphocytes in order to determine the involvement of particular
receptors in the development of systemic immunosuppression in MM patients at different
stages of the disease (at the time of diagnosis and during progression), determination of their
usefulness as a target of therapy with ICls, as well as examination of their relationship with
the clinical course of MM in order to determine their potential predictive and prognostic

significance.



Material and methods:

The first paper is a review article summarizing the knowledge on the biology of MM,
the influence of the microenvironment on both the development of the disease and response to
treatment. On the basis of scientific publications available in the PubMed and Google Scholar
databases, the relationships between cellular elements, microenvironmental matrix and
cytokines present in the extracellular space in the development and metastasis of MM have

been shown.

The next two original papers demonstrate the results of research conducted (as a
consistent continuation) in a study group of 40 patients with active MM in the different
clinical stages of the disease: 26 patients with newly diagnosed MM (NDMM) and 14 patients
with relapsed/refractory MM (relapsed/refractory MM, RRMM) previously treated with
chemotherapy, immunomodulatory drugs (IMIDs), proteasome inhibitors (PIs). The control
population compromised 20 healthy volunteers matched for age and sex (HC). The study was
conducted after obtaining written consent from all participants. The study material consisted
of mononuclear cells isolated from peripheral blood (PBMCs). The qualitative and
quantitative expression of the examined ICs (PD-1, CTLA-4 and BTLA) in the populations of
CD4+, CD4+CD127+ (Teff) and CD4+CD127- (Treg) lymphocytes was determined by flow
cytometry. Systemic activation status was tested by determining the expression of CD69
activation marker in the CD4 T cell population. In addition, the population of effector
lymphocytes: Thl (CD3+CD8-1FN-y+) and Th17 (CD3+CD8-IL-17+) and subpopulations of
Treg regulatory lymphocytes (CD4+CD25+CD127), CD4+CD25+FOXP3+,
CD4+FOXP3+CD127-), as well as the relationship between them (Th1/Treg and Th17/Treg)
in different phases of the disease were examined as well. Peripheral expansion of senescent
autoreactive CD4+CD28- cells was also studied in all subjects. In addition, the expression of
PD 1 and CTLA-4 molecules on CD4 T cells was correlated with clinic and laboratory indices
of adverse clinical course, as well as with time to progression (TTP) and patient overall

survival (OS).
Results:

The review paper summarized the current knowledge on the role of the bone marrow
microenvironment in the development and progression of MM, emphasizing the network of
interactions between cellular elements (including immune cells) with elements of the

extracellular matrix, which together create an immunosuppressive environment creating
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conditions for malignant transformation of plasma cells. The transfer of plasma cells to the
peripheral blood leads to the deposition of tumor cells outside the bone marrow, and thus to
the progression of the disease.

The second study demonstrated that CD4 T cells in NDMM displayed features of
immunosenescence (i.e. quantitative deficit of IC expression and relatively increased
secretion of pro-inflammatory IFN-y and IL-17 cytokines), while MM progression is
accompanied by a reversion of ICs expression, which corresponds to pronounced IFN-y and
IL-17 secretory dysfunction, consistently with an exhausted phenotype. It was also observed
that PD-1 is the only IC expressed on a higher percentage of CD4 T cells in all MM patients,
regardless of the stage of the disease, and its expression correlates with an unfavorable

clinical course and a tendency to shorten OS.

In the next study (which is a continuation of the previous one), apart from confirming
the relationship between suboptimal expression of ICs and different stages of the disease
(NDMM and RRMM), expansion of CD4+CD28- cells was also observed in all patients
(more pronounced in the NDMM group), whose phenotype and functional characteristics
correspond to autoreactive lymphocytes (exerting features of immunosenescence). An
interesting observation was also the relationship between ICs expression levels and TTP; low
CTLA-4 levels in the NDMM group and high expression of PD-1 in the RRMM group

correlate with shorter TTP.
Conclusions:

The increased distribution of PD-1 in the T cell compartment and its association with
the unfavorable clinical course of MM may indicate the superior role of PD-1 in the network
of suppressor interactions as the cause of impaired cellular immunity in MM. The mechanism
of immunosuppression in MM in the early stages of the disease (NDMM) is associated with
increased immunosenescence of lymphocytes, while during MM progression (RRMM) it is
mainly associated with functional exhaustion of T lymphocytes; one of the features
differentiating the two dysfunctional states (namely immunosenescence and exhaustion) is
varying degrees of the suboptimal expression level of ICs depending on the stage of the
disease, which may significantly reduce the effectiveness of ICls therapy and constitute one
of the mechanisms of resistance to this form of immunotherapy in MM. Peripheral expansion
of senescent CD4+CD28- lymphocytes (with autoreactive cytotoxic properties) observed in

patients with MM (especially in the NDMM group) may indicate an increased potential for
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the development of autoimmune responses both in the course of MM and during
immunotherapy with ICIs. The relationship of the low CTLA-4 expression with significantly
shorter TTP in the NDMM group and the negative impact of PD-1 expression on the clinical
course, OS and TTP in the RRMM group indicate that ICI therapy is an unfavorable treatment
strategy for patients with NDMM, while in RRMM patients with disease progression this
form of therapy could be beneficial.
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IV. WSTEP

Szpiczak plazmocytowy (multiple myeloma, MM) jest nowotworem hematologicznym
B-komoérkowym charakteryzujacym si¢ proliferacja i akumulacja w szpiku kostnym
klonalnych komorek plazmatycznych produkujacych biatko M'. Biologiczna whasciwoscia
MM jest post¢pujacy rozwodj zaburzen immunologicznych, ktoére prowadza do ucieczki
nowotworowych komérek plazmatycznych spod nadzoru immunologicznego, wzrostu masy
nowotworu 1 klinicznych komplikacji w postaci niewydolnosci nerek, osteolizy kostnej i
nawracajacych infekcji’. Patogeneza dysregulacji immunologicznej w przebiegu MM jest
ztozona i wynika z procesu rozrostowego w szpiku kostnym, ktory obejmuje m.in. elementy
uktadu odpornosciowego, ale moze by¢ roéwniez skutkiem leczenia (chemio- i
immunoterapii). W wyniku narastajacych zaburzen immunologicznych dochodzi do rozwoju
immunosupresji, co oprocz ostabienia odpowiedzi przeciwnowotworowej zwigksza istotnie
ryzyko rozwoju infekcji o cigzkim przebiegu. W szczeg6lnosci, rozwdj MM charakteryzuje
postepujaca dysfunkcja prawidlowych plazmocytow sukcesywnie wypieranych przez
klonalne komorki plazmatyczne z nastgpowa hypogammaglobulinemia, a takze zaburzenia
odpornosci komorkowej zwiagzane z dysfunkcjg limfocytow T, komorek dendrytycznych
(dendritic cells, DC) i komorek NK (natural killer)®. Pomimo postepu w immunoterapii MM
zwigzanego z wprowadzeniem do leczenia inhibitorow proteasomu (proteasome inhibitors,
PI), lekéw immunomodulujacych (immunomodulatory drugs, IMID), terapii limfocytami T ze
zmodyfikowanym (chimerycznym) receptorem antygenowym (CAR-T cells), MM nadal
pozostaje nowotworem nieuleczalnym. Dysfunkcja ukiadu immunologicznego, w
szczegolnosci obnizenie aktywnosci i funkcji efektorowych limfocytow T (T effector cells,
Teff), przyczynia si¢ do nieskutecznego niszczenia komorek szpiczakowych i

rozczarowujacych wynikéw leczenia MM? 3.

Ostabienie mechanizmoéw nadmiernie rozwinigtej tolerancji immunologicznej oraz
odwrdcenie hyporeaktywnosci limfocytow T w MM wydaje si¢ mie¢ zasadnicze znaczenie
dla optymalizacji i poprawy skutecznosci stosowanych strategii immunoterapeutycznych.
Wprowadzenie do terapii nowotworowej inhibitorow punktow kontrolnych w nadzorze
immunologicznym (immune checkpoint inhibitors, ICI), czyli przeciwcial blokujacych
czasteczki supresorowe PD-1 i/lub CTLA-4, poprawito istotnie wyniki leczenia guzoéw
litych?, a takze chloniaka Hodgkina®, co dato nadzieje i asumpt do podjecia prob ich
wykorzystania w terapii nowotworéw hematologicznych. Jednak zastosowanie inhibitorow

czasteczek supresorowych w badaniach klinicznych u chorych na MM przyniosto rezultaty
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niezgodne z oczekiwaniami w postaci niskiego wskaznika odpowiedzi klinicznych (overall
response rate, ORR) - jedynie w kombinowanych strategiach leczniczych u chorych z
progresywnym/nawrotowym MM (RRMM)®®. Niespehiajace oczekiwan wyniki stosowania
blokady punktow kontrolnych w MM moga wskazywa¢ na zréznicowany udziat
poszczegbdlnych czasteczek supresorowych zaangazowanych w hamowanie odpowiedzi
immunologicznej 8, a takze sktaniaja do poszukiwania mechanizméw odpowiadajacych za
postepujaca immunosupresje u chorych na MM oraz wskazuja na potrzeb¢ identyfikacji tych
pacjentow, ktorzy moga odnie$¢ korzy$¢ kliniczng z terapii blokujgcej czasteczki

SUpPresorowe.

Dostepna literatura wskazuje, ze zaburzenia funkcji limfocytow T w przebiegu MM sg
bardziej pogle¢bione w porownaniu do innych nowotworéw hematologicznych B-
komorkowych, a mechanizmy lezace u ich podtoza zwigzane sa gtownie z immunostarzeniem
(immunosenescence) i/lub wyczerpaniem funkcjonalnym limfocytow T (exhaustion)®??,
prowadzacych w rézny sposob do postgpujacej hyporeaktywnosci tych komorek i systemowe;j
supresji immunologicznej***. Identyfikacja mechanizmu lezacego u podioza immunosupresji
w MM wydaje si¢ mie¢ implikacje kliniczne w postaci doboru wiasciwego sposobu
odwrocenia supresji immunologicznej za pomoca dostgpnych metod terapeutycznych. Jak
wskazuja liczne badania, immunostarzenie limfocytow T jest spowodowane
wewnatrzkomoérkowymi sygnatami indukowanymi przez uszkodzenia DNA lub inne czynniki
Zwigzane z nasilonym stresem komorkowym, 1 moze by¢ odwrdcone jedynie metodami
farmakologicznymi oddzialujagcymi na poziomie sygnalow wewnqtrzkomérkowychle.
Natomiast wyczerpanie limfocytow T jest konsekwencja czynnikéw zewnatrzkomorkowych
w postaci przewlektej stymulacji antygenowej (w tym przypadku antygenami zwigzanymi z
komorkami szpiczaka) 1 ligacji receptoréw supresorowych (tj. PD-1, CTLA-4)17.
Wyczerpanie limfocytow T jest dysfunkcja, ktora jest potencjalnie odwracalna po
zastosowaniu zewnatrzkomorkowej blokady tych receptorow (czyli za pomoca inhibitorow
immunologicznych punktéw kontrolnych)'’. Oba stany dysfunkcjonalne limfocytow T (czyli
immunostarzenie oraz wyczerpanie) majg wiele cech wspolnych (jak np. zahamowanie cyklu
komorkowego, zaburzenia funkcji efektorowych, ekspresja czasteczek supresorowych), €O

utrudnia ich identyﬁkacje;m'18

. Warto jednak zaznaczy¢, ze wyniki najnowszych badan nad
zaburzeniami dotyczacymi limfocytow T w przebiegu MM (w tym zawarte w obu niniejszych
pracach) przyniosty postep w postaci znalezienia roznicy w poziomie ekspresji czasteczek

supresorowych PD-1 i CTLA-4 w limfocytach T CD4 u chorych z MM w réznych etapach
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choroby ", co utatwia odrdéznienie limfocytow T starzejacych si¢ od wyczerpanych i dobor
adekwatnej metody leczniczej prowadzacej do przywrocenia funkcji tych komorek. Z tego
powodu wazne Klinicznie wydaje si¢ okreslenie charakteru dysfunkcji dominujacej w
limfocytach T CD4 u pacjentéw z aktywnym MM w zalezno$ci od etapu choroby (NDMM i
RRMM) na podstawie réznic zwigzanych z cechami fenotypowymi (ekspresja markerow
supresji i aktywacji: PD-1, CTLA-4, CD69, CD28) i funkcjonalnymi (zdolno$¢ do sekrecji
cytokin zapalnych IFN-y, IL-17) charakterystycznymi dla immunostarzenia i wyczerpania
limfocytow T CD4.
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V. CELE 1 ZALOZENIA PRACY
Celami niniejszej rozprawy doktorskiej byto:

1. Podsumowanie wiedzy na temat funkcjonalnego znaczenia mikrosrodowiska szpiku

kostnego w rozwoju i progresji MM.

2. Badanie ekspresji czasteczek supresorowych PD-1, CTLA-4 i BTLA w limfocytach T
CD4 u pacjentow z MM celem identyfikacji dominujacego mechanizmu
immunosupresji (immunostarzenie vs. wyczerpanie komoérek) w roznych etapach
choroby dla okre§lenia mozliwo$ci zastosowania terapii z uzyciem inhibitorow

immunologicznych punktow kontrolnych.

3. Badanie zwiazku ekspresji czgsteczek supresorowych PD-1 i CTLA-4 z przebiegiem
klinicznym MM (tj. z czynnikami niekorzystnego przebiegu, OS, TTP) w celu
okreslenia ich ewentualnego znaczenia predykcyjnego i/lub prognostycznego.
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VI. MATERIAL I METODY BADAN

Pierwszy artykut z cyklu jest paca pogladowa podsumowujacg wiedze na temat MM,
wptywu mikro$rodowiska na rozwdj choroby i odpowiedz na leczenie. Na podstawie
publikacji naukowych dostepnych w bazach PubMed i Google Scholar opisano zaleznosci
elementéw komorkowych, macierzy mikro§rodowiska i cytokin obecnych w przestrzeni

pozakomorkowej w rozwoju i przerzutowaniu MM.

W kolejnych dwoch pracach oryginalnych grupe badawcza stanowita grupa 40
pacjentow z aktywnym MM, w tym 26 pacjentow ze Swiezo rozpoznanym MM (newly
diagnosed MM, NDMM) i 14 pacjentow z nawrotowym/opornym na leczenie MM
(relapsed/refractory MM, RRMM). Wsrdd pacjentdow 21 osob stanowily kobiety. Pacjenci
rekrutowani byli w Klinice Hematologii we Wroctawiu oraz w Oddziale Hematologii w
Opolu u ktérych rozpoznanie choroby postawione bylo zgodnie z Kkryteriami
Migdzynarodowej Grupy Roboczej ds. Szpiczaka (International Myeloma Working Group,
IMWG)™. Stadium choroby zostato okre§lone w momencie wlaczenia pacjenta do badania na
podstawie Migdzynarodowego Systemu Stopniowania dla Szpiczaka (International Staging
System, 1SS)?°. Pacjenci z RRMM w przeszlosci byli leczeni chemioterapia, lekami
immunomodulujacymi, inhibitorami proteasomu; kryterium wylaczajacym byto zastosowanie
w pierwszej linii leczenia transplantacji komoérek macierzystych (stem cell transplantation,
SCT). Mediana wieku pacjentow wynosita 69 lat (zakres 59 - 76 lat). Grupe kontrolng
stanowito 20 zdrowych os6b (ochotnikow) odpowiadajacych pod wzgledem pici i wieku
grupie badanej, ktorzy nie byli leczeni lekami wplywajacymi na uktad immunologiczny przez
okres 6 miesigcy przed pobraniem materialu. Z badania wylaczono takze osoby ze
wspotistniejgcymi  chorobami o podlozu  zapalnym,  cukrzyca,  chorobami
autoimmunologicznymi i towarzyszacymi nowotworami. Materialem do badan byla krew
obwodowa pobrana w kazdej grupie jednorazowo; w grupie badanych pacjentow przed

rozpoczeciem chemioterapii.

Po uzyskaniu zgody uczestnikom badania pobrano krew obwodowa w celu izolacji
komorek jednojadrzastych (peripheral blood mononuclear cells, PBMC) na gradiencie stezen
Lymphoflotu (Bio-Rad Medical Diagnostics GmbH, Dreieich, Germany). Nastepnie
wyizolowane komodrki PBMC inkubowano z kombinacjami przeciwcial monoklonalnych
sprzezonych z florochromami celem przeprowadzenia analizy cytometrycznej (barwienie

bezposrednie). Dla okreslenia szlakow supresorowych w obrebie limfocytow T CD4+ 1 w
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subpopulacjach Teff i Treg (fenotypowanych wg Liu et al.?

odpowiednio jako komorki
CD4+CD127+ i CD4+CD127-), wykonano barwienie powierzchniowe (uzywajac
standardowych protokotow) nastepujacych biatek: CD4, CD69, BTLA, PD-1, CTLA-4 |
CDI127. Analize populacji regulatorowych limfocytow T CD4 (Treg) o fenotypach:
CD4+CD25+CD127-, CD4+CD25+FOXP3+ i CD4+FOXP3+CD127- przeprowadzono
barwiagc komodrki PBMC bezposrednio po izolacji z krwi obwodowej przeciwciatami
skierowanymi przeciwko antygenom powierzchniowym CD4, CD25, CD127. Nastgpnie po
inkubacji z w/w przeciwciatami, komorki zostaly poddane fiksacji 1 permeabilizacji za
pomoca zestawu Fix/Perm Buffer Set (eBioscience, San Diego, CA, USA) z nastepowym
wewnatrzkomérkowym barwieniem przeciwciatem skierowanym przeciwko czynnikowi
transkrypcyjnemu FOXP-3. W celu oznaczenia wewnatrzkomoérkowego poziomu cytokin
zapalnych IFN-y i IL-17, komorki PBMC zostaly poddane 4 h hodowli z dodatkiem
poliklonalnych stymulatorow (PMA + jonomycyna) i brefeldyny A (inhibitora
wewnatrzkomdrkowego transportu cytokin) w temperaturze 37°C w atmosferze 5% CO,. Po
zakonczeniu hodowli, komodrki zostaty poddane barwieniu przeciwciatami skierowanymi
przeciwko antygenom powierzchniowym CD3 1 CD8 w celu identyfikacji populacji komorek
CD4+ (poprzez okres$lenie fenotypu CD3+CD8- z uwagi na nasilenie internalizacji receptora
CD4 w czasie stymulacji z PMA i zmniejszenia jego ekspresji powierzchniowej)?. Po
przeprowadzeniu permeabilizacji, komorki zostaly poddane inkubacji z przeciwciatami

monoklonalnymi skierowanym przeciwko cytokinom (IFN-y lub IL-17).

Bezposrednio  po  przeprowadzeniu  powyzszych  barwien  zewnatrz- |
wewnatrzkomorkowych, komorki zostaly poddane analizie cytometrycznej przy uzyciu
cytometru przeptywowego FASCalibur (Becton Dickinson, BD Biosciences, San Diego, CA,
USA). Fenotypowano nastepujace populacje komoérkowe: CD3+CD4+, CD4+CD127+PD-1,
CD4+CD127+CTLA-4+, CD4+CD127+BTLA, CD4+CD127-PD-1, CD4+CD127-CTLA-4+,
CD4+CD127-BTLA, CD3+CD4+CD69+, CD4+CD28-, CD3+CD8-IFN-y+ (Thl),
CD3+CD8-IL-17+ (Th17), CD4+CD25+FOXP-3+, CD4+CD25+CD127-,
CD4+FOXP3+CD127-. Wyniki przedstawiono jako odsetek komoérek o okreslonym fenotypie
(ekspresja jakosciowa CD69, PD-1, CTLA-4, BTLA, IFN-y, IL-17). Oceniano takze ekspresj¢
ilosciowa w/w czasteczek na podstawie intensywnosci fluorescencji przeciwciala specyficznie
zwigzanego z badanym biatkiem; wyniki przedstawiono jako $redni kanat fluorescencji
czasteczki w okreslonej populacji komorkowej (mean fluorescence intensity, MFI) i jej

warto$¢ przedstawiono w jednostkach arbitrarnych (arbitrary units, AU). Kontrole izotopowe
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sprz¢zone z fluorochromami zostaly zastosowane w kazdym przypadku do potwierdzenia
specyficznoséci ekspresji badanych biatek. Badanie zwiazku ekspresji PD-1 i CTLA-4 z
dhugoscig czasu do wystgpienia progresji (time to progression, TTP) przeprowadzono na
réznych etapach MM (NDMM i RRMM). W tym celu dokonano podziatu grup pacjentéw z
NDMM i RRMM na 2 podgrupy: z niskg i wysoka ekspresjg PD-1 lub CTLA-4 (na
wykresach oznaczone odpowiednio jako grupy low i high), a granica podziatu byta warto$¢
mediany ekspresji ocenianej jako$ciowo - jako warto$¢ odsetkowa limfocytow T CDA4+,
CD4+CD127+ i CD4+CD127- z ko-ekspresja okreslonego receptora lub iloSciowo — jako
intensywno$¢ fluorescencji badanego receptora w poszczegdlnych subpopulacjach
komorkowych limfocytow T CD4+ CD4+CD127+, CD4+CD127-. Nastepnie okreslano i
porownywano dhugos$¢ czasu jaki uptynat od rozpoczgcia leczenia do wystgpienia progresji

(TTP) w kazdej podgrupie pacjentow (low < mediany vs. high > mediany).

Analizg statystyczng przeprowadzono w oparciu o program Statistica 7.1 (TIBCO
Software Inc., Palo Alto, CA, USA). Kliniczne parametry zostaty przedstawione jako liczby
absolutne oraz jako warto$¢ odsetkowa (czestotliwo$¢ wystgpowania w grupie). W grupie
badanej dla zmiennych ilo$ciowych obliczono warto$¢ mediany (oraz warto$¢ 25 1 75
kwartyla). Rozktad zmiennych zostat zbadany za pomocg testow Lilliefors i Shapiro-Wilk-W.
Wszystkie zgromadzone zmienne wykazywaty rozklad inny niz normalny, dlatego do
obliczenia réznic pomigdzy badanymi grupami zastosowano testy nieparametryczne dla
powigzanych (testy Friedmana, Wilcoxona) i niepowigzanych (testy Kruskala-Wallisa,
Manna-Whitneya-U) zmiennych. W celu zdefiniowania relacji migdzy badanymi zmiennymi
przeprowadzono analiz¢ korelacji za pomoca testu korelacji tau Kendalla. Do analizy
przezycia (catkowitego OS i czasu do progresji TTP) wykorzystano krzywe Kaplana-Meiera,
a roznice miedzy badanymi grupami byly badane przy uzyciu testu log-rank.
Wieloczynnikowa analiza zostata przeprowadzona przy uzyciu modelu proporcjonalnego
hazardu Coxa po wiaczeniu do niej wszystkich istotnych statystycznie (oraz granicznych)
warto$ci zmiennych objas$niajacych z analiz jednoczynnikowych Coxa. Wyniki na poziomie
wartosci p < 0.05 uznano za istotne statystycznie. Wykresy wykonano za pomocg programu

GraphPad Prism (GraphPad software, San Diego, CA, USA, wersja 8.0.1).
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Abstract

Introduction

Multiple myeloma is one of the most
common haematological malignan-
cies, oCcourring mainly in men over
60 years of age. Despite significant
therapentic progress and a twofold
increase in overall survival, multiple
myeloma is still an incurable disease.
The reason for the relatively poor
prognosis for multiple myeloma pa-
tients lies in the biology of this m-
mour, the progressive development
of which is closely dependent on the
bone marrow microenvironment. The
conditions in the bone marrow, in par-
ticular, the presence of growth factors
for multiple myeloma cells (includ-
ing interleukin 6, insulin-like growth
fartor-1, and wvascular endothelial
growth factor) secreted by different
cells, promote their survival and pro-
liferation in the bone marrow niches.
Migration and expansion of malignant
plasma cells and their mobilisation
to/from the peripheral blood, charac-
teristic of myeloma progression, are
mainly due to disroption of the stro-
mal cell-derived factor-1/C0CR4 axs
caused by numerows molecular ex-
tracellular factors. It has been shown
that the formation of premetastatic
niches in the bone marrow, which
are indicative of progression, occurs
even before the first metastatic cells,
home to the bone marrow, amd is
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affected by cellular and extracellular
components of the bone marrow. This
close interaction between malignant
plasma cells and the bone marrow
microenvironment should determine
appropriate  therapeutic manage-
ment focused on all elements of this
complex biological system for a real
improvement in prognosis. This pa-
per reviews the current literature de-
secribing the participation of myeloma
cells and the bone marrow microemyi-
ronment in disease development and
progression.

Conclusion

Nowvel therapeutic approaches should
target not only the malignant plasma
cell, but also its interaction with the
bone marrow —micTeenvironment
to sufficiently prevent disease pro-
gression. Despite administration of
several immunomodulators and pro-
teasome inhibitors, other therapies
are still under active investigation.

Introduction

Multiple myeloma is a B-cell malig-
nancy caused by uncontrolled clonal
proliferation of plasma cells in the
bone marrow or outside it (affect-
ing the liver and spleen). Myeloma
plasma cells are similar to long-lived
normal plasma cells and, similarly
they show a strong dependence on
the bone marrow micreenvirenment.
Probably in the process of malignant
transformation, not fully known epi-
penetic processes are activated and
they alter the surface expression of
certain antigens, such as CD19, CD45
and CD56%, owing to which it is pos-
sible to distinguish normal from ma-
lipnant plasma cells. The phenotype
of normal plasma cells is defined as

Pape 1of 6
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The functional significance of the bone marrow
microenvironment in multiple myeloma development and

CD38+C0138+CD19+CD45+CD56,
In contrast, cancer cells in multiple
mryeloma exhibit positive expression
of CD38 and CD138, but as many as
90% of them are CD1%-, 99% CD45-
ar CD4S low, and 70% CD5&+,

The clinical course of multiple mye-
loma is characterised by frequent oc-
currence of numerous complications
incloding the presence of ostealytic
lesions in bones, anaemia, and im-
mune disorders with reduced levels
of serum immunoglobulins. The pres-
ence of monoclonal protein produced
by malignant plasma cells in serum
and/for urine of patients, which often
leads to renal dysfunction, is also very
chararteristic’. Myeloma accounts for
approccimately 1% of all malipnant
tumours and approcimately 14% of
haematological malignancies. The an-
mual incidence in Europe is approxi-
mately 4.5,100 thousand. it has been
shown that more men than women
suffer from the disease, with a ratio
of 3:2 The incidence of MM increases
with age, with peak inridence in the
seventh decade of life (median age,
65 years). Despite the sipnificant pro-
gress in MM treatment and lomger
median lifespan of MM patients (from
3 to & years), it is still an incurable
disease’. The aim of this review was
to discuss the functional significance
of the bone marrow microenviron-
ment in multiple myeloma develop-
ment and progression.

Discussion
The role of the cellular com-

FoE CITaTIoN PURFOSES: Kbosmaczewsim 4 Masternak 4 Kbsciow K The functional significance of the bone marrow
micreenvironment in multiple myeloma development and progression. 0A Immunelogy 2013 Aug 01;1(1)7.
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myelomadevelopmentandprogression,
and in the development of cytostatic
drug resistance’. Conditons of the
bone marrow determine both mat-
ration and maintenance of stem cells
and blood precursor cells under physi-
ological conditions and in malignancies
such as multiple myeloma. Stodies on
the biology of MM clearly indicate that
graftment of long-lived normal plasma
cells, produced in the germinal centres
of peripheral lymphoid tssues in the
bone marrow, It has been shown that

plasma cells®. In addition, conditions
in the bone marrow, in particalas, the
presence of 2 number of myeloma cell
growth factors, promote their survival
and proliferation in the bone marrow
niches,

The role of stromal cells

In the process of carcinogenesis with-
in bone marrow stromal elements,
structural and functdonal changes
occur and they cause an imbalance
between factors that stmulate and
tion of progenitor blood cells. In MM
patients, there are changes in interac-
tions between malignant plasma cells
derived from multiple myeloma stem
cells and the microenvironment.
These interactions play a significant
role in the proliferation, migration,
and survival time of myeloma eells
and the development of cytostatic
drug resistance, Interactions be-
tween myeloma cells, stromal cells
and elements of the exmracellular
matrix (ECHM) ocour directly wia cell
receptors and adhesion molecules,

cell adhesion to extracellular matriz
proteins (e.g. collagen (mainly type I
and V1), fibronectin, laminin, vitron-
ectin] activates signalling pathways
in plasma cells, which affects their

proliferation and survival, develop-
ment of drug resistance, as well as
synthesis and secretion of wroki-
nase-type plasminogen activator and
metalloproteinases®. Some of the ad-
hesion melecules, such as cadherins,
participate in the formation of func-
tional multicellular structures in the
bone marrow by anchoring to the ac-
tin cytoskeleton of cell through caten-
ins. Free catenins which accumulate
in plasma cells in high concentrations
are imvolved in Wat signal transduc-
tion pathways, actvating certain on-
cogenes (eg. c-Myc) or cyclin D1, and
thereby contributing to the develop-
ment of cancen

In the process of adhesion of
myeloma cells to stromal cells, an
important role is also played by ex-
tracellular factors, such as cytokines,
chemokines, and pgrowth factors,
which hawe the ability to activate
multiple signalling pathways (such
a5 NF-kE and Notch), and increase
the expression of cell cycle regula-
tory proteins (D-type cycling] and
Bel-2 family anti-apoptotic proteins
in both stromal and myeloma cells?,
The activation of these cells leads to
secretion of factors that are of par-
ticular importance for the prolifera-
tion and survival of myeloma cells,
especially IL-6, VEGF, and IGF-1, to
the enviromment and intensifica-
tion of chemotherapy resistance®?, It
has also been confirmed that factors
such as basic fibroblast growth fac-
tor (bEGF), angiopoistin-1 [Ang-1),
transforming growth factor beta
[TGF-beta), platelet-derived growth
factor (PDGF), hepatocyte growth
factor (HGF), and interleukin 1 [IL-1),
secreted by stromal cells of patients
with MM, affect the growth of my-
eloma cells®. Recently, it has been
reported that there is a movel mech-
anism of intercellular transfer of
penetic information which imvolves
stromal — cell-derived  exosomes,
which, after entering myeloma cells,
modulate their growth mediated by
specific miRMAs,
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Stromal cells are also a source of
chemokines — CCL2? (MCP-1), CCLB
[MCP-2),and CCL7 (MCP-3) - involved
in the migration and homing of mye-
loma cells to the bone marrow doe to
the presence of chemokine receptor
CCR2 on their surface. However, a spe-
rial role in this process is atoributed
to the SDF-1 [CXCL12)/CXCR4 axis®,
Stromal cells also hawve the ability to
secrete CCL3 chemolkine (MIP-1la),

of MM patients. Further expansion of
plasma cells in the bone marrow stro-
ma is promoted by cytokines, growth
factors, and metalloproteinases [es-
pecially MMP-9, MMP-2, IL-6, VEGF,
TNFm, SDF-1, MIP-1e, IGF-1, IL-1, IL-3,
IL-10 and IL-15), secreted by a variety
of bone marrow cells?,

The role of endothelial cells and
angiagenesis

Clear intensification of angiogen-
esis in samples from patients with
MM, measured by microvessel den-
sity (MVD), is observed in patients
with active disease as compared to
those with inactive MM or monoclo-
nal gammopathy of undetermined
sipnificance (MGUS). Bone marrow
angiogenesis in multiple myeloma is
a determinant of tumour eell growth
and disease progression, and a pro-
cess partially regulated by pro-angio-
genicfactors released by plasma cells,
stromal cells, and osteoclasts. Among
these factors, the most important
role is attributed to VEGF, bFGE, FIMF,
IL-6, THFu, HGF, and chemokines
IGF-1, MIP-1, MCP-1, and 5DF-1, the
secretion of which is a consequence
of interaction between stromal cells
and myeloma plasma cells'. Consti-
‘tutive secretion of VEGF and bFGF by
myeloma cells may also result from
the activation of cncogenes andfor
EEnetic mutations',

Licensee OA Publishing Londen 2013. Creative Commons Attribution License (CC-BY)
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In order to identify the vascular
mechanism underlying metastasis
and disease progression, eXpression
profiling of genes involved in the reg-
ulation of ECM formation and bone
cell cycle regulation, chemotaxis,
cell adhesion, and resistance to ap-
optosis, or processes which promote
disease progression, was performed
in the endothelial cells of MM pa-
tients, showing aberrant expression
of 22 genes assayed'. These stud-
ies have highlighted the role of the
microenvironment in the induction
of bone marrow neovascularisation,
encouraging development of tumour
cells and MM progression, This study
clearly shows that the use of anti-an-
giogenic factors in multiple myeloma
therapy can significantly improve the
prognosis',

The role of osteoclasts and
osteablasts

The ohserved severs bone destruc-
tion in the immediate wvicinity of
myeloma cells indicates their par-
ticipation in the process of osteo-
clastogenesis, In particular, it has
been shown that the interaction of
myeloma cells with stromal cells in
the bone marrow leads to increased
expression of BANKL (receptor act-
vator of NF-kB ligand) on myeloma
cells, thus generating a signal for the
activation of ostecclast precursors
that express the cell-surface recep-
tor RANKY., The RANKL and OPG
[osteoprotegerin] molecules, which
are their competitive receptors, are
assigned the most important role in
the regulation of bone resorpdon'®
In physiological conditions, a dynam-
ic balance between RANKL and OFG
develops, and in the course of multi-
ple myeloma it shifts towards higher
RANEKL expression in the bone mar-
row micToenvironment, contribut-
ing to increased osteoclast activation
and bone osteolysiz. RANK ligand
[(RANEKL) promotes osteoclastogene-
sis also via inhibition of osteoclast ap-
optosis, which significantly prolongs

their survival. Blocking RANEL with
a soluble form of RANKL modulates
bone resorption and imhibits MM
progression'”, The osteoclast activity
and bone destuction are also en-
hanced by MIP- 1, IL-1, IL-3, IL-6, IL-
11, TGFi, MMP-9, and TWF*™. In turn,
the process of osteoclastogenesis is
inhibited by OPG and TGF-beta. It
has been shown that osteoclasts are
also a constant source of osteopon-
tin, which is a known pro-angiogenic
factor'®, prometing the formation
of an environment conducive to the
development and progression of the
diseass,

It has been shown that both dis-
ease progression and the resulting
increased destructon of bone tissue
can result from impaired osteoblast
activity, which depends on the activ-
ity of the inhibitor DEK1*, DEKL is a
Wit antagonist, secreted by myelo-
ma cells, which inhibits differentia-
tion of precursor cells to ostecblasts.
In MM patients with osteolytic foci
detected in the bones, significantly
increased DEEK1 expression on the
surface of malignant plasma cells
has been found. The importance of
DEK1 for MM development and pro-
gression has been demonstrated in
studies which involved blocking of
DEE1, subsequent inhibition of bone
osteclysis and tomour weight redue-
tion?*-#. In contrast, despite the loss
of their osteogenic function, osteo-
blasts maintain their ability to pro-
duoce and secrete OFG, which binds
to the TRAIL receptor on the surface
of myeloma ecells and is responsible
for their prolonged survival by block-
ing apoptosis signal transduction®,.
Osteoblasts are also an additional
source of [L-6, a recognised MM cell
growth factor as confirmed in the
culture of MM cell linas®,

The impact of the extracellular
environment on multiple
myeloma development

Complex positive and negative in-
teractions mediated by various ad-
hesion molecules, cytokines, and
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their receptors occur between indi-
widual bone marrow cells and my-
eloma cells. Some of the growth and
survival factors for myeloma cells,
such as IL-6, are produced by many
types of bone cells [osteoblasts,
osteoclasts, stromal cells) and the
MM cells themselwes, Additional
external factors such as hypoxia or
internal signals generated by a de-
regulated c-Myr oncogene in mye-
loma cells lead to hypozia-inducible
factor 1-o (HIF-1x) activation and
VEGF secretion by myeloma cells™,
VEGF, in turn, stimuolates endothe-
lial cells to secrete IGF-1, which
induces proliferation of myeloma
cells. Thus, interleukin-&, VEGF, and
IGF constitote a network of factors
essential for MM development and

PrOEression.

Interlenkin-&

Interleukin-6 (IL-8] iz a key growth
and survival factor for multiple my-
eloma cells, originally produced by
stromal cells, ostecclasts, and ma-
lizmant plasma cells, and affecting
tmmour growth by autocrine and
paracring mechanisms#, [L-& se-
cretion by medullary stromal cells is
regulated directly by adhesion to my-
eloma cells, and indirectly by seluble
factors secreted by these cells [TWFo,
VEGF, IL-1B, TGFB), which lead to
activation of the transcription fac-
tor NF-KE in plasma cells®, Thus, a
cross-regulation network develops
between the tumonr cells and the
myeloma progression. After binding
to its receptor on myeloma cells, IL-&6
induces a signalling pathway that
leads to acdvation and proliferation
of plasma cells, inhibits the actvity
of p27 and p21 inhibitors, and acti-
wates anti-apoptotic proteins [Mcl-1
and Bel-x) and c-Mye®®, It has been
observed that a high level of IL-&
in the serum of MM patients is cor-
related with peor prognoesis and an
increased percentage of proliferat-
ing myeloma cells in the peripheral
blood™.
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Insulin-like growth factor 1

Isulin-like growth factor 1 [IGF-1)
is a factor promoting the carcino-
genesis of many cancers™. IGF-1 is
secreted by stromal cells, endothelial
cells, and bone marrow ostecblasts,
and in the paracrine mechanism, it
is conducive to MM development by
binding to its receptor on tomour
cells, This interaction leads to a shift
in the balance of factors associated
with apoptosis towards cell death in-
hibiters in myeloma cells™,

Vascular endothelial growth factor

It has been shown that increased
‘bone marrow vascularisation is posi-
tively correlated with a poor progno-
sis of cancer patients'?; the growth
of new blood wvessels significantly
improves the conditions for nutrient
and oxygen transport to cells, facili-
tating further growth of the tumour
Vascular endothelial growth factor
[VEGF), as a known pro-angiogenic
factor in @ number of haematologi-
cal malignancies incloding multiple
disease progression®™, Secreted by
stromal and myeloma cells under
the influence of cytokines and other
growth factors, such as IL-6, bFGE
TGFB, and THFa, present in the bone
marrow of MM patents, it enhances
the development of a favourable mi-
croenvironment conducive to grado-
al progression of the disease,

Multiple myeloma progression

In most cases, myeloma cells de-
velop primarily in the bone marrow,
although in aggressive forms of the
disease, malignant plasma cells can
also be home to extramedull ary sites,
such as spleen, liver, and body fluids.
sociated with further expansion of
myeloma cells within the bone mar-
row and spreads to secondary sites in
bonemarrowbythe bloodstream. M-
eloma cell migration from the blood
to the bone marrow (called hom-
ing) is a multi-stage process actively
managed by several interactions

in the bone marrow, primarily imiti-
ated by the activation of selectins,
The next stages of homing, such as
adhesion and extravasation, when
myeloma cells exit the capillaries,
occur by the activation of integrins
LFA-1 and VLA-2 on their surface™,
However, substantial mobilisation of
malignant plasma cells from the pe-
ripheral blood to the bone marrow
occurs due to actvity of the SDF-17
CXCR4 amis. SDF-1 chemokine, which
induces homing of myeloma cells
into the bone marrow, is secreted by
stromal cells (eg. endothelial cells,
mesenchymal stem cells), and binds
specifically to the cell-surface recep-
tor CHCR4 expressed on plasma cells,
Worth mentioning is the large diver-
sity of CECR4 expression on myelo-
ma cells, confirmed on the surface of
10% to 100% of the cells. It has been
found that blocking CHCR4 inhibits
migration of myeloma cells to SDF-1
chemokines in the bome marrow™,
In turn, migration and expansion of
myeloma cells in the bone marrow
and their mobilisation or egress into
the peripheral blocd cccur due to
disruption of the SDF-1/CHCR4 axis,
which inwvolves weakening of 5DF-1
expression under the influence of
bone marrow environment proteas-
es and intensification of CHCR4 ex-
pression following hypoxic myeloid
niches (1%-2% 0 )",
Nevertheless, the bone marrow
prepared for metastatic myeloma cell
engraftment. The requirement for
MM disseminatdon within the bone
marrow is the adaptation of myeloid
niches te conditons that enable
further development of MM, which
is mediated by ECM components,
stroma, endothelial cells, cytokines,
chemokines, and growth factors, in
particular, IL-6, IGF-1, and APRIL. It
has been demonstrated that myelo-
ma cells can invade large areas of the
bone marrow with particular ease by
entering into abnormal interactions
with both ECM proteins and bone
marrow stromal cells, on which they
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are closely dependent. The formation
of premetastatic niches in the bone
marrow;, which are an expression of
a pathological response of the bone
marrow envirenment to the pres-
ence of myeloma cells, oecurs even
before the first arrival of metastatic
cells and substantally facilitates
their distribution, thus promot-
ing the creation of new malignant
foci®. This results in characteristic
premetastatic disorders in the said
components of the bone marrow mi-
croenvironment, which together fa-
cilitate the growth and survival of the
metastasizing myeloma cells, This
specific bone marrow microenviron-
ment remodelling is also affected by
increased osteoclast activity mediat-
ed by RANKL/FANK and MIP-1alpha,
osteoblastopenesis  attenuated by
DHEEK]1 and IL-3, as well as the previ-
ously mentioned intensive necangio-
genesiz. It is believed that myeloma
cells circulating in the peripheral
blood and molecular factors secreted
es5, are also of particular importance
in the phenomenon of MM bone
marrow metastases™.  Metallopro-
teinases [MMPs) have the ability to
degrade ECM, and at the zame tme,
they stimulate angiogenesis, which
promotes the spread of malignant
cells™. Among the various MMPs,
considerable importance in MM pro-
gression is attriboted mainly to ge-
latinazes MMP-2 and MMP-9, which
degrade type IV collagen, the major
component of the basal membrane
of cells, and thus affect their ability
to spread myeloma*™*, Among oth-
er factors involved in premetastatic
bone marrow remodelling, there are

ised by increased VLA-4 expression
on the surface of myeloma ecells,
and expsomes which induce neo-
angicgenesis in metastatic lesion
locations™+445, Additionally, cells of
haematopoietic origin that exhibit
the expression of fibronectin [VLA-
4] and VEGF (VEGFR1) receptors
on their surface allow implantation
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of new myeloma cells inte the bone
marrow®,

Conclusion

The recent studies clearly emphasize a
strong interaction between myeloma
cells and elements of the bone mar-
row microenvironment both in MM
development and progression. It even
seems that the role of each compo-
nent of the tumour-host interactons
is equivalent in MM pathogenesis.
Nowel therapeutic approaches should
target not only the malignant plasma
cell, but also its interacton with the
bone marrow microenvironment, to
sufficiently prevent disease progres-
sion, Despite administration of several
immunemodulators and proteascme
inhibitors, other therapies are sll

Abbreviations list

Ang-1, angiopoietin-1; bFGE, basic
fibroblast growth factor; ECM, ex-
tracellular matriz; HGF, hepatocyte
growth factor; HIF-o, hypozia-in-
ducible factor 1-g; IGF-1, insulin-like
growth factor 1; IL-1, interleukin
1; IL-6, interleukin-&; MM, multple
myeloma; MGUS, monocdonal gam-
mopathy of undetermined signifi-
cance; MVD, microvessel density;
PDGF, platelet-derived growth fac-
tor; RANKL, receptor activator of NF-
kB ligand; TGF-beta, transforming
growth factor beta; VCAM-1, vascular
cell adhesion protein 1.
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Abstract Unlike solid-tumor patients, a disappeintinghy small subset of multiple myeloma (MM)
Pnﬁerﬂﬂ- treated with -d.id&]:!ﬂnt inhibitors derive clinical benstits, B-umesting dii:ﬁemﬁalpnrﬁci.]:!a-
tion of inhibitory recepbon involved in the development of T-cell-mediated immunosuppeession. In
fact, T cells in MM patients have meoently been shown to display fatumes of immunosenescence and
exhaustion involwed in immune response inhibition. Therefore, we aimed to identify the dominant
inhibitory pathway in MM patients to achieve its effective control by therapeutic inernventions. By
flow cytometry, we examined peripheral blood (FB) CTM T @l charackeristios assigned to semssamnos
or exhawstion, congidering P, CTLA-4, and BTLA checkpoint expresgion, as well as secoebory
effector function, ie, capacity for [FN-y and [L-17 secretion. Analyses wene performed ina total of
40 active myeloma patients (newly diagnosed and treated) and X healthy controls. At the single-cell
level, we found a loss of studied checkpoints” expression on MM CTM T cells (both effector (T )
and megulatory (Teeg) cells) primarily at disgnosis; the checkpoint deficit in MM relapse was not
significant Monetheless, PTM was the only checkpoint distributed on an incoeased propoction of T
cells in all MM patients irmespective of disease phase, and its expression on T Telf cells cornelated
with advens clinical courses. Among patients, the mlative defed in secretory effector function of T4
T ells was mone primoumced at myeloma relapse (as géen in declined Thl /Teeg and Th17 /Treg el
rates). Although the contribution of FO-1 to MM clinical cutcomes is suggestive, our study clearhy
indicated that the inappropriate ex peession of immune checkpoints (assocated with dysfunctionality
of CT4 T calls and disease clindcal phase) might be responsible for the sub-optimal clinical eepomss
to therapentic checkpoint inhibitors in MM.

Keywords: multiple myeloma; CD4 T cells; PD-1; CTLA-; checkpoint inhibitons; clindcal owtoome

1. Introduction

Multiple myeloma (MM} is an incurable hematologic malignancy dharacterized by
proliferation and aceumulation of clonal plasma cells producing M-protein in the bone
marrow (BM) [1]. A biologic property of MM is progressive development of inmrns
deficiency that leads to tumor escape, disease grow th, and dinical complications, such
as bone disease or recurrent serious infections [2]. The pathogenesis of the immune
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dysmegulation in MM is complex and includes disease- and meatmentmrelated factors, thus
resulting in cumulative immunosuppression and inceased risk of severe infections. The
immurne dysfunction in MM is assocated with the inhibition of normal plasma cells with
subsequent hypogammaglobulinemia as well as impaired cellular immunity, including
dysfunction of T cells, dendritic cells ([Xs), and NK cells [23]. The profound T cell
alterations in MM include a rapid loss of effector function and an increase in the abundamnoe
of immunosuppressive Tregs in the BM [2]. A major role in the development of the
imrnunosuppressive state in MM has recently been attributed to the immonse i
such as PO-1, CTLA-4, and BTLA, expressed on T cells isolated from the BM of patients [4].
These molecules play anessential role in the loss of immune surveillance by regulating T cell
activation and maintaining peripheral tolerance, and their significance for the development
of solid tumors and hematologic malignancies has been well documented [5].

Impaired tumor immunity is suggested to be responsible for the very limited effective-
ness of anti-myeloma immunotherapies in efractory MM [3]. Reversing tumormediated
immune tolerance in MM seems to be a critical therapeutic goal in the development or
optimization of new immunotherapeutic strategies. The introduction of inhibitors targeting
the immune checkpoints remarkably shified the paradigm in the treatment of solid fumors
and hematologic malignancies with impressive single-agent responses for PD-1,/FPD-L1
axis inhibitors in Hodgkin's lymphoma [6-10]. However, unlike solid-tumor patients,
only a minor subset of MM patients treated with checkpoint inhibitors have been shown
to derive clinical benefits, primarily after combined therapy, thus sugpesting differential
participation of inhibitory receptors or different categories of inhibitory pathways imvolved
in turnor immunity [11]; in fact, it has recently been reported that T cells in MM patients
display features of immunosenescence and exhauston, and, notably, these dysfunctional
states may coexist in time [5,12,13]. Although both senescence and the exhaustion of T
cells are associated with compromised inmune responses, they substantially differ in
their phenotypic and functional characteristics, as well as underlying mechanisms [14].
Ay ailable data demonstrate that i is cansed by intrinsic signals induced
by DNA damage or other stresses and can be reversed pharmacologically, while exhas-
tion is a consequence of ligation of inhibitory receptors and is reversible upon external
receptor blockade [15]. Therefore, it is crucial to resolve imrmunosuppressive mechanisms
by identifying the dominant inhibitory pathway in MM patients to achieve their effective
comtrol with therapeutic interventions.

Hemein, we extended and completed our preliminary data to ecplore mechanisms
underlying the systernic CTH T cell-related immunosuppression according to the disease
course to identify a target group suitable for therapeutic use of inmune checkpoint in-
hibitors [15]. Therefore, we aimed to examine phenoty pic and functional characteristics
of CD4 T cells assigned to cell senescence or exhaustion, considering PD-1, CTLA-4, and
BTLA checkpoint expression, as well as secretory effector function, induding capacity
for IL-17 and IFN-y production. We assessed CIM T cells from peripheral blood (PB) of
active MM patients at disease onset and relapse, as well as healthy age-matched donors.
O study demonstrated that CO4 T cell senescence (associated with defective checkpoint
expression in MM [12]) might play a role in supporting myeloma growth, whemeas T cell
exhaustion (characterized by recovery of checkpoint expression) is a predominant dys-
functional state at disease relapse, which may affect the clinical response to thetapeutic
checkpoint inhibitors in MM
L Results
21. CD4 T Cells from PE of MM Patimis Are Maximally Stinnalated In Vivo and Possess Strong
Potential for Inhibition of the Inmne Response

Hawing demonstrated that immune checkpoints function as negative feedback to
regulate the ongoing inmune responses and their dysregulated expression may be a
consequence of aliered in vivo stimulation [ 17], we analyzed the state of systemdc activation
are the capacity for re-stimulation of MM CI4 T cells.
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While we moted an increased proportion of COHHCDES T cells in the PB of all patients
(as shown in Table 1), a statistically significant difference was found only between the
ERMM group and healthy controls (p= 0.0Z7); in the newly diagnosed (NDMM) group, the
incease in CO69* cell expansion was of borderline significance {p = 0L06). As demonstrated
in Table Z, the median fucmescence intensity of CD69 was the highest in CD4 T ells from
EEMM patients, but it remained at a statistically similar level compared o corresponding
healthy cells. In contrast, CD4 T cells from NDMM patients exhibited markedly lower
arnounts of CD68 than those from the controls (p = 0.017), which did not differ significanthy
in comparison to the CDE9 levels found in the RRMM group. The in vitro re-stimulation
revealed that patients” cultured CT4 T cells from both studied groups exhibited a sig-
nificantly lower proportion of CDé&* cells than the comesponding healthy cells (44.29%
(26.22-54.72%) ws. 55.73% (33.00-7 3.16%), p = (.44} under the same stimulation conditions.

Table 1. Immune checkpoint and D69 expression (%) in FB CIM T cell subsets in different MM phases and healthy

comtrols (HC)
At Diagrosis At Relapsc e
T-Cell Subset (%} (NDMM) REMM) i P Value
n=26) =19 =
. 1533 1772 1255 {a) s
D' CDAFD-1 {1zé2-1852) (1175-19.86) {B37-15.29) (t) Q2
{c) 04
{a)ns
. . 2353 500 1667 .
R (16.42-20.94) (12063113 (10522175 () 0.088 *
{c) 00
(a) 03T
9.7 1479 614
CDHCDZ7-FD1+ 0.041
{67E-1L04) (5.31-26.50) (3.90-762) I;E;Jn.m
. W64 78S 19,03 (a)ns
(D (D4 BTLAY (20.04-43.21) (15.06-30.73) {1325-37.52) {"Ej'c:‘f;a
" N 38K 40.30 36D {a)}ns
CD4*CIN27*BILA (26.26-50.25) (26,0847 58) {10.85-4079) t}:
(a)ns
398 770 wr
CD4+CD1Z7-BTLA*
= (2.54-6.2%) (521-11.35) (L24-515) :E&En
. 191 1.28 1z (ajns
CDa*CD4*CTLAA! {07E-a37) 0851 68) {L78-2.00) E‘:}:
. am Y] 355 (a}ns
CD4"CDIZ CILALY 22766 (L68-436) (L64427) E}:
{a)ns
; . 193 168 115
CD4 DIz~ CILAL {47267 {1.45-219) 157138 (&)
{0,031
X . 058 070 03 (ajns
e D3109) {0.36-0.95) {122-0.44) 7:;}}%%

(2) NDMM vs. ERMM; () NDMM ve HC (c) ERMM ve HC; *—tend; ns—not sizbstically significant Differences in fucrescance
indensity of imeune checkpaoints beween examined groups wemne avahuvied using nonpararsetric ests (KrnuskaWallis and Maro- Whitey

UHest).
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Table 2 Immune checkpoint and CD6Y expression (MFL mean fluorescence inkensity ) in FB CDIT cells in dibent MM
phases and healthy controls (HC)

At Diagnosis At Relapse HC
Fluomscence Inkensity (NDMM) (RRMM) o p Value
= 26) n=14) =
{a) ns
R 7299 79.41 ga04 .
FD-1in CTH (67,0086, 64) (56.39-111.33) (717310500 'fb{f;'f
. . .19 8534 Wz la}ms
PDM in CD4'CDIZ7 {52 34-84 45 (7 28112 %) {60.38-105 B4 ‘bﬁ“f
(a) ms
) . 847 7392 10213
FD-1in CDATCDLZ (5477-93.55) (59.29-113.76) Pz ) ﬁl‘;ﬂﬁ
{a) ns
R 160.60 18412 2518
BILA in CD4 (146.40-184.92) (109.50-106.04) {192.79-28%9.32) {:?}‘ﬁ;f
. 15075 18619 24020 (a) s
BrLA in CIM"CD27* (142 37167 89) (14970-241 &7 {166.75-30414) ﬁl?’f
{a) 0033
. . 147.00 10221 24060
BILA i CD4COMT (120 49-168 15) (15461-23517) {167 13-202.31) ﬁl?ﬂn
[a:lm
P 4405 7621 £5.40
CliA-din (T {3&.52-63.20) (63.09-129.54) {60.10-111.23) fh[:'t';"rfs
) . wm 5558 B1L96 {a) 0002
CrLA-4 in CDE'CDIZY (33404187 49,5795 97 (51.93-00.08) {"J['t‘:‘:‘:‘s
) QLA
. . 1413 53,60 f297
CrLALin CDACDIZ {30.84-4013) 43, 86-66.9) {4104 7455) {b::;il:l?
CD69 in CD4* 53,64 7569 7081 n:[;& o017
7. 87-58.82) (49.52-9475) (55.55-123.46) s

() DKM va. EREMM; (b) NIDMM va HC; (c) REMM va HC; *—tend; ns—nat statistically significant. Differences in the proportions of

PD-1, BTLA, and CTLA-4
anad Manre Whitrey L-test)

ing CTM* T oells betwean examine d groups wene avaluated using nonparamss e st (Kroskal- Wallis

This part of the data shows that PB CD4 T cells in MM were maximally activated

in wvivo, but hypo-responsive and failed to respond to polycdonal re-stimulation Among
patients, a lower level of systemic CIM4 T cell activation was observed at MM diagnosis.

22 Er ion of Imoune Checkpoints in Myeloma CO4 T Cell Subsets Is Clearly Impai
Espsd:mhlgigﬂagimdﬁnﬂus ¥ y frepuired

It is well established that immune checkpoint receptors play an essential role in imn-
mune surveillance and tumor inonunity by inhibiting T-cell immune responses [5 We
and others have previously demonstrated the altered expression of inhibitory receptors
CTLA-4, PD+1, and BTLA in tumors [4,15-25]. As recent clinical trials with administration
of the immune checkpoint inhibitors in MM showed real disappointment, we aimed to
verify whether the onset and/ or exacerbation of MM is accompanied by alerations in the
immyune checkpoints” expression, thereby affecting their usefulness as targets for therapeu-
tic inhibitors. Therefore, we assessed FD-1, BTLA, and CTLA-4 checkpoint expression in
FB CIM* T cell subsets in MM patients both at disease diagnosis and relapse.
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As shown in Figure 1A, D,E and Table 1, a comparison with healthy controls demon-
strated an increasing median proportion of CD4 T cells expressing PD-1 checkpoint in all
MM patients regardless of cell subsets (both Teff and Treg cells defined as CD4*CD127* and
CD4*CD127~ T cells, respectively) (p < 0.05). Although the expansion of PD-1+ Teff cells
was similar in all patients, Treg cells from RRMM patients expressed the PD-1 molecule on
a significantly higher proportion of cells than in the NDMM group (p = 0.037).
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cells within the examined subsets. The percentages of cells expressing the immune checkpoi were determined
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A quantitative analysis of PD-1 expression showed its lower levels in NDMM patients
compared with healthy controls (Table Z). Wheme as FD-1 deficit was observed in the whole
population of NDMM CD4 T cells, including both Teff and Treg subsets, its loss was mone
pronounced in Treg cells (p = 0L016); in Te#f cells, the decrease of FD-1 was of borderline
significance (p=0L08). Likewise, in the REMM patients, PD-1 expression was also defective
(priraarily in the Treg subset); however, its median values wem statistically comparable to
those observed in cormesponding healthy cells. Similarly, the differences in FD-1 expression
betw een patient groups, although apparent, were not statistically significant {Table 2).

As demonstrated in Figure 1B,D,E, and Table 1, regarding BTLA expression, we found
no significant differences in the percentages of BTLA* cells within CD4 T cells and their
subsets (both Teff and Treg cells) between patients and controls, except for the higher
proportion of CD4* and Treg cells co-expressing BTLA in the NDMM and REMM groups,
respectively (p=(0L018 and p= 0.01, mspectively). In addition, companed with healthy aells,
a decrease in the MFI values of BTLA in the MM CD4 T lls, more profound in NDMM
patients, was observed (p < (L002). BTLA levels in the Treg subset in NDMM patients weme
also low er than those obseteed in REMM patients (p = 0.001) (Table 2).

Likewise, we found no significant differences in the proportion of CTLA-4 expressing
ells within the ecamined subsets between participants studied, except for the higher
abumdance of CTLA-4* Teg cells in RRMM patients compared with healthy controls
(p= 0031} (Table 1}. Remarkably, its quantitative estimation showed that the anly group
exhibiting substantially down-regulated levels of CTLA-4 on both Teff and Treg cells was
the MDMM patient group (p < 0.008 and p < (L005, respectively ) contrasting of the normal
levels in cormesponding cells from the REMM and healthy groups (Table Z).

Taken together, these data clearly show that PD-1 is the only T cell inhibitory receptor
widely distributed within PB CD4 T subsets in patients at every stage of MM and increasing
within Treg population during disease progmession. Nonetheless, myeloma CD4 T cells had
significantly defective levels of all studied checkpoints, primarily at myeloma diagnosis,
which may be insufficent for appropriate blockade with therapeutic inhibitors,

2.3 Dysfunctional Characteristics of PB CD4 T Cells Depend on Myedoma Stage

As altered expression of immune checkpoints is one of the features of el enescence
or exhaustion observed in MM [5,12,13] we wanted o assess whether it corresponds
with the other dysfunctional characteristics of these two states, Le,, aberrant and opposed
capacity for inflasnmatory [FMN-y and IL-17 cytokine secretion [27,28].

In the pooled MM group, we observed significantly diminished proportions of the
T4 T cells with capacity for [FIN-y secretion (Thl subset) compared with healthy donors
(p = (LD01) (as shown in Figure 2A, B, and Table 3). Moreover, we found markedly lower
values of IFN-y fluorescence intensity in the CD4 T lls than those seen in controls (31.86
(20.72-37.10) ws. 5B.79 (36.41-60.57), p = 0.01). Although we did not find any significant
differences in the abundance of Thl ells in PB between patients regarding reatment state
or IS5 stage, a pronounced deficit was observed in the REMM group and patients with
higher tumor stage (Table 3 and Table 51). Likewise while a substantial decline in the
Thl/Treg cell ratio was observed in both groups of patients irespective of MM phase
(p=0.0000F for NDMM patients, p = 0.00003 for ERMM patients), and patients at MM
relapse exhibited the lowest Thl/ Treg rate (Figune IA).
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Figure 2. CDM T call capacity for cyboking secrtion (IFN-y, [L-17) and peripheal distribution of Treg cslla. (A,B) IRN-y- (Thl)
and (C,D) IL-T7-secreting cells (Th17) were phenotyped by flow cytometry as CD5*CDE~ IFN-y* and CD3*CD&- IL-17+
cells, respectively. (EF) Treg cells wen identified as the following subsets CTM*CDR5CDZ7 -, CO4*CD25* FOXF3, and

(DM FOXFP3 (DY — ells. Bowes amd w hiskers 25th-75th inkerquartile rangs and

irmum, respectively; the

median is the central squace in each box. *** mpresents < QU001 and * represents P < (L05. Numbers on dot plots epesent
the pereentage of Thi, Th17, and Treg cells within FEMCs in MM patients and healthy subjects (HC) Significant decreases
in FB Thl and increases in both Thl7 and Teeg cells among patients were found in all anaby ses using the Mano-Wihitney

U-test.
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Table 3. Fléq'l.ﬂ:rlq,r of T4 T cells secreting n'l.ﬂamma.bmy q,rtﬁlm'léﬁ- and ‘I'::eguells in different MM Plu.ﬁ&‘.l-.uﬂ }léal'ﬂ'l}r
controls (HC).

At Diaﬁ;nﬂii.i- At E.elaPﬂe HC
T-Cell Subset (%) (NDMM) REMM) o P Value
=26 =14 =
(a)ns
; am 391 9.00
D+ L8~ [Ny + (334703 (B01-6.41) (7.66-1007) ;;J'E““‘:EE
. i 051 0.56 032 (2} ns
CDa* D117 {0.24-0.59) {0.29-1.08) {122-045) E;&g
{a) 0.076
i ) sm 661 3.60
CheChes Chz (L40-6.07) (570-8.98) (272-3.90) E:;g_ﬁ
{a)ns
43 458 251
CIDM*CD25*FOXP3* L0001
(3243-534) (3 BA-5.60) (L66—3.19) {::j} o001
. . _ 452 435 234 (2} ns
CD4* FOXP3"CDI {379-5.35) (342-6.17) (L4832 &7} {::y}i;-c;]}-::l

(2) NDWM va EEMM; () NOMM ve. HC; (c) REMM va. HC; *—tmend; ns—not statistically significant. Diferences in Thl, Thi7, and Treg
] subsets berwoen examined groups wes evaluated using nonparametric sts (Kruskal Wallis and Manec-Whitrey U-test).
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Figure 3. Feripheral blood Thl/Treg and Th17/ Toeg cell ratios &n the different clinical phases of MM and healthy controls.
{A) shows the ratio of the numbers of circulating IFIN-se cneting CT T cells (Th) to segulateny (DM CD25+CNET— T cells
(Treg); (B) shows the ratio of circulating [L-17-secreting CTM T cells (Th17) to regulatory COECD25*CDIZT - T cells. Bones
and whiskers show confidence interval and standard deviation (S.0.) respectively; the mean is the central square in each
b *** represents p < (L001 and * represents p < (05,

Additionally, we assessed the level of PB CD4* T cells capable of inflarnmatory
IL-17 cytokine synthesis (Th17 cells). In patients, the fequencies of Thl? cells wene
significantly higher than in controls (p < 0.05) (Figure 2C, D), especially those at [S5 stage
I/I1 (Table 51) MNonetheless, the MFI values of [L-17 in the Thl7 subpopulation wene
comparable to those observed in controls (23.39 (13.14-38.00) vs 2198 (16.37-52.11),
p = 005, respectively). Although no significant difference in Thl7 cell levels between
patient groups was found (Table 3), we clearly observed that NDMM patients exhibited a
markedly increased Thi7 /Treg ratio compared with those with REMM (p= LM7), as shown
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in Figure 3B. While the Th17/ Treg ratio in RRMM was the lowest, it did not significantly
differ to that observed in healthy controls.

This part of the data demonstrates that CD4 T cells from MM patients are functionally
impaired but secrete mone inflammatory cytokines during disease development than those
at myeloma progression, which may imply different functional characteristics cormespond-
ing with, respectively, serescence or exhaustion depending on disease stage.

24 Expansion of PB Treg Cells Is Most Pronounced af Less Advanced MM, Wikich May Crente
Condifrons Promoting Disense Devel opment

Hawing ascertained that Treg cells might be inwolved in T ell senesence during
tumor induction [29,30], we evaluated the abundance of PB Treg cells in the different
clinical phases of MM. We determined the following Treg oell subsets: CDM*CD25HCDNET -,
CHCDEYFOXPIY, and CI4* FOXP3CD127 - cells.

The median percentages of all studied Treg subby pes were significantly higher at every
dlinical stage of MM compared with controls (p < 0.004) (Table 3; Figume ZEF). Our cohort
of active MM patients (both NDMM and ERMDP) exhibited statistically comparable propor-
tions of Treg cells; howewer, the CD4*CD25*CD127~ Treg subset was the only regulatory
el population found to tend o increase after therapy (p = 0L076). We also surprisingly
noted that Treg levels were higher at stage 1/ 1 compared with the values observed at
stage [, and the differences reached statistical significance for CD4*CD25 FOXP3* and
CD4FOXP3*CDN27 ~ subsets (both p = 0.02) (Table 51). Furthermore, among exam-
ined Treg subtypes, the abundance of CD127— Treg cells (both CD4+HCD25HCD1Y7 — and
CIM*FOMPICD1Z -~ phenotypes) negatively cormelated with IS5 stage (r= —0.24, p= 0L
and r = —0149, p= 0.006, respectively) (Figure S1).

This part of our data cearly shows an increase in the circulating Treg cell compart-
ment imespective of eatment state, although more pronounced at less-advanced stages
of myeloma PB Treg enrichment observed at tumor induction may create conditions
supporting C4 T cell senescence-mediated systemic immune suppression.

25 Markers of T Cell Exhanstion Are Associated with Adverse MM Clinical Bahroior

Since the impact of checkpoints’ up-regulated expression on the dinical cutcome of
neoplastic diseases has been demonstrated [4,15-25], we wanted to find out whether T cell
inhibitors might be associated with clinical characteristics of MM as well. The associations
between immune characteristics and both MM clinical variables and patient survival ane
summarized in Tables 4 and 5, respectively.

As shown in Table 4, the patients with adverse clinical features, such as higher levels
of p2-microglobulin (F2M) (=3.5 mg/ dL), IgA myeloma subtype, [S5 stage = 2, and lower
albumin level (<35 g/dL} had higher expression of FD-1 checkpoint (p = 0.06, p= 0.01,
p=0.02, and p= 0L.05, respectively), while patients with hypercaleemia (=10 mg/dL of
calcium) exhibited elevated levels of CTLA—4 on the pooled CD4 T cells and their subpopu-
lations studied (Teff and Treg) (p= 002, p=0.0006, and p= 0.00Z, respectively). Additionally,
we noted an association betw een anemia (Hb < 12 g/ dL} and higher concentrations of
B2IM with increased frequencies of CO4*CDet T cells (p = 08 and p = (.02, respactively ).

Mext, we aimed o evaluate whether any of the immune checkpoints associated
with an unfavorable clinical course of MM might possess prognostic significance for
overall survival (05). We stratified the results obtained for low and high expression of
each immune checkpoint according to the median split. Similar analysis was performed
regarding clinicopathological variables known to be involved in MM progression and
prognosis. The median follow-up of our cohort of MM patients was 27 months (range:
0-E6 months).
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Table 4. Association of immune features with clinical charackeristics of lm.ﬂl:i.plé m}néhma.

Cell Subsets Clinical Features Median (10 Range) pValue

D COLZT P 3 S35 m/L ok M 259 (16252 2) 06+
mincorem  Sopiimmr  beeews
POin X D1 040 o AT
1m0 i TR
PTH in CTM*CIDNZ7— (MFT) a&ﬁ f; gﬁf [ﬁm} 0.
el
e e oot
e 0 oo
CDHCDD* 63 312 g/ of remogion 0% @09 o8-
DN COR* () Sa5 m/ Lok p2M aes 037 109 oo

M —weeamn finoresmeroe irdensity; [Q—mchrqua.rhh, o

Regarding clinical charactetistics (as illustrated in Figure 52), a log-rank test showed
that high B2M (Figure 52A4), low albumin (Figure S2B), IS5 stage = 2 (Figure S2C), and
to a lesser extent anemia (Figure 520, high creatinine levels (Figune 52E), and older age
(Figure 52F) predicted shorter 05 of patients {p = 0.0004, p= 0.003, p=0.01, p=0.06, p = 0.0,
p= 009, respectively). There was no significant cormelation between myeloma isotype,
serum calcium concentration, circulating plasmocytes, or lactate dehydrogenase (LIDH)
level and patient O5 (Figure 53).

Among immune features studied, only increased frequencies of both CDeI*
(Figume 52G) and PD-1* CD4 Teff cells (Figure S2H) predicted with borderline significance
shortened patient 05 (both p = 0.06]); we observed that the intensity of FD-1 expression in
M4 T cells may have a minor effect on patient survival (p = 0.14) (Figure 521).

In univariate Cox analyses (Table 5), clinical variables including low albumin, high
creatinine and F2M levels, and anemia cormelated with worse OS5 (p= 00005, p= 0.4, p = 0.05,
and p = (.08, respectively); IS5 stage = 2 and older age were also shown to associate with
shortened OF to some extent (p = 0L11 and p = 0.10, mspectively ). In tum, no cormelation was
observed between patient 05 and serum calcium level, LDH, and platelet and plasmocyte
coumnts. Among the immune parameters studied, only the percentage of PD-1% CD4 Teff
cells was found to tend to slightly increase the risk of death (p=0.10).

A multivariate Cox regression model was built including clinical prognostic factors
and frequency of PD-1* T4 Teff cells and CTLA-4 level in CD4* T cells (reaching p
values < (L11 in univariate analysis). This multivariate analysis allowed the independent
prognostic walue for OS to be retained only for albumin level, anemia, and age (p = 0.001,
p= 005, and p= 0.05, respectively] (Table 5).
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Table 5 Univariate and mulbiv ariate Con regmesgion an.ul}rki

. Univariate Multivariate
Prognostic Factors P Value HR (35% CT) P Value

Age > 65 years n1oe 974 (0L94-100.33) 005
155 stage = 2 o1l

Albumin < 35 g/ dL 0u0s = 0 -9 il

pZ-microglobulin = 3.5 mg/L 005 7165 (065-T14.07) 008
Creatinine > 2.0 mg/dL 004
Serum calcium = 10 mg/dL 0
LDH = 190 U/L ik

obin < 12 g/ dL 008 » 016 (0.02-1.04) 005
Platelets < 100,000, mm® 043
Flasmocytes = 5% 0.69
CIMACD 27+ P > median (%) olo=
FD-1 in CD4* > median (MFT) 0.56
D1 in CDM*CD1Z* > median (MFI) 038
PO in CO4*CDIZ— > median (MFT) 0.3
CTLA-in CD4* > median (MFI) oile
CTLA-d in CTM*CIM27* > median (MFT) 065
CTLA-d in CD4*CDMZ— > median (MFT} 0.58
CDM+ D68 (%) > median (MFT) 020

MFl—mean fuomesrences inensity; HE— harard ratio; Cl—oonfidence inferval; *—seleced for mnlthariate anabysis.

Taken together, these data suggest that no immune feature could be added to the
dinical seoring system in MM; however, CTM T cells with predominance of the activated
and exhausted phenotype ame irvobved in adverse clinical behavior

3. Materials and Methods
31. Samples and Pafienf Characferistics

The study group of patients consisted of a total of 40 active myeloma patients
(26 rewly diagnosed and 14 relapsed/refractory (RR)) (21 female). Patients were me-
cruited in the Department of Hematology and Bone Marrow Transplantation at Wiroclaw
Medical University and the Department of Hematooneology at the Provincial Hospital in
Opole, and diagnosed based on criteria from the International Myeloma Working Group
(IMWG) [21]. The disease stage was determined according to the International Staging
Systemn (I55) at the study entry [32] Relapsed/ mefractory MM patients (REMM) wene
meated with chemotherapy, immunomodulatory drugs, and proteasome inhibitor; no pa-
tient enrolled in the study received prior treatment with stem cell transplantation (SCT)
or immune checkpoint inhibitors. The baseline characteristics of the patients ame shown
in Table 6. The control population comprised 20 healthy individuals matched for age
and sex; they had been without any meatment affecting the immume system for 6 months
before entering the study. Patients with simultaneous active or chronic infection, diabetes,
autoimmurne disease, or with a history of other malighancies or connective tissue diseases
were excluded from the study. Blood samples from all participants were collected afer
informed consent in accordance with the Declaration of Helsinki and approval by the
Institutional Local Research Bioethics Commitiee at Wroclaw Medical University.
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Table 6. Pabient deméjgraphics and charackeristics

Newly Diagnosed

e Relapsed/Refractory
Characteristic (NDMM) (REMM) Total
Number of patients, 1 (%) 26 (65%) 14 (35%) &0 (100%)
Sene [female) 17 (E5.5%:) 4 (28.5%) 71 (525 %)
Age of sampling (median, range) 66 (50-76) 72 65-75) 69 (59-76)
55
1 5 (19%) 17%) 6(150%)
I 10 {38.5%) 6 (43%) 16 (0.0 %)
il 11 (42.5%) 7 (50%) 18 {45.0 %)
Myeloma isotype
IgG 18 (66%) @ (4%) 77 (675 %)
Igh 3(115%) 3 (215%) 6(15.0%)
Light chain cnly 5{19.5%) 2{14.5%) T17.5%)
Type of Ig light chain (serum)
Kappa 16 (61.5%) 7 (5%} 23 (575 %)
Lamida 9 (345%) 7 (50%) 16 (800 %)
Mome 1 (4%) 0 (0%} 1(25%)
DOuseolytic bone lesion/s, 1 (Ya) 15 (B0LO0%) 13 (92 8%) 28 (P00 %)
Laboratory vahses
B2 microglobulin = 3.5 mg/L 18 (60%) @ (%) 7 (675 %)
Creatinine = 2.0 myg/dL 9 (345%) 4 (28.5%) 13 (325 %)
LDH =190 U/L 6(23%) 2 (14%) 8 (2010 %)
Serum calcium = 10 mg/dL 0 (345%) 11 (FRS%) 20 (50,0 %)
obin < 12 g/ dL 23 (BA.5%) 8 (57%) 31 (B0 %)
Platebets < 100,000, mm® 2 (7.5%) 1 7%} 3(7.5 %)
Prior treatment
1-3 therapy lines 0 {%%) 8 {57%) 8 (200 %)
=4 therapy lines 0 (%) & (43%) & (150 %)
BrZ-based therapy 0{0%5) 12 (85.5%) 12 (3040 %)
IMED therapy 0 () 11 (7A.5%) 11{Z5%)
No therapy 26 (100%:) 0 (0%} 26 (65.0 %)

Albbreviaticms mmmﬁ;mmmﬁqmgmhhmmmm Mﬂmﬂmwm

upper normal values.

3.2 Call Isolation from Peripheral Blood

Peripheral blood mononuclear cells (FBMCs) were isolated by Lymiphoflot (Bio-Rad
Medical Diagnostics GmbH, Dreieich, Germany) density gradient centrifugation from
venous blood samples of patients with MM and healthy donors, and then eryopreserved.
Recovery rates from frozen T cells were above 857,

3.3, Secretory Effector Fundion, Immmnoffuorescence Staining, and Fow Cyfometric Analysis

Peripheral blood mononuclear cells (PBMCs) were stained with several combinations
of anti-human fluorochrome-conjugated monoclonal antibodies (mAbs) for mult-color
analysis. For assessment of the dominant inhibitory pathway in the pooled CD4* T cells as
well as their subsets (both Treg and Telf cells, phenotyped according to Lin et al. [33] as
C4*CINE~ and CO4CDI27* cells, respectively), surface staining of CD4, CD69, BTLA,
PO-1, CTLA-4, and CD127 was performed by standard protocols The following mAbs
were used in this procedure CD3-FITC (Fharmingen, San Diego, CA, USA), CIM-PerCFP
(Pharmingen, USA}), BTLA-PE (Becton Dickinson, Biosciemces, San Diego, CA, USA), PD-1-
PE (Pharmingen, San Diego, CA, USA), CTLA-4-FPE (Fharmingen, San Diego, CA, USA),
CD69-PE (Pharmingen, San Diego, CA, USA), and CD1X-FITC (Pharmingen, San Diego,
CA, USA)

For analysis of the regulatory T cell (Treg) subpopulations phenotyped as CD4+CD25
CDN%~, CD4HCD25  FOX P, and CIM*CDI27-FOXP3* ells, PBMCs were aliquoted into
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tubes ditectly after isolation for further staining with the following mAbs: anti-CDM4-PerCP
(BD Biosciences, San Diego, CA, USA), anti-CD25-FITC (BD Biosciences, San Diego, CA,
USA), and anti-CD127-PE (BioLegend, San Diego, CA, USA], respectively. For intracellular
staining, the cells were then fived and permeabilized with the Fixation, Permeabilization
Buffer Set (eBioscience, San Diego, CA, USA) according to the manufacturer's instructions
with subsequent incubation with anti-human FOXP3-PE (BD Biosciences, San Diepo, CA,
USA) mAbs for 30 min at room termperatune in the dark.

For assessment of the secretory effector function of CD4* T cells, staining of intra-
cellular cytokines [L-17 and IFN-v was performed. Percentages of cytokine-producing T
cells (Thl and Thl7) weme calculated after stimulation of refrozen PBMCs with 25 ng/ml.
phorbol 12-myristate 23-acetate (FMA, Sigma- Aldrich, Merck KGaA, Darmstadt, Germarny)
and 1 pg/mL ionomycin (Ion} (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)h) in
the presence of 10 pg/ml brefeldin A (BEA, protein transport inhibitor) (Sigme-Aldrich,
Merck KGadA, Darmstadt, Germarny ) for 4 h at 7 “C in a humidified atmosphere containing
5% C0y. Because incubation with PMA triggers internalization and degradation of the
C4 molecule, which would affect the identification of Thl (phenotyped as CIM*IFN-y*)
and Thi7 cells (characterized as CIM*IL-17+4) [34], we decided to identify both subpopula-
tions as CD3*CDE  TFN-y* and CD3*CDE ™ IL-17*, mspectively. Directly after PMA +lon
stimulation, PEMCs were surface-stained with anti-CD3-PerCF (BD Biosciences, San Diego,
CA, USA) and anti-CDE PE mAbs (BD Biosciences, San Diego, CA, USA) Then, after
fixation and permeabilization with the Fixation, Permeabilization Buffer Set (eBioscience,
San Diego, CA, USA), the cells were incubated with anti-IFN--FITC (BD Biosdences, San
Diego, CA, USA) or anti-IL-17-FITC (BioLegend, San Diego, CA, USA) mAbs for 30 min at
room Emperatume in the dark.

Directly afler immunostaining, the cells wene washed and analyzed by flow cytomeory
using a FACScan cytometer (Becton Dickinson, San Diego, CA, USA) equipped with Cell
Caest softw are (BD Biosciences, San Diego, CA, USA) Appropriate fluorochroms-labelad
isotypic controls wene used to confirm expression specificity and for gate settings in each
case. A total of 100,000 events were recorded for each sample before any electronic gate
setting. Data weme analyzed by Cell Cuest software.

The results were expressed as the proportions of CD3YCIM* (CD4 T cells), as well as
CIM*CD127~ and CIM*CD137 cells (Treg and Teff, respectively) co-expressing inhibitory
receptors BTLA, FD-], or CTLA-4. The percentages of CD3CDE— co-expressing [FIN-y
(Thl subset) or secreting IL-17 (Th17 subset) were also examined. In addition, we shadied
the frequencies of CD4HCD25 @lls with the presence of the FOXP3 transcription factor
and/ or without or with low expression of CDN2T antigen, thus defining the different
subsets of Tregs. In order to demonstrate quantitative expression of studied molecules at
the single-cell level, the results are shown as the mean fluomesenoe inensity (MFI) values

and expressed in arbitrary units (AUL
34. Shatistiocal Analysis

Statistical analysis was performed using the package Statistica 7.1 (TIBCO Softwane
Inc, Pale Alo, CA, USA) and GraphPad Prism 801 (GraphPad Software, San Diego,
CA, USA). Clinical parameters wene presented as absolute mumbers and percentages
for frequencies. For all other analyzed wariables, the median values and 25th and 75th
interquartile ranges (10 ranges) were calculated. As collected data were not normally
distributed and/ or had heterogeneous variances, differences between examined groups
weme evaluated using nonparametric tests for paired (Friedman, Wilcoxon) and unpaired
(Eruskal-Wallis, Manr-Whitney U) data. The relationship between the 155 stage and
other analyzed variables was evaluated by Kendall's tau coefficient analysis. Kaplan-
Meier curves wene generated to present the survival time of the two groups, and the
differences wem assessed by the log-rank test Multivariate analyses were performed with
the Cox proportional hazards model by including all statistically significant covariates
from univariate Cox models. A pvalue < 0.05 was considered significant

39



Int | Mol 5 2021, 22, 9298

4 of 19

4. Discussion

The resulls of the present study clearly support an important role of the immune check-
points in the development of systemic T cell immune dysregulation in active myeloma.
Cur study strengthens the suggestion that myeloma growth disrupts both the qualitative
and quantitative expression of immune checkpoints in the PB CD4* T cell subsets, which
may complicate the dinical response to therapeutic checkpoint inhibitors. Here, we ob-
served that among the studisd immune checkpoints, PD-1 was the only inhibitory meceptor
found in higher proportions of PB Teff and Treg cells and correlated with adverse MM
clinical putcomes. This observation is consistent with the report of Rosenblatt et al [4],
who observed an increased frequency of PB CD4YFD-1+ T cells in myeloma patients with
advanced active disease as a result of chronic antigen stimulation, thus contributing o
tumor-indued suppression of T cell responses. A reduction of PI-1° T cell flrequency in
patients who achieve a minimal disease state following chemotherapy strongly supports
an association of PD-1 expression with exposure to the tumor antigens and stinvlation
inwvivo, Consistent with tumor antigen exposure, we cbserved increased frequencies of
in wivo-stimulated MM CD4*CDES* T cells, although exhibiting lower polential to espond
to further in vitro polyclonal stimulation, thus indicating a dysfunctional phenotype of FB
CI¥* T cells. This notion together with the increased expression of PD-1 within the CD4 T
el subset and the sevenely impaired Thl response seems to reflect an in vivo-stimulated
and most likely exhavsted phenobype of CD4* T cells in our cohort of active patisnts,
especially those with relapsed MM. In fact, increased expression of inhibitory eceptors
P01, CTLA, LAG3, and TIM-3, together with defective effector functions, is mgarded as
a hallmark of T cell exhaustion [25, 26,25]. The influence of MM therapy on quantitative
and functional characteristics of droulating CD4 T cells has consistently been reported by
Batorow et al. [35] While it has been found that in the course of MM T el echaustion ocours
predominantly in the myeloma BM, FB T cells also exhibit an abrogated function, albeit to
a minor extent [5,25). Our study suggests that MM relapse (and treatment refractoriness)
is associated with an increasing population of activated and echausted FBCD4 T cells,
which may clearly affect the clinical cutcome, as shown by the cormelation with hyper-
caleemia, high B2M levels, low albumin levels, a possible association with anemda, and
shortened survival.

Remarkably, we also observed that systemic checkpoints” expression examined at
a single-cell level on the different types of CD4 T cells was clearly impaired mainly at
diagnosis of MM. This notion is in line with recent studies by Svuen et al. [12,12], who
reported decreased levels of PD-1 and CTLA-4 on clonal T cells in MM patients as a fea-
ture of telomere-independent immunosenescence rather than exhaustion. Likewise, we
found that the CTM T cell compartment in patients with disease onset was characterized
by mlatively higher capacity for the secretion of inflammatory IL-17 and IFN-y oy tokines
comnpared with patients with relapsed and advanced disease, which may be a characteristic
of the senescent-assoviated secretory effector phenotype (SASF) [27]. T-cell senescence is
believed to be an alternative mechanism of immumne evasion utilized by malignant cells for
umor development [36-33], as senescent T eells weme shown to be an important souree of
immunosuppressive oy tokines, such as IL-10 and TGE-§ [20]. It is also postulated that Treg
cells are involved in conwersion of normal T cells inko senescent cells [29,20]. Our finding of
a negative correlation of enriched PB Treg cells with MM stage may commespond with their
role in systemic CD4 T cell senescence supporting myeloma growth. There is increasing
evidence that senescence and echaustion of CD4 T cells represent two different categories
of inhibitory pathw ays leading to functional immune suppression [14]. Therefore, our
study indicated that development and relapse of MM are likely related to dynamic changes
in dysfunctional characteristics of B CD4 T ells and confirmed recent data showing that
immunomodulatory drugs and chemotherapy of MM are preferentially able to delete senes-
cent T cells while retaining checkpoint inhibitory molecule expression [5]. Distinguishing
bebw een senescent and exhausted T cells, and targeting both types of cells in MM, may be
of great clinical melevance, since reversion of these two dysfunctional states requine differemnt
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therapeutic approaches, among which checkpoint blockade has been mported to reverse
only T cell exhaustion. We believe that an assessment of the level of immune checkpoints
on T cell subsets may facilitate the identification of the predominant dysfunctional state of
T eplls in MM to improve therapeutic efficacy:

In accordance with the results of our quantitative analysis, Lee et al. [39] reported
different expression levels of PD-1 regarding the clinical course of MM; patients in a
refractory state exhibited markedly higher PD-1 amounts on T cells compared with those
at diagnosis. Likewise, the CTLA-4 expression was also recently found to be lower and
increasing with MM progression [39], an observation consistent with our finding of the
significant increase in CTLA-4 flucmescence intensity on CD4 T cells (both Teff and Treg)
to normal levels in patients with mefractory disease. Although the majority of available
data demonstrated an increase in the immune checkpoints’ expression in MM T cells, one
should emphasize that they were based on qualitative assessment ondy [9,10,29,40]. A ew
recent reports [12,13,39] demonstrating the involvement of the quantitative alterations
of immune checkpoints’ expression in pathogenesis and the clinical course of myeloma
are similar to the results of our study, and point to the importance of their estimation at
the quantitative level as well. The inappropriate checkpoint levels in MM T cell subsets
observed in our study, primarily in newly diagnosed patients, might explain the sub-
optimal clinical responses in clinical studies using checkpoint inhibitors and the neal
disappointment with this therapeutic modality in MM [41,42]. This is in sharp contrast to
the impressive response to blockade of CTLA-4, PD-1, and PD-L1 seen in a broad variety
of cancers of different origin [43], and strengthens the suggestion of the requirement for a
relevant expression level of checkpoints on T cells. Consistently, we previously reported
that CTLA-4 blocking antibody might be a beneficial form of immunotherapy for a subset of
chronie lymphooy tic lrukemia (CLL) patients depending on the level of CTLA-4 expression
on leukemic cells [23].

The reason for the down-regulation of the checkpoints” expression level in CD4 T
@lls in a proportion of MM patients is still unresolved, although in light of the higher
D69 values seen in our study, insufficdent invivo stimulation of MM T cells should be
excluded. The influence of the transeription factors (sudh as Blimp or T-bet) that have
been demonstrated to control the checkpoink expression might also be considered [44,45].
In addition, recent research performed on MM, including from our group, demonstrated
that genetic variations of genes encoding the inmmune checkpoints, primarily FD-1 and
CTLA-4, may affect their protein expression level as well [45-43]. While Katsumoto
et al. [45] stated that PD-1 high-expression haplotype is implicated in susceptibility to
MM, we previously reported that polymorphisms in the CTLA-4 gene associated with
lower CTLA-4 protein expression significantly increase the risk of developing MM in
the Polish population [47]. Similarly, Zheng et al. [43] found that an (AT)n microsatellite
polymorphism within the ¥-untranslated region (UTE) of exon 3 of the CTLA-4 gene
might represent a susceptibility locus for MM, as the increased frequendies of the alleles
containing extended AT repeats seen in MM pabients are associated with lower CTLA-4
mENA stability and protein expression.

Herein, we confirmed the independent prognostic value of age, albumin, hemoglobin,
and B2M levels, thus indicating the clinical epresentativeness of patients enrolled in the
study. Yet, the only immune characteristic found to predict a poor clinical cuteonse in MM
was the PD-1 chackpoint expressad on PB CD4 Teff cells; patients with higher expression
of F[-1 had an unfavorable clinical course and tended to live shorter. Our observation
i5 im lime with the report by Alrasheed et al. [49], who reported independant prognostic
significance of high abundance of PD-1*C04 Teff cells in the prediction of early elapss of
MM, The melatively small cohort of patients incheded in the current analysis might weaken
the significance of Cox egression analysis with regards to examined immune parameters.
Likewise, clinical studies showing that among therapeutic checkpoint inhibitors, only the
anti-PI+-1 antibody revealed a dinical response, although sub-optimal, in a proportion of
MM patients when administered in a combined thetapy only, might strengthen the possible
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contribution of PD-1 to prognosis in MM [50,51]. Further studies including larger cohorts
of MM cases are required to verify our findings.

It is worth noting that among the immune checkpoints studied, PI-1 expression
was found to be the most deregulated, when considering co-existence of qualitative FD-1
overexpression at every stage of MM with quantitative impairment of PD-1 at disease
development. While CTLA-4 expression was found to be associated with hypercaleemia,
our cbhservation of the PD-1 expression increasing with several other features of adverse
dinical courses, such as advanced IS5 stage, higher level of P2M, and decreased albumin
levels and anemia, emphasizes a superior role of the PD-1 inhibitory reeptor in te
development of sysemic immune suppmession and myeloma progression. It has been
reported that the widespread expression of PD-1L on neoplastic plasma cells and dendritic
ells (DC) facilitates interaction with PD-1 on the marrow-infiltrating lymphocy tes (MILs),
and strongly restricts ant-tumor T cell responses within the BM microenvironment, therely
allow ing for the tumor escape [52,53]. This is in accordance with the demonstration that
P-1 enhances regulatory properties in Treg cells and inhibition of anti-tumnor activity of
4 Teff cells in MM, indicating a role of PD-1 in the MM clinical outcome [49]. In fact, it
has been found that the PD-1* Treg subset is the main population participating in immune
deficiency during tumor progression [24,52]. Additionally, a role of FD-1 in conversion
of Thl into Treg cells was ecently demonstrated [54], thus emphasizing the significance
of the PD-1 checkpoint for a shift of the immuane balames tow ards immume suppression
due to a decline in the Thl/ Treg ratio [49]. Our observation on the enrichment of PB Treg
cells in all MM patients is in line with a role of PD-1 in Treg expansion. Although we
observed a decrease in FOXF3* Tregs at stage [, we noted that their valoes still remained
increased in the periphery imespective of tumor stage. At this point of the study, we cannot
completely explain the FOXP3+ Teg decrease in the most advanced MM (IS5 stage [T}, bt
our findings confirmed the similar former observation [55]. Infiltration of the BM by Tregs
should be taken into consideration, since these cells have been shown in MM to scquine
chemokine receptors promoting trafficking to the tumor site. In fact, Tregs accumulate in
the BM primarily in the most advanced disease, whereby they become capable of creating
a highly immunosuppressive microenyironment supporting tumor growth [5,56,57]

The decrease in the PB CTH T cell compartment secreting IFMN-y, a Thl cytokine
involved in tumor immunity, observed in our cohort of patients seems to reflect sevens
inhibition of anti-tumor effector functions of these cells in MM The deficit in the Thl type
response observed in our study is likely associaied with tumor progression, aswe obsetved
that patients with refractory advanced MM exhibited the lowest Thl cell level and Thl/ Treg
ratio. The impact of the meatment-induced increase in PO-1 level on the compromised
Thl,/ Treg ratio cbserved in the present stady is consistent with recent observations [35] and
may reflect the deterioration of T-ell-tumor immunity despite the treatment. None theless,
normalization of checkpoint levels on CD4 T @ells in teated patients, despite development
of refractoriness, appears o open an avenue for the reactivation of the immune responses
after therapeutic use of checkpoint inhibitors in the combined modality. In conclusion,
although the contribution of PD-1 o MM dinical cutcomes is suggestive, our study clearly
indicated that inappropriate expression of immune checkpoints (assodated with the dys-
functionality of CD4 T cells and disease stage ) might be responsible for the sub-optimal
dinical response to checkpoint inhibitors in MM, Our data demonstrating defective levels
of F[+1 and CTLA-4 within the CD4 T cell population in newly diagnosed patients suggest
that immune checkpoints are not appropriate targets for therapeutic inhibitors at disease
onset This study also showed that cherno- and /or immumotherapy of MM, despite a risk
of the development of refractoriness, is capable of reinforcing checkpoint expression and T
cell eactivity of PB CIM T cells, making them mome attainable to therapeutic inhibitors in
relapsed MM patients only.

Supplementary Materials The following are available online at https,/ fwwwmdpi com/ article/
10330/ ljn'uzljwrylﬁ\.f sl

42



Int | Mol 5 2021, 22, 9298 17 of 19

Author Contributions: Concephualization and design of the shudy, A K.dN, A K; methodology,
AKAN, A K data curation, AKdN, LU-Z, LE; cell cultune, flusrescence staining, oy tometric
analysis (investigation), L.C, EF, A K analysis or interpretation of data, A KdJd N, LC EP, M5,
A K ; statistical analysis and validation, LC, EF; visualization, [.C, M5 writing—
original draft preparation, A KAN, A K; writing—reviw and editing AKdMN, LC, LU-Z LF,
EF, M5, ALK ; supervision, ALK ; funding acquisition, A K All authors have sad and agneed to the
pubﬁﬂlﬁdvmnfﬂlé manusécript

Funding: This shudy was supporied by a grant from the Wroclaw Centre of Biotechnology, the Lead-
ing National Reseanch Centoe (KINOW) program for the years 20142018 (grant o, 13272017 /ENCW /
I o A K )

Institutional Keview Board Statement All procedures performed in studies involving human
participants wen in accordance with the ethical standards of the institutional and/ or national
research commitbee (permission no. KB-528/2017 from the Wroclaw Medical University) and with
the 1964 Declaration of Healsinki and its laber amendments or comparable ethical standards.

Informed Consent Statement: Informed consent was obtzined from all subjects mvohed in the shady.
[h'h.u'ﬂ'a.il.:bil.i‘lr Statement All data Fm}ml}d or a.m]}l:ﬁd |:|1.u'm$ this 3'.1.“:'}!’ are available on
request from the comesponding suthor

Ackniw ledpments: We are grateful to our patients and healthy subjects for blood donation and
agreement to participate in this study. We also acknowledge Aleksandra Seteblich for excellent
technical assistance.

Conflicts of Interest The authors dedare no conflict of inbenst

References

11.

13

Kyle, EA ; Rajkumar, SV. Criteria for diagnosis, staging, risk stratification and response assessment of multiple my eloma,
Lakentin 2008, 13, 3-9. [CrosaHef]

Dize-Tepdor A; Lorerzo-Mohamed, M; Puig, N.; Garcia-Sanz, B.; Mateos, M-V.; Garayca, ML.; Paino, T Immune System
Alsrations in Multiple Myeloma: Molecular Mechanisms and Therapeutic Strategies to Reverse Immunosuppression. Cancers
e, 13, 1353, [CrosaFef] [FubMed]

Tamura, H. Immunopathogenesis and immunotherapy of multiple myeloma Inf. | Henefol. 2008, 107, 278-285 [CrossHef]
Rosenblatt, ].;Gldzh&r_h!; B.; Mills, H - Vasir, B.; Trachanis, [; Levine, ].l:l; jn}n:ﬁ. EM_; Wellenstein, K; Eaote, W4 Schickler, M_;
etal. PD-1 Blockade by CT-011, Anti-FD-1 Antibody, Enhances Ex Vivo T-cell Responses to Autologous Dendritic Cell /Myeloma
Fusion Vaccine. | Immuonother. 2001, 34, $09-418. [CrossFef]

Zelle-Rieser, C; Thangavadivel, 5; Biedermann, B.; Brunner, A_; Stoitzrer, F; Willenbacher, E ; Greil, B; Johrer, K. T cells in
multiple myeloma display features of exhaustion and senescence at the tumor site. | Henafd. Oned. 3016, 9, 1-12 [CrossHef]
Hallett, W.H; Jing, W.; Dirobyski, WE ; Johnson, B.D. Immunosuppeessive Effects of Multiple Myeloma Ae Ohvercome by PD-L1
Blockade. Binl. BHood Marrow Trorsplant. 2001, 17, 1133-1145. [CrossBef]

Xingg, |; L, G Lin, GO, X, M Zhay, X ; Han, E; Wang, L; Ding, HE Imbalanoe of tregy/h17 in bone marmow of patients with
multiple myeloma. Zhomgeuo S Yo Xue Ye Xue Za 7 2014, 22, 1321-1325. [CrossRaf]

Atanackovic, [ ; Luetkens, T. Biomarkers for checkpoint inhibition in bematologic malignancies. Semin. Cancer Biol. 2018, 51,
19820, [CrossRaf]

Kearl, T[; Jing, W.; Gershan, A ; Johnsem, B.D. Programmed Death Recrptoe-1/ Programmed Death Receplor Ligand-1 Blockade
after Transéent Lymphodepletion To Treat Myeloma. [ Immumol 2003, 190, 5620-56248. [CrossFef]

Ansell SM.; Lesokhin, A M.; Bormello, L; Habvani, A ; Scott, EC; Gutierms, M.; Schuster, 5.]; Millenson, MUM.; Cattry, [;
Freeman, GJ; et al. PDH] Blockade with Nivolumab in Felapsed or Refractory Hodgkin's Lymphoma, N.Engl [ Med 205, 372,
311314, [CrossRef]

Tharendrarajan, 5.; Puryear, |.; Schinks, CD; van Bhee, E; Zangari, M.; Mathue, F; Mohan, M.; Susanibar, 5.; Kamimoto, L]
Hoque, 5 Nivolumab for treatment of advanced, sefractory, higherisk multiphe myeloma. Blood 2007, 130, 1858, [CrossFef]
Sven, H.; Brown, R_E;'I"a.nﬁ, S:Hao R].;Gibﬂﬂ'n. I.; ]'cal'l.la. . The failure of imonumes d‘l&drpﬁinl:hlod:ade :i!.'l.n'rulﬁ'l:rh :m}rﬂm
with FD-1 inhibitors ina phase 1 study. Ladenia 2015, 28, 1621-1622 [CrossBef]

Suen, H._; Brown, R_, '!'amg, S Weatherburn, C; Ha, E].;Mland,, N.; Magaif M. Barbaro, E;Er:,m:nl; C; Hart, D.; et al Mu]li]:!le
myeloma conses chomal T-cell immunosenescence: Identification of potential movel targets for promoting tumour immanity and
implications for checkpiint blockade . Ladkemia 2006, 30, 1716-1724 [CrossHef]

Zhag, ¥; Shao, Q.; Peng, . Exhawstion and senescence: Two crudial dyshmctional states of T cells in the humor microemvironment.
Cdl Mol fmmol_ 2019, 17, 27-35. [CrossFaf]

Pawelec, G Is Them a Positive Side to T Cell Exhaustion? Front. ool 2009, 3079 10, 111, [Cross Ref]

43



Int | Mol 5 2021, 22, 9298 18 of 19

16.

]

14

2 BE N B R

B

g

Kosmaczewska, A ; Masternak, A ; Kosciow, K; Gszak, L ; Usnamka-Zubkiewics, L; Seteblich, A ; Potocrek, 5; Frydecka, [ FI-1
overexpression defermines the dispropartion of circulating Thl/ Th17/ Teg cells and clinical cutoyme of multiple myeloma. Res.
Sg 19, [CrosaReaf]

Fardoll, DM. The blockade of immune checkpoints in cancer immunotherapy. Nat. Ren Cancer 2002, 12, 252-26d [CrossRef]
Kosmacrewska, A; Frydecka, L; Beko, D.; Ciszak, L; Teodorowska, B Comelation of blood hymphiooyte CTLA-4 (CD152)
induction in Hodgkin's disease with proliferative activity, interlenkin 2 and interferon-gamma production. Br. | Haemagol. 2002,
118, 22— [CrossFaf]

Frydecka, L; Kosmaczewska, A.; Bocks, D; Ciszak L; Wolewiec, D Kuliczkowski, K.; Kochanowska, [ Alkerations of the
expression of T-oell mlated costimulatory CD28 and down egulatory CD152 (CTLAd) molecules in patients with B-cell chronic
hymphocytic leukemia. Br. [ Cancer 2004, 90, 2042-HuE [CrossBef] [PubMed]

Kosmaceewska, & ; Ciszak, L ; Suwalska, K ; Wolowiec, I; Frydecka, L CTLA- overespression in CD19* fCDS* cells comelates
with the level of el cyck: mgulators and disease progression in B-CLL patents. Ladkemin 2004, 19, 301-30d. [CrossBef]

Ciszak, L; Frydecka, L; Wolowiec, [; Sefeblich, A.; Kosmacrewska, A, CTLA-4 affects expression of key cell cycle negulators of
G0/G1 phase in reoplastic ymphocytes from patients with chronic lymphooy tic leuksemia. Cin. Exp. Med 2006, 16, 317-332
[CrosaRef]

Karabom, L; Partyka, A ; Cisrak, L; Pawlak-Adamska, E; Tomkiewicz, A ; Bojarska- Junak, A ; Rolifeki, |; Wolowiec, D Wrobel,
T.; Frydecka, L; et al Abnormal Expeession of BILA and CTLA-4 Immune Checkpoint Molecules in Chronic Lymphocytic
Leukemia Patients. |- ol Res 2020, 2020, 1-12 [CrossRef]

Ciszak, L.; Prydecka, L; Wolowiec, I ; Seteblich, A ; Kosmaczewska, A Patients with chronic hrmphocytic leukaemia (CLL) differ
in the patiemn EfolA—chpmmCLL alls 'l':he possible implications for immunotherapy with CTLA blocking antibody.
Tiemour Biol 2016, 37, 41434157 [CrossHef]

Thommen, L5, Scheiner, |; Miilleg F; Herzig, F; Roller, A ; Belowsow, A ; Umana, F; Pisa, E; Klein, CG; Bacac, M; et al
Progreagion of Lung Cancer [s Associated with Inceased Dysfunction of T Cells Defined by Copxpreagion of Multiple Inhibitory
Feceptors. Carcer Imomurol. Res 2005, 3, 13441355, [CrossRed]

Tan, |.; Chen, 5.; Huang, |L; Chen, ¥; Yang, L; Wangg, C; Zhong, [L; L, Y Wang, L; Zhu, K; et al. Increased exhavsted CDE*T
mlls with ngmmmd death-1, T-call mmmu}@.ﬂ:uhn and uumdnmmﬂtmnrg—ﬂ p}emt_-,-pe in ]:!ad:ﬂ:nl:i with n'ru]h.]:!h!
myeloma. Asie-Pacfic |. Jin. Oncol 2008, 14, e266-e27 4 [CrossRet]

Arai, X; Gaito, H; Ikeguchi, M. Upregulation of TIM-3 and FD-1 én CD4* and CD8* T Cells Associated with Dyshanction of
Cell-Medinted Immunity after Colorectal Cancer Operation. Yonage Acta Med 2012, 55, 1-9.

Coppé, |L-B; Desprez, P-Y.; Krtolica, A; Campisi, |. The Senedcence-Associated Secretory Phenotype: The Dark Side of Tumaor
Suppression. Amm. Ree Pathol Mech. Dis. 2000, 5, %9118, [CrossBed]

Fauken, K.E; Whery, E|. Overcoming T cell exhaustion in infection and cancer. Trands Irommal. 2005, 36, 265-276. [CrosaFad)
Ling, 3 ; Mo, W.; e, |; Li, L; Zhang, Y. Hsueh, EC; Hoft, DLE; Peng, G. Regulatory T cells trigger effector T cell DNA damage
and senescence caused by metabolic competiion. Naf. Commor. 2008, 9, 1-16. [CrossBef]

e, |.; Huang, X.; Hswel, EC; Zhangg, (0 ; Ma, C; Zhang, ¥ Varvams, MA_; Hoft, DLE; Peng, . Human regulstory T cells induce
T-lymphocybe senescence. Blomd 2012, 120, 2021-2031. [CrossHed]

Rajkumag, 5V.; Dimopoules, ML A; Palumbo, A ; Blade, |.; Medini, G.; Mateos, M.-V.; Kumag 5.; Hillengass, |; Kastritis, E;
Richardson, F; et al. Infernational Myeloma Working Growp updated orieria for the diagnosis of multiple copeloma. Lamcet Omodl.
W14, 15, e538-e548. [Cross Ref]

Greipp, ER; Miguel, [5; Durie, B.G; Crowley, |1; Barlogie, B; Bladé, |; Boccador, ML; Child, JA; Avet-Loisean, H; Kyle, RA;
et al. International Staging Syatem for Multiple Myeloma. [ Cin. Omool. 2008, 23, 3412-34X). [CrossFef]

L, W.; Putmiarn, A L Xuo-Yu, 2 - Seob, (R 1; Lee, MLE - Zha, 5. Gottlieh, Eﬁ.; l:a]:!mnml; E;G.n#raﬂ. TR : Famekas de St Groth, B
et al. CINZ7 exprassion imversely cormelates with Fox P3 and suppressive function of human CO* T g cells | Frp Med 2006,
03, -1711 [CrossFef]

Petersen, ; Christensen, E; Andresen, B.; Moller, B. Infermalization, hyscsomal degradation and new synthesis of surface
membrané (M in phorbol ester-activated T-lymphocytes and U-937 cella. Exp Cell Res. 1992, 31, 160-173. [CrossRef]

Batorow, EV,; Aristova, T.A.; Sergeevicheva, VV.; Sizikova, SA.; Ushakova, G.Y.; Pronkina, M.V.; Shishkova, LV.; Shevela,
EYX; Outanin, AA; Chermykh, ER Cuantitative and functional characteristics of circulating and bone marnow FD-1- and
TIM-3-positive T cells in treated multiple myeloma patients. 5a. Rep. 2020, 10, 1-12 [CrossBef]

Monées, CL; Chapoval, A L; Nelson, | Orhue, V.; Zhang, X.; Schulbe, DUH; Strome, S E.; Gastman, B R Tumor-Induced Senescent
T Cells with Suppeessor Functione A Potential Form of Tumor Immune Brasion. Cancer Res. 2008, 68, &70-879. [CrossFef]
[PubMed]

‘e, |.; Peng, GG Comtrolling T cell senescence in the tumor microeny ironment for fumer immunotheapy. Onoelmmmalagy 2015, 4,
efI0R [CrossFef]

Y, _I.;Ma,,':_; Haanish, EC; Do, ]_-,Ma,w_; Lin, 5._; Han, E.;Huam.g, "E; I:hmg, ¥ - Varvams :M.A_; akal Tl.Ramgmh;g énhamoag
fumor immunity by preventing tumor-induced T-cell senescence. EMBO Mol Mad 2014, 6, 1204-1311. [CrossEad]

Lese, MUY ; Fark, C-L; Cha, X-1; Jang, 5. PS1426 IMMUNE CHECKPOINT (FD-1, PD-L1, PD-L2, AND CTLA-4) EXPRESSION IN
FLASMA CELL MYELOMA. HanaSphere 2009, 3, 856657 [CroasHef]

44



Int | Mol 5 2021, 22, 9298 19of19

4. Simonetta, E; Pradier, A ; Bosshard, C; Masouridi-Levrat, 5 ; Dantin, C; Koutsi, A ; Tirefort, ¥; Roosnek, E; Chalandon,
Dynamics of Expression of Programmed Cell Death Protein-1 (FD-1) on T Cells After Allogeneic Hematopoietic Sem Cell
Tranéplantation. Front. ool 2019, 10, 1034, [CrosaHed)]

1. Lesokhin AM.; Ansell, SM; Armand, F; Scott, EC; Halwani, A.; Goberrez, M.; Millenson, M.M.; Coben, A D); Schuster, 5.];
Lebiwvic, [;et al Preliminary Results of 2 Phagse [ Stdy of Mivelumak (BMS-936558) in Patients with Relapsed or Refractory
Lymphoid Malignancies. Blood 2004, 124, 291, [CrossFef]

42 Lesokhin A M. Ansell SM ; Armand, P; Scott, EC; Halwani, A.; Gotierrez, M.; Millenson, M.M_; Coben, A [); Schuster, 5] ;
Lebiowdic, D; et al. Mivolumab in Patients With M.upﬂd or ﬁ!fml:hr}r I'Ema'blb]ngu Malignﬂlcy: Plﬂimcinar:,r Reagults of a Phase
Ib Study. | Qi ool 2006, 34, 26982704, [CroasFad]

43, Webb, E5.: Las, P; Balesim, B; Lemarine, M_E; Yuan, ML,Wamg, ¥-H. lmmune d:lh:kpﬂirli inhibitors in canoer H:En.p}r. I. Faomad
Res. 2017, 32, 317-326. [CrossaRef]

4. Kao C; Oestreich, K] Pabey, MA; Crawford, A; Angelosants, LM Al MA; Intlekofer AM.; Bess, [ M; Reiner SL.;
Weinmann, A5 et al Transcription factor T-bet nepresses ex pression of the inhibitony receptor PD-1 and sustaing vims-specific
D+ T cell responses during chronic infection. Nat. Inomonol. 2001, 12, 663671 [CrosaHed]

45, Lu, P, Youngblood, B; Austn, JW; Mohammed, A 1R ; Butler B; Ahmed, B ; Boss, [ M. Blimp-1 represaes (D8 T aell e xpression
of PD-1 using a feed-forward transcriptional circuit during acute viral infection. |. Exp. Mad 3014, 211, 515-527. [CrossRaf]
[PubMed]

46,  Kasamatsu, T; Awata, M_; [shihara, B.; Mumkami, ¥; Gotoh, N.; Matsumoto, b Sawamura, M- Yokohama, &.; Handa, H;
Teukameto, N.;etal. PDCD and PDCDILG] poly morphisms affect the susceptibility to multiple myeloma. Chin. Exp. Med 2019,
2, 51-62. [CrosaBef] [FubMed]

&7, Karabon, L; Powlak-Adamska, E; Tombeewice, A ; _h-cl}rruk A EKwlbinaki, M.; Wam}rk. 0.: Potoceek S ]mki.h. A
Kuliczkowski, K; Frydecka, L Variations in Suppressor Molecnle CTLA -4 Gene Are Related to Susceptibility to Multiple
Myeloma in a Polish Population. Pathal. Oncol Ees 3011, 18 219226 [CrossFadf]

48, .zhEnE, [ Huacn&, O.: Lin, L ; E}ﬁr]s.hﬂln'l, M. Holm, G.; Yi, Q. Sundblad, A E}rbbﬂxi:‘l'—l}rn'lphﬁq‘he am.liyn—-l-nﬁnmhlli‘be
polymorphism is associated with multiple myeloma. Br. | Hoemsol 2001, 112, 216218, [CrossFad]

48, Alrasheed, N; Lee, L; Ghorani, E; Henry, LX; Conde, L; Chin, M. ; Galas-Filipowice, D; Furness, A |.; Chavda, 5.].; Richards,
H.; et al. Marnow-Infiltrating Regulatory T Cells Cormelate with the Presence of Dysfunctional CD4"FD-1+ Cells and Inferior
Survival im Pabents with Newly Diagnosed Mulbiple Myeloma. Clin. Cancer Res 2020, 26, 3443-3454. [CrossRef]

5. Usmani, 32, ; Schigsvold, E; Rocafigoera, AQL; Karlin, L.; Rifkin, EM.; Yimer, HA.; Leblanc, B Takezaka, M.; McCroskey, R
Suruki, K ;etal A phase 3 randomized study of pembrolizamab (pembro) plos kenalidomide (len) and low-dose desamethssons
(Bd) versus Rd for newly diagnosed and treatment-neive multiple myeloma (MM} KEYNOTE-185. [ Clin. Onoal. 2018, 35, 3010
[CrosaRedf]

51, Matecs, M-V.; Blacklock, H.; Schiesvold, B; Rocafigneera, A.O; Simpson, D.; George, A; Goldschmidt, H ; LaRocea, A ; Sherbeno,
DW._; Avivi, L; etal A phase 3 mndomized study of pembrolizumab (Pembro) plus pomalidomide (Fom) and dexamethasone
(D) for relapsed ) refractony multiple myeloma (REMM} KEYNOTE-183. | (i Oncol. 38, 36, 8021, [CrossFef]

52, Tamura, H; Ishibashi M. ; Sunakawa-Kii, M ; Inckuchi, K. FD-L1-FI-1 Pathway in the Pathophy siology of Multiple Myeloma,
Cancers 2030, 12, 924. [CrossHef]

53. Ishibashi, M.; Tamura, H.; Sunakawa, M.; Kondo-Onodera, A Ohuyama, N.; Hamada, ¥; Morya, K; Chod, L; Tamada, K;
Inckuchi, K. Myeloma Drnug Resistance Induced by Binding of Myeloma B7-H1 (PD-L1) e PD-1. Cancer Iremeurol. Fes. 2016, 4,

54 Amarnath 5; Mangus, CW.; Wang, LCM.; Wei, E; He, A_; Kapoor V; Foley, |.E; Massy, PR ; Felizardo, T.C; Riley, |L; et al The
FDLI-PD Asis Corverts Human TH1 Cells into Regulatory T Cells. S Tramsl Med 2011, 3, 111120, [CrossRef]

55. Prabhala, RH; Pelluru, D; Fulcniti, M; Prabhala, H K ; Nanjappa, E; Song, W, Pai, C; Amin, 5.; Tai, ¥-I; Richardson, PGz etal
Elevated [L-17 produsced by Thi7 @lk promotes myeloma cell growth and inhibits immune function in multiple myeloma. Blood
A0, 115, 53855392 [CrosaFef]

S Eap. WML; da Silva, BR_; de Carvalho, A C; Maakawa, Y H ; Borfoluz=o, A B.; Rizratti, EG; Atanackovic, D Colleond, GW.
FOXP3 and CTLAA overex pression in multiple myeloma bone marrow a5 a sign of accumulation of CDM(*) T regulatory cella
Cancer Imormiol Imminother. 2004, 63, 11891197, [CrosFef]

57. Favaloro, |.; Brown, B ; Aklilu, E; Yang 5.; Suen, H; Hart, D; Fromm, B; Gibson, [; Khoo, L; Ho, P]; et al Myeloma skews
regulatory T and pro-inflammatory T helper 17 cell balance in favor of a suppressive stabe. Lewk. Lyonphoma 2003, 55, 1090-1095.
[CrosaRef]

45



Table 51. Patient demographics and characteristics.

Characteristic MNumber/frequency
Number of patients, o (%) 40
Gender (female) 21 (525 %)
Age of sampling (median, range) &9 (59-76)
IS5
I 6 (15.0 %)
I 16 (400 %)
m 13 (45.0 %)
Myeloma isotype
g 27 (675 %)
IgA 6(15.0 %)
Light chain only T{17.5%)
Type of Ig light chain (serum)
Kappa 23(57.5 %)
Lambda 16 (400 %)
INone 1 (2.5 %)
Osteolytic bone lesion/s, n (%) 28 (70D %)
Laboratory values
E2-microglobulin = 3.5 mg/l 27 (675 )
Creatinine = 2.0 mg/dl 13 ({325 %)
LDH =190 U/L B (20,0 %)
Serum calcium = 10 mg/dl 20 {5000 %)
Hemoglobin =12 gfdl 31 (80uD %)
Platelets < 100,000/mmm:> 3({7.5%)
Prior treatment
1-3 therapy lines B (2000 %)
=z 4 therapy lines 6(15.0 %)
BTZ based therapy 12 (3000 %)
IMED therapy 11 {275 %)
Mo therapy 26 (65.0 %)

Abbreviations: BTZ, bortezomib; LDH, lactate dehydrogenases; IS5, International Staging System;
IMID, immunomodulatery drugs; UMY, upper normal values

Table 52. Immune checkpoint and CD69 expression (%) in FB CD4 T cell subsats in M

stages and controls (HC).
S5t LTI of MM Stape ITL of MMM HC
T-cell subset (%) = - £ P - value
(=27} (= 18) (=200
168 a) ns
147 1254
CD3+CD4-PD-1+ 168-19.86 b) 0.012
a ) {12.18-18.57) (B.37-15.29) )
) OUDE™
234 a) ns
22 168
CDCDA27FD-1+ 6.57-30.05 b) 0.023
a ) (13.97-31.47) {10.52-71.75) )
c) ooy
970 a) ms
1149 614
CD4-CD127FD-1+ (6.44-13.98) b) 0.023
797-12.80) D0-7 62
( - ) €) 0.027
1738 26.45 23.B5 a) ms
CD3-CD4-BTL A
(246-4.76) (2.38.5.58) {17.04-40.16) b) s
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23.30 a) ns
2478 3250
CD4CD127BTLA 3294921 b
a ) {15.60-51.60) {20.75-54.43) c]' z
—_ms
510 a) ns
405 287
CD4CD127BTLA 2.06-7.60 b
( ) (3.72-7.35) {1.55-3.40) ) ms
C) o5
161 a) ms
117 127
CD3CD4CTLA-4 1.00-251 b
( ) {D55-3.04) {0.78-2.00) ) s
C! ns
328 a) ms
384 355
CD4CD127CTLAL 221-6.00 b
( ) (L47-6.07) {L64477) ) s
C! ns
157 a) ns
199 114
CD4-CD127-CTLA4: 0.75-2.20 b
(0.75-2.20) (0.88-7 .45 {0.56-1.37) ) ms
C) o5
056 a) 0.08°
054 042
CD3-CD4-CDES 0.22-0.83 b
{ ) {0.35-1.21) (0.23-0.44) o ]1']”5

a) Stage N vs. stage ITI

b) Stage M wvs HC

c) Stage Ml vs. HC

“trend; ns — not statistically significant

Differences in the proportions of PD-1, BTLA, and CTLA-4 expressing CDdH+ T cells bebween examined
groups were evaluated using nonparametric tests (Eruskal-Wallis and Mann-Whitney U-test).

A B
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FIGURE 51: Correlation of CD127- Treg subsets with dinical stages of myeloma. We found

negative associations between the abundance of PE Treg cells and MM stage.
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FIGURE 5I: Effect of clinical features on patient survival The cohort of studied patients was
divided into high and low expressors of clinical indices according to the median split We
found no significant influence of (A) mysloma isotype, (B) serum calcum level, (C)
circulating plasmocytes (PLC), or (DY) LDH activity on patient surviwval (p > 0L05). We used the

log-rank test in statistical comparison.
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Abstrack Mu]ﬁph m:,relnma (MM s a.]'lﬁma.h.‘rhp'c mal'@unc}r characterized b}rmrﬂ}r ]:!n.'rﬁ}u.nd
immune dysfunction. Therefom, the efficacy of drugs targeting the immune envimonments, such
as imimure checkpoint inhibitors (1CIs), & of high dinical importance. However, several clinical
trials evaluating ICks in MM in different thérapeutic combinations revealed underw helming results
showing a lack of clinical efficacy and excessive side effects The underlying mechanisms of resis-
tamce to I8 observed in the majority of MM patients am whill Lmderinvﬂl:ipliﬁn. Rn‘:mnﬂ}l; we
demonstrated that inappropriate expresgion of FD-1 and CTLA 4 on CD4 T cells in active MM i
associabed with adverse clinical outcomes and teeatment status. The aim of the curnent study was to
determine the wsefulness of immune checkpoint expression assessment as a predictive biomarker of
the meponse to therapewtic inhibifons. For this purpose, along with checkpoint expression estimated
by flow cytometry, we evaluated the time to progeession (TTF) of MM patients at different clindcal
stapges (disemse diagnesis and mélapse) depending on the checkpoint expreagion kel the cut-off poant
{dividing partients into how and high expressons) was selected based on the median valee. Herein, we
comfirmed the defective levels of regulatory PDH, CTLA- recepiors, and the CD69 marker activation
in néwly diagnised (ND) patients, w heneas nlapsed fmefractony patients (RR) exhibited their necm-
ered values and mactivity. Additionally, substantially higher populations of senescent CDM*CD28— T
cells were found in MM, primarily in NDMM subjects. These observations suggest the existence of
two dysfunctional staies in MM CD4 T cells with the predominanoe of immunosenssoence af diseses
diagoreosis and exhaustion at relapse, thus implying different responsiveness to the external meceptor
blockade depending on the disease stage. Purthermaoe, we found that lower CTLA-4 levels in NDMWM
patients or higher PD-1 expression in REMM patients may predict early relapse. In conclusion, our
study clearly showed that the checkpeint level in CTM T cells may significantly affect the time o MM
Priygedsion ofne ming the treatment stabud. Thenefiome, when conside ring novel thempies and potent
combinations, it should be taken into acoount that blocking FD-1 rather than CTLA-4 might be a
beneficial ﬁ:m‘tﬁd:'i.mml.mﬂ'lemp}r E::ﬁn]}r a pmpﬂrhmd:mMPutEnB\.

Keywords: multiphe myeloma; FI-1; CTLA-4; immume checkpoint inhibitors; Hme to progression;
clinical respimse

1. Introduction

Despite the curment advances in treatment seen with the inclusion of protecsome
inhibitors (Pls), immunomodulatory drugs (IMIDs), and chimeric T cell therapy (CAR-T)

Imt. [ Mal. 5ci AITS, 24, 5730, hitpec/ / doi org 10.3390,/ 1jmal 0657 30

I1.Itp|:.l' .l‘w'w'n_mdpi:m.fiﬂmnal.finm

49



Imt. [ Mal. 5ci NI, 2, 5730

2of17

multiple myeloma (MM) remains an almost universally incurable malignancy. Along
with reducing the bulk of myeloma cells by conventional therapy, host factors including
the cytotoxic capacity of activated T cells is essential for tumor eradication and clinical
outcomes of MM therapy. Accumulating evidence has shown that tumor-induced immune
dysfunction in MM patients seems to be greater than in other B cell malignancies [1-3], and
includes dysfunction of dendritic and T cells [4], accumulation of suppressive el types [2,4],
oytotoxic T cell/ Treg and Thi7 / Treg imbalance [5,6], and T cell hypomesponsiveness [7,3].

The dysfunction of T cells in cancer patients is characterized by anetgy, senescence,
and/ or exhaustion [%-11] namely the states sharing expression of the multiple inhibitory
molecules implicated in the impaired effector functions and hy poresponsivensss. Owercom-
ing the hyporesponsiveness of T cells could reinvigorate the host's immune response and
restore antitumor immunity. Available data, including ours, demonstrates that T cells in
patients with MM display features of exhaustion and senescerwe [6,12]. It is interesting to
note that both dysfunctional states may exist at the same disease stage. Determination of the
extent of senescence and / or exhaustion within the T cell compartment remain confusing
due to several similarities While both states share overlapping functional and pheno-
typic features including the ecxpression of regulatory receptors (e.g., PI-1 and CTLA-4),
increased cell cycle armest, and affected e flector functions, they also have distinct regula-
tory and molecular mechanisms controlling their development and disturbed antitumor
functions [13-15]. Another difference is the potential for reversion as a consequence of
modulation of regulatory pathways after external receptor blockade, a feature attributed
only to exhaustion [13,16]. An inceasing body of evidence sugmests that the extent of the
clinical response to checkpoint inhibitors might be closely related to the level of check-
point expression on T cells [6,16). Therefore, the identification of dysfunctional states
predominating in MM patients regarding the clinical stage could help determine if T cell
hyporesponsivensss is reversible by manipulating the immune checkpoint blockade, thus
predicting the dinical response to this therapeutic approach.

Accordingly, our recent study was conducted to assess the usefulness of immune
checkpoints as predictive biomarkers of the response to therapeutic checkpoint inhibitors
at different clinical stages, namely NDWMM and ERMM patients [6]. In the current study,
we confirmed the suboptimal level of CTLA-4 and PTx1 in circulating MM CD4 T cells,
primarily in NDMM patients. Furthermore we observed that the level of checkpaoint
expression may predict the clinical outcome, when considering TTF, in relation to the
meatmenit status; lower CTLA-4 expression at disease diagnosis or higher PD-1 levels in
EEMM patients might predict early elapse. Our results clearly indicate that blocking
immune checkpoints might be a beneficial form of immunotherapy for only a proportion
of ERMM patients.

L Results
21. Circulating Myeloma CI4 T Calls Contain Lower Leves of Immune Checkpoints af Diagrosis

As recent clinical trials of the administration of immune checkpoint inhibitors (ICIs) in
MM showed real disappointment [16-20], we wanted to verify whether the onset and /or
exacerbation of MM is accompanied by allerations in the expression of immune checkpoints,
thereby affecting their usefulness as targets for therapeutic inhibitors. Therefore, we
assessed PD-1 and CTLA-4 expression in the peripheral blood (PB) CD4* T cell subsets
inwolved in the antfitumor response in MM patients at disease diagnosis and relapse.

In our study, as is shown in Figure la, a median proportion of CD4* T cells expressing
the PD-1 checkpoint was found to increase in all MM patients regardless of disease stage
when compared to controls (pe< 0.05). While an expansion of PD-1* Teff cells was similar in
all patienis, Treg cells from REMM patients expressed the PI-1 molecule on a significanthy
higher proportion of aells than in the NDMM group (p = (L037) (Figure 1a).
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Figure 1. FD-1 expression on PBCTM T cell subbypes of MM patients in the different clinical

and healthy controls. (a) Frequency of PD-l-expressing CIM* T cells (identified as CD3°CTM*), Treg
(identified as CTMCTH27-), and Tedf (identified as CD45CTN27*) cells in healthy controls (HC)
{m = 20) and patient subgroups (NDMM and EEMM) (n= 26 and n = 14, respectively). (b) FD-
1 kevel (determined as mean fluomscence intensity ) in CD4* T cells, Treg, and Teff cells in HC
(n=200), NDMM (n = 26), and EEMM (n = 14) patients. Bowes and whiskers show 25th and 75th
interquartile range and minimum-masimom, espectively; the median is the central line in each
box. The differences between the studied groups were statistically evaluated nsing Kruskal-Wallis,
AMNOVA, and Mann-Whitney U esta. * p< (U05, =+ p < 0001

Femarkably, a quantitative analysis of FD-1 expression on PB CD4* T cells showed
lower lewels in NDMM patients cormmpared to healthy controls (p = 0L06) (Figume Ib). While
a decline of PD-1 was observed in the whole population of NDMM CD4* T cells, including
both Teff and Treg subsets, the loss of PD-1 was mome pronounced in Treg ells (p= 0L015)
(Figure 1b); in Teff cells, a decrease of PD-1 was of borderline significance (p = 0.08)
(Figume 1b). In RRMM patients, FD-1 expression was also down-regulated primarily in the
Treg subset; however, its median values were statistically comparable to those observed
in corresponding healthy cells (Figure 1b). Although some differences in FD-1 expression
between patient groups weme observed, they did not reach statistical significance.

Asis demnonstrated in Figure 23 we also found no significant differences in the pro-
portion of CTLA-4 expressing cells within the ecamined subsets between the participants
studied, except for the higher abundance of CTLA-4* Treg cells in REMM patients when
companed to healthy controls (p = 0.031). Remarkably, similarly to PD-1 expression, a
quantitative estimation of CTLA-4 showed that the only group exhibiting a markedly
dowr-regulated level of CTLA-4 on CD4 T ells, including Teff and Treg cells, was NDWM

patients {p < LS and p < 0005, respectively ) compared to normal levels in cormesponding
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cells from the RRMM and healthy groups (Figure 2b). Additionally, there were no differ-
ences in CTLA-4 expression between REMM patients and controls regarding the studied
CD4* T el subsets (Figure Zh).
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Figure 2 CTLA- expression on PBCDY T cell subdy pes of MM patients in the different dinical stages
and healthy controls. {a) Frequency of CTLA-4 expressing CD4* T aells (identified as CDG*CTM*),
Treg (identified as CTM*CD1Z7 ), and Teff (identified as CD4"CDNZ) cells in healthy comtrols (HC)
{n = 20} and patient subgroups (NDMM and EEMM) (n= 26 and n= 14, mapectively]. {b) CTLA-
4 level (determined as mean fluomscence intensity) in CD4* T aells, Treg, and Teff cells in HC
(n=200), NDMM (n = 26), and EEMM (n = 14) patients. Bowes and whiskers show 25th and 75th
interquartile range and minimum-masimom, espectively; the median is the central line in each
box. The differences between the studied groups were statistically evaluated using Kruskal-Wallis,
ANOVA, and Mane-Whitney U tests. * p< (05, = p< 0L0], **p< 0001

From our results it seems that the lower levels of both immune checkpoints in MM
CI¥ T cells suggest they ame not appropriate targets for therapeutic inhibitors in MM, at
least at dissase onset, and, consequently, should not to be considered in first-line reatrent
settings. Furthermore, chemo- and/ or immunotherapy of MM, despite the risk of the
development of refractoriness, is capable of minforcing both PD-1 and CTLA-4 checkpoint
expression, making them mone attainable to the therapeutic inhibitors in RRMM.
22 Lower CTLA- Levels at Myeloma Diagnosis Fredispose to a Shortened TTP

Next, we analyzed whether the observed altetations in PD-1 and CTLA-4 expression
may influsnce the dinical outeoms of MM. Therefore, we assessed the TTP of MM pabients
at the different clinical stages (disease onset and relapse / refractoriness) depending on the
expression of both immune checkpoints on CIM T cells. The cut-off point was selected
based on the median value of the checkpoint expression (measured at qualitative and
quantitative levels). The statistically significant associations are shown in Figure 2.
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Figure 3. Influence of CTLA-4 expression on the time to progeession (TTF). (a) TTP in patients with
high and low CTLA- expression in CDM* T cells (shown as CTLA-4 fheomescence intensity ) identified
as »median and < median vahes, espectively, in the whole patient cohort (MM) (n = 40) and patient
subgroups (NDMM and BEMM) {n = 26 and n= 14, respectively). (b) TIF in patients with high and
low CTLA-4 expoesgion in Telf cells (shown as CTLA-4 fuomscence intensity) sdentified as >median
and < mediam values, rﬂp&cﬁv&l}l’, in the whole Pﬂﬁn{cﬂ'ﬂ}d{h‘h{j{n: A0). The log—n.n]-& test was
performed for the Kaplan-Meier curves

For the whole MM patient cohort, regardless of CO4* T el subtypes, a weak positive
association of CTLA-4 level on CT4* T cells with TTF was indicated (p = 0.053) (Figume Za);
howewver, this relationship was found to be strengthened only with regards to the Teff
subset (p = 0.02) (Figure 3b), and CTLA-4 expression on Theg was not assocated with TTE
Furthermone, clinical subanalysis revealed that the above association might be assigned
o NDMM patients (Figune 3a); patients with a CTLA-4 level below the median value had
significantly shorter TTP than those with a higher CTLA-4 expression (p = 0.04]. In contrast,
ERMM patients exhibited no statistically significant association of CTLA-4 fluomescence
inensity with TTP (p = (L098) (Figure 3a). Likewise, no impact was found of changes in
CTLA-4 distribution within CD4* T cells on MM progression in either group of patients.

Cur study demonstrating the association of CTLA-4 loss in CD4 T cells with shortened
TTF seen in NDMM patients points to the possibility that blockade of CTLA-4 in MM may
be an unfavorable strate gy at diaghosis.

2 3. Higher PD-1 Expression My Predict Early Relapse in RRMM Pafients

Given it is noed that MM patients at diagnosis exhibited an impaired PD-1 level, we
next ecamined its association with dinical outoomes in terms of TTP as well.

For the whole patient cohort, as is demonstrated in Figure 4, several inverse associa-
tions of TTP with the frequency of PD-1-expessing CT4* T cells (p = 0L057) (Figure 4a) have
been found: PD-1* Treg eells (p= 0.07) (Figume 4b), PD-1* Teff (p = 0.043) (Figure 4c), and the
level of PD-1 in Treg and Teff cells (p = (L(46 and p = (L035, respectively ) (Figure 4b and 4e,
respectively ). Together these indicate that high-FD-1 expressors experienced an M relapse
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significantly earlier than those with PD-1 expression below the median values. However,
patient analysis based on the clinical division according to MM stage revealed that the
above observation was primarily assigned to the REMM group, where patients with per-
entapes of CD4FD-1* T cells over the median value had markedly shorter TTP compared
to those with a lower frequency of these cells (p = 0.033) (Figure 4a); of note, such an
association was not shown for NDMM patients {p = 0.41) (Figure 4a).
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Figure 4. Influence of P expression on the time to progression (TTF). (a) TTP in patents with
high and low frequency of PD-1 positive CDM” T cells identified as >median and <median values,
respectively, in the whole patient cohort (MM} (n = 40) and patient subgroups (NDMM and BEMM)
(=26 and n = 14, mepactively). (b) TTF in patients with high and low PD-1 expression in Teeg cells
{shown as the frequency of PD-1* Teeg cells and as PTH] fluonescence infensity in Treg), identified as
smedian and <meédian vahes, respectively, in the whiole patient cohort (MM) (n = 40). () TTP in
patients with high and low expression of PD-1 in Teff cells (shown as frequency of FD-1* Teff and as
PDH fluorescence intensity in Teff) identified a5 »median and < median values, respectively, in the
whole patient cohort (MM) (n= 40). The log-rank test was performed for the Kaplan-Meier curves.
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From the above data it appears that the administration of FD-1 inhibitors might be a
beneficial form of therapy for a proportion of RRMM patients, particularly those exhibiting
higher PT-1 e:pmsimwiﬂ‘dnCDl!"Tmlls.

24 CIM¥ T Cdls from NDMM Fatimts Reftain In Vioo Lower Eeactivity to Stimmli

Having demonstrated that the dysrepulated expression of immwme checkpoints on T
cells may be a consequence of altered in vivo stimulation, we also analyzed the systemic
activation of CD4 T cells in all individuals studied. The assessment of T cell reactivity is
important in predicting the biological effectiveness of the checkpoint blockade [13,21].

While we noted an increased proportion of CDM*CD6S T cells in the PB of all patients
(p = (L06), statistically significant differences were found only between the REMM group
and healthy controls (p = 0.027) (Figure 5a) Remarkably, the median fluomesence intensity
of the activation marker Ca9 was the lowest in the CD4* T cells from NDOMM patients
and it significantly differed from that obtained in corresponding healthy cells (p= 0.017).
Although the difference in CD69 @ pression was also observed in comparison to the REMM
group, it emained at a statistically similar level (Figure 5a).
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Figure 5 Markers of (TM T cell reactivity. (a) Expression of the CDE9 activation marker on CIM* T
cells in PB of healthy controls (HC) (n = 20) and patient subgroups (NDMM and REMM) (n= 26 and
n =14, mapectively). (b) Frequency of CD28 lacking CTM* T cells at the differsnt MM stages. Boes
and whiskers show 25th and 75th imterquartile range and minimum-—masimum, respectively; the
median is the central line in each box. The differences between the studied groups were statisticalby
evaluated wiing Kruskal Walls, ANOVA, and Mann-Whitney U festa. *p < 0005, == p < 0001

The above results indicate that the level of inmune checkpoint expression in MM cor-
responds with the suboptimal activation of T cells. Therefore, mappropriate expression of
checkpoints may not be responsible for MM T cell hypomesponsiveness observed primarily
at disease onset.

2.5, CD28 Loss Relafed to Cel Senescence Is More Pronounced af Myeloma Diagn osis

Despite the altered pattern of irnmune checkpoint expression, the lack of CD28 could
also help to identify a predominant dysfunctional state in MM CD4 T cells elated to
immune suppression. Given that it has been demonsirated that the lack of CD28 is one of
the: constant featumes of senescent T cells, CD2E negativity has been proposed as a surmogate
senescence marker of T cells [13,27]. Therefore, we analyzed the frequency of pathogenic
PB CD4*CD28~ T cells at different MM stages in order to predict a clinical response to ICTs.

We found a substantial increase in the proportion of CDM*CD2E T cells in circulation
ameong all MM patients conypaned to the controls (p < 0.0001). How ever, detailed analysis
revealed a significant difference in the abundamce of these pathogenic cells among patients
regarding disease stage, with the predominance of senescent CD4HCD2E- T cells evident
in the NDMM group when compared to REMM patients (p < 0.001) (Figure 5b).
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Cur data clearly showed that MM immunopathology is characterized by a higher
frequency of CDOMHCD28— T cells, which is more pronounced in NOWMM patients. This may
dlearly indicate prevalence of the senescent state in MM and points toward the suggestion
that reversion of hy poresponsivensss by administrating therapeutic checkpoint inhibitors
in MM could be associated with an inceasing risk of inefectiveness.

2.6. The Significance of (Jinico-Pathological Features in Prediction of Myeloma Early Reapse

In order to determine the representativeness of our cohort of MM patients, we as-
sessed the impact of the dinico-pathological features of patients on the MM clinical out-
come regarding the time to disease relapse. Among the dinical characteristics studied,
incuding patient age. the International Staging System (I55), anemia, and the levels of
B2-microglobulin, albumin, creatinine, plasmacytes, lactate dehydrogenase (LDH], and
serurmn caloiums, we found that hyper- B2-microglobulinemia, anemia, and the higher aburn-
dance of circulating plasmacytes shortenad the time to MM progression (p= 0,009, p = 002,
and p = (0B, respectively), thus indicating their predictive significance and enrollment of
suitable patients (Figure 6).
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Figure 6. Predictive significamce of the clinico-pathological chamaderistics of MM patienta. (a) Levels
of B2-microblobulin, (b) anemia, and (c) percentages of circulating plasmacyies (PLCs) affect the time
to progression (TTF) of MM patients (n = 40} The log-rank test was performed for the Kaplan-Meier
curvesd,

3. Discussion

The reversal of T cell hyporesponsiveness plays an essential role in myeloma imn-
munaotherapy aimed at the restoration of the host's immune response. Growing evidernos
has shown that defective tumor imnnunity contributes to compromised efie ctiveness of
anti-myeloma therapy applied so far mainly in advanced high-risk REMM [23]. The avail-
able msearch demonstrated that MM T cells, depending on the clinical stage, may display
features of immune senescence and/or functional exhavstion [6,12,24]. In order to mesolve
the mechanism responsible for the hyporesponsiveness of MM T cells, it is crucial to dis-
tinguish bebween both dysfunctional states to achieve their adequate and effective control
with the appropriate therapeutic approsches.

Hemein, we report that in patients with active MM the alterations of the immumne
checkpoint level depend on the clinical stage of the disease assodated with treatment
status, and cormespond to the extent of the systemic activation of circulating CD4 T cells.
In particular, defected levels of PO-1 and CTLA-4 checkpoints, as well as CD69 wene
observed in MM primarily at diagnosis. Furthermore, we noted that patients, although
relapsed, also exhibited inappropriate checkpoint expression, thus confirming the recent
suggestion that immoune checkpoints are not responsible for T cell hyporesponsivensss
in MM [6,24]. The above observation points to the possibility that immune checkpoints
might not be appropriate targets for therapeutic inhibitors in MM, and indicates that T
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cell-related imnmune suppression in MM cannot be effectively reversed by manipulating
extrinsic regulatory pathways. Eemarkably, our observation on an association of the lower
CTLA4 expression on CTM T cells with shorened TTP in NDMM patients confirms the
suggestion that blocking CTLA-2 in MM may be an unfavorable therapeutic strategy
for a proportion of MM patients, primarily at diagnosis. This finding is consistent with
former observations, including ours, on the impact of genetic variations of the CTLA-4
gene involved in lower CTLA-4 protein expression with increasing susce ptibility to MM
development [25-17]. Similar dependence of the response to a CTLA-4 blockade on the
level of CTLA-4 expression was previously observed in chronic lymphocy tic leukemia by
our group [28].

Momeover, inappropriate levels of PD-1 and CTLA-4 in MM CD4 T cells together
with the increased subset of CD4YCD28~ T cells found in our patient cohort have been
demonstrated as featumes of senescent T cells, thus indicating senescenos as a predorninant
dysfunctional state in MM [24]. Our observation is in accordance with a study by Zeller-
Riese et al. [12], who recently found that T cells from MM patients express several molecules
associated with either T cell exhaustion (e.g., FD-1 and CTLA-4) or T cell senescence (a
lack of CON2E). They also reported, however, that the enhancement of the senescent CD28-
negative T cell population was mone pronounced in NDMM patients in comparison to
EEMM subjects. These results clearly correspond with our recent study performed in the
same patisnt cohort [6], demonstrating the expansion of CD4 T cells exhibiting a senescence-
associated sectetory effector phenotype (SASF) [29], primarily in NDMM patients. This
is sugpestive of the significance of inmune senescence in myeloma developeent, rather
than aneTgy as a dominant functional state of hy poresponsivensss, and emphasizes a role
for determining the extent of T cell senescence [6]. Remarkably, the data available have
shown that T cell senescetwe is caused by intrinsic signals induced by DNA damage and
can be mversed pharmacologically, but not with an external receptor blockade [13,22,50,31],
thereby minimizing the role for checkpoint inhibitors in MM immunotherapy. It should
be emphasized, however, that T cell dones in MM have recently been demonsirated not
b e related o shortered telomenes, which may imply that their serescence is potentially
reversible in MM, if the underlying mechanism is elucidated [24]. Nonetheless, estimation
of the senescent T cell population in MM may be of dinical relevance in terms of predicting
the: clinical response to therapeutic checkpoint inhibitors.

The defective levels of immune checkpoints observed in the present study, mone
pronoursed in the Treg subset, may also imply the inappropriate prevention of autoinn-
munity [32]. Likewise, in the same patient cohort, we recently found a higher population
of CTH T cells with capacity for inflatnmatory IL-17 and IFN-y cytokine secretion with an
increased Thi7 / Treg ratio when compared to the values obtained in the EEMM group [6].
Although the Treg cell population was found to be expanded in all studied patients, the
curment analysis mevealed that this subset is mostly affected by impaired expression levels
of FO-1 and CTLA-# at disease diagnosis, which might compromise the Treg regulatory
function. Given that checkpoint expression in Treg cells is associated with suppressive
activity [33-35], the decreased level of checkpoints in the Treg population is suggestive of
the shift in the immune balance toward autoimmune inflammatory condilions, especially
in NDMM patients. In fact, the augmented population of CDMYCD28~ T wells that we
found in all MM patients was previously shown o secreie inflammatory cytokines, which

with the phenotypic and functional characteristics of autoreactive cytotoxic
CH* T eells [6,35-38]. The notion that among MM patients, the CD4*CD25— T cell pop-
ulation is significantly enriched, primarily at disease onset, is in line with the current
phenoty pic analysis of Tregs and strongly indicates the possibility of a higher incidence
of autoimmune responses in MM, In fact, a personal history of autoimmune disease was
found to be associated with a significantly higher risk of the monodonal gammaopathy of
undetermined significance (MGUS) and MM, indicating a common genetic susceptibility
between autoimmunity and plasma cell disorders [39,40]. It has also been demonstrated
that co-maorbidity of the autoimmune disease might be prognostic of a worse survival rate
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in MM patients [39], and suboptimal immume checkpoint expression cannot be excluded
when considering the underlying mechanism. Our finding that the lower CTLA-4 expres-
sion on CD4 T cells may predict early relapse in NDMM patients also seems to condirm
these associations. Therefore, an increasing risk of exaggeration of autoimmune events
should be taken into sccount when considering blocking immune checkpoints in MM [41]
A case of an NDMM patient who developed a lethal immmune related myocarditis after a
single dose of pembrolizumab (a PDI-L inhibitor) in combined therapy with lenalidomide
and dexamethasone seems to strengthen the above concern, and indicates that therapeu-
tic checkpoint inhibitors should be administered in MM with extremne caution, if at all,
especially in first-line treatrments [42].

Interestingly, our present study also showed that chemo- and/ or immunotherapy of
MM, despite the well-known risk of the development of refractoriness [43], is capable of
reinforcing both PD-1 and CTLA-4 checkpoint ex pression, and this notion is consistent
with other studies [£,12,44]). The post-treatment ligation of egulatory meceptors resulting in
the increase and recovery of T eells found in this study has previously been demonstrated
a5 a key phenoty pic feature of cell exhaustion, which is also a dysfunctional state related to
MM T cell hypomesponsiveness [12]. It should be emphasized, however, that unlike the cell
senesene predominant in NDMM patients, the exhaustion of T cells observed mainly in
relapse has been shown to be reversible upon inhibitory receptor blockade [13,23]. Here
we report that an increase in immune checkpoint expression seen in REMM patients and
accompanied by CD69 reversion is suggestive of the treatment-related tendency to the
restoration of reactivity in CD4 T eells, thus making thern more attainable for therapeutic
inhibitors in REMM. Of note, exhaustion has been proposed as a mechanism of the preven-
tion of T cell loss and the retention of T cell clones required for immune surveillance and
tumor imoaunity [13]. In fact, expanded clones of cytotoxic T cells exist in patients with MM
and other hematologic malignandes [35,45-51]. Although exhausted T cells are hypome-
sponsive in vitro, their presence in the blood of MM patients is related to better prognosis,
probably due to their potential to reverse cell dysfunction [45,46,52,53]. However, our
current study, showing that high-PD-1 expressors (primarily within the Teff population) in
REMM patients exhibit a shortened TTE is indicative of the possibility that a PD-1 blockade
might be a beneficial form of immmunotherapy for a subset of REEMM patients depending on
their PD-1 expression level. This notion is in linewith a recent study by Alrasheed et al. [54],
who demonstrated that a high level of PD-1* Teff cells predicts early progression in MM
In our recent study [6], we consistently found an association of high PID-1 expression in
Teff and Treg cells in MM with an adverse clinical outcome. Genetic susceptibility to MM
development regarding FD-1 gene polymorphisms also indicated a significant association
with a high F[-1 expression haplotype [25] which is in opposition to the CTLA-4 gene, as
its lower expression level has been reported to be involved in MM development [26,27].
These results together with our findings might suggest that, among immune checkpoints,
PD+1 rather than CTLA-4 could have potential as a target for therapeutic blockade in a
subset of ERMM patients, if the relevant expression of T cells is observed.

Although a weakness of our study is that the relatively small size of the patient cohort
inhibits our ability to make strong conclusions, noteworthy is its accordamce with the
results of two recent phase I clinical trials (namely KEYSTONE-183 and KEYSTONE-
185 conducted in BR and ND MM patients, respectively) [17,18]. Both trials showed an
urdavorable benefit-to-risk profile after administration of pembrolizumab (a FD-1 inhibitor)
in combination with dexamethasone and immunomodulatory drugs (IMIDs). While these
trials failed to show higher overall response rate (ORE) or TTP/ progression: free-survival
(PF5) in the experimental arms, they also demonstrated a much higher frequency and
severity of immune-related adverse events (iRAEs) compared to those observed in a
checkpoint blockade in other malignancies [17,18]. Momeover, regarding the clinical stages
of MM, iRA Es were mome pronounced in NOMM patients tham in RERMM subjects, probably
due to a less exhausted immyune system at disease onset [19] and inappropriate prevention
of autoimmunity, which dearly confirms the findings presented in our current work. In
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addition, we displayed a predictive value of the clinico-pathological characteristics of MM
patients enrolled in the study, demonstrating the impact of f2-microglobulin, plasmacyte,
and hemoglobin levels on the time to relapse, thus indicating the representativeness of our
cohort of patients.

In the immunotherapy of MM patients, except pembrolizumab, several other ICTs have
been administered, induding nivolumab (ant-PO-1 mAb) and atezolizumab (ant-PD-L1
mAb) alone, or in combination with corwentional chemotherapeutics and/ or IMIDs, which
are showing a disappointing clinical response in the majority of cases [23,55] Awvailable
data showed that the low efficacy of comventional checkpoint inhibitors may be cansed by
the existence of compensatory inhibitory mechanisms related to the up-regulation of the
other checkpoints, such as VISTA or TIM-3 [56,57]. Remarkably, our study clearly showed
that an inappropriate level of FD-1 and CTLA-4 checkpoint expression in C04 T cells in
MM patients may also be responsible for the failure of ICTs, and in a proportion of NDMM
patients, therapy with ICIs might even be deleterious by shortening the TTE. Cur finding
implies the significance of checkpoint level tin MM patients for predicting the
dinical response rate to ICls and for deermining efiective therapeutic strategies. Thenefone,
recently discovered and developed small- molecule inhibitors (SMIs) of checkpoink receptors
provide an alternative and promising approach to the immunotherapy of cancers, and ane
of growing interest due o several desirable benefits they offer [53]. One of these benefils is
the capability of SMs to target mome than one checkpoint protein, and the selectivity against
other immune checkpoints and enzymes involved in the transcription of genes engaged in
tumor suppression [58,59]. In comsaquence, SMis reveal the potency for inducing a greater
clinical response rate compared to conventional ICIs [535-50]. This pleiotropic activity of
SMIs seems to be an attractive property for the area of MM immunotherapy aimed at
breaking immune suppression, and appears to be of special interest, especially in view
of our notion that PI-1 and CTLA-4 could be less aceessible for ICIs in MM. Having
ascertained that reversion of both the checkpoint levels and T el reactivity observed in
our cohort of RRMM patients might improve the dindcal response to therapeutic inhibitors
in terms of delayed melapse, the development of methods tarpeting the mstoration of
P+ expression in MM T wells, for example, SMIs modulating PI-1 gene transcription,
seems bo be desirable. In fact, epigenetic small-molecule modulators of PO-L1 and PD-L2
genes’ transcription have been shown o up-regulate the expression of these ligands, thus
making them more amenable for effective inhibition of the PD-1/PD-L interaction when
combined with a PD-1 blocking antibody in mice [61] This is in accordance with reports
showing that PD-L] expression in cancers might predict a better response to 1Cks and
improve survival [62]. In cancer treatment, SMls may act alone or in combination with
approved therapies, namely chemo-, radio-, or immunotherapy, including monodonal
antibodies directed toward FD-1/PD-L1 or CTLA-4, such as nivolumab, pembrolizumab,
atezolizumab, or ipilimumab (ant-CTLA-4 mAb) [63-£7]. Several epigenatic SMIs have
also recently been suggested as potent adjuvant agents for combined treatment in numeTows
bypes of advanced cancers [58]. Of these, entinostat, panobinostat, and azacitidine ane
currently in clinical trials in combined therapy with pembrolizumab or fpilimumaly in
immunogenic cancer patients [53,66,57]. Emcouraging results in pre-clinical studies on PD-
I-derived CAI7D (a small modecule dually targeting FO-1L1 and VISTA. patthw ays) reporting
high efficacy in the suppression of umor grow th at well-tolerated doses has prompied the
advancemnent of CA170 to clinical trials [59].

In comeclusion, the results of our study together with the impressive dinical response
b the checkpoint blockade seen in patients with solid fumors, expressing regulatory recep-
tors at a relevant level [16], strengthens the suggestion of a predictive role of checkpoint
expression in this therapeutic approach in MM. There fore, considering novel therapies
and potent combinations, estimation of the inmmune checkpoint levels in T cells before the
administration of inhibitors in the different clinical stages of MM is warranted for excluding
patients with checkpoint suboptimal levels in order to avoid very limited effectivensss
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of the anti-myeloma response, early relapse, and/or severe aggrav ation of autoimmumne
adverse events

4. Materials and Methods

4.1. Samples

The study group of patients studied consisted of a total of 40 active myeloma patients
(26 rewly diagnosed (NDMM) and 14 relapsed /refractory (EEMM)). Patients weme ne-
cruied in bwo centers: the Department of Hematology and Bone Marrow Transplantation
at Wroclaw Medical University and the Department of Hematological Oncology at the
Provincial Hospital im Opole. The diagnosis of MM was based on the criteria set out by the
International Myeloma Working Group (IMWG) [68]. The disease stape was determined
according to the International Staging System (155) upon entry into the study [59]). ERMM
patients were treated with chemotherapy, IMIDs, and a proteasome inhibitor; no patient
enrolled in the study received prior treatment with stem cell transplantation (SCT) or ICIs.

The control population comprised 20 healthy individuals matched for age and sex;
they had been without any treatment affecting the immune system for six months befone
entering the study. Patients with a simultaneous active or chronic infection, diabetes,
autoimmune disease, or with a history of other malignancies or conmective tissue diseases
were excluded from the study. Blood samples from all partidpants were collected after
informed consent in accordance with the Declaration of Helsinki and approval from the
Institutional Local REesearch Bioethics Committes at Wroclaw Medical University:

4.2 Clinical arnd Laboratory Characteristics of Faffents

The main characteristics of MM patients are summarized in Table 51. OFf the 26 NDMM
patients, the majority were women (n= 17, 654% vs n =9, 34.6%). The median age at
diagnosis was 64.0 years old (range 50-76). According to the 1S5, 5 patients (19.0%) wene
classified as stage [, 10 (38.5%) were classified as stage I, and 11 {42.5%) were classified
as stage [IL The immunoglobulin subtype was Igh for 13 patients (69.0%), and IgA for
3 patients (11.5%). Five patents (19.5%) had light chain only. Of the NDMM patients,
the majority (n = 16, 61.5%) had light chain kappa, 9 patients (34.5%) had light chain
lambda. A majority of the NDMM patients presented with ostecly tic bone lesions (n = 15,
60.0%), had a serum B2-microglobulin level = 35 mg /L (n= 18, 83.0%), and a hemoglobin
value < 12 g/dL (n= 23, 855%). A creatinine level = 20 mg/dL and a serum calcium
value = 10 mg/ dL were present in 9 {34.5%) NDMM patients. An LDH level higher than
190 U/L and a platelet value less than 100,000, mm* was present in 6 (23.0%) and 2 (7.5%)
patients, respectively.

O the 14 KEMM patients, 10 were men (714%) and 4 weme women (286%). The
median age at diagnosis was 720 years old (range 65-75). According to the IS5, 1 patient
(7.0%) was classified as stape 1 6 (43.0%) were dassified as stage IL and 7 (5000%) wene
dassified as stage [IL The immunoglobulin subtype was IgG for 9 patients (62 0%), and IgA
for 3 patients (21.5%). Two patients had light chain only (14.5%). Seven ERMM patients
had light chain kappa (30.0%) and 7 had light chain lambda. The majority of the REMM
patients (n = 13, 92.8%,) presented with osteolytic bone lesions. Of the RRMM patients, a
majority had a serum B2-microglobulin level = 3.5mg/ L (n="19, 640%), a serum calcium
level > 10 mg/dL {n= 11, 78.5%), and a hemoglobin value < 12 g/dL (n= B, 57.07%). Four
RREMM patients (28.5%) had a creatinine level = 2.0 mg/dL. An LDH level higher than
190 U/L and a platelet value less than 100,000/ mm? was present in 2 (140%) patients
and 1 (7.0%) patient, respectively. Of the RRMM patients, 12 subjects (85.5%) received
bortezomib (BTZ }based therapy, and 11 patients. (78.5%) wene treated with IMiDs. The
majority of REMM patients (n = 8, 57.0%) received 1-3 thetapy lines, while the remainder
(m= b, 43.0%) remived = 4 therapy lines.
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4.3. Isolation of Peripheral Blood Mononudear Cells (PBMCs)

Peripheral venous blood from MM patients and healthy individuals was collected in
tubes containing lithium heparin as anticoagulant Peripheral blood mononuckear cells
(PBMCs) were isolated by buoyant density-gradient cenfrifugation on Lymphoflot (Bic- Rad
Medical Diagnostics GmbH, Dredeich, Germany ). After centrifugation, the PEMCs wene
washed three times in sterile phosphate-buffered saline (PBS) (without Ca® and Mg™),
and them suspended in 95%: fetal calf serum (CytolGen GmbH, Sinn, Germany) containing
5% DMSO (Sigma-Aldrich, 5t Gallen, Switzerland) and cryopreserved prior to use

4.4 Defermination of Immmne Chedepoints (PD-1 and CTLA-4), CD28 and CD63 Expression

Multicolor flow cytometry was used to analyze the PEMCs of MM patients and
healthy controls for the expression of PD-1 and CTLA-4 proteins in pooled CD4* T cells
as well as their subsets: Treg cells (CO4YCD127~ wells) and Teff cells (CD4CD127 cells).
The expression of CD28 and CD&9 molecules was detected on gated CD4 T cells. Ae-
cording to standard protocols, isolated PEMCs were stained with several combinations of
fuorochrome-conjugated monockonal primary antibodies (mA bs) purchased from Pharmin-
gen (Pharmingen, BD Bioscences, San Diego, CA, USA} FITC anti-human CD3 (Catalog
#555332), FITC anti-hurman CD127 (Catalog # 560549), PerCP anti-human CD4 (Cata-
log #366624), PE anti-human PD-1 (Catalog #560795), PE anti-human CTLA-4 (Catalog
#555853), PE ant-human CD69 (Catalog #555531), and PE anti-human CD2B (Catalog
#555729). Appropriate fluorochrome-labeled isotype control antibodies included from
Pharmingen {Fharmingen, BD Biosdences, San Diego, CA, USA ) were used to condfirm
exprssion specificity and for gate settings in each case (FITC mouse [pGl: Catalog 8555748,
PE mouse IgGl: Catalog #554680, FE mouse Igi2a: Catalog #555574, PE mouse IgGl:
Catalog #555749). Briefly, refrozen PEMCs were washed twice in PBS, divided into tubes at
a conceniration of 5 x lﬂﬂ'neuspm'tl.tle, and incubated with appropriate antibodies for
30 min at 4 *C in the dark. Excess unbound antibodies were removed by bwo washes with
PBS. Following washing, the cells were fived in FBS containing 1.5% paraformaldehy de
(Catalog #P5148, Sigma-Aldrich, S5t. Gallen, Switzerland) and analyzed by flow cytometry.
Finally, a total of 100,000 events per sample were acquired using a BACSCalibur flow
cytometer (Becton-Dickinson, BD Biosciences, San Diego, CA, USA ) equipped with Cell
Choest software 3.3 (Becton-Dickinson, BD Biosciences, San Diego, CA, USA]. Data were
analyzed by Cell Cuest softwarne and the mesults were expressed as the proportions of
CD3*CD4* (CD4* T cells) as well as CO4CDLE - (Treg) and CD4+CD2T (Teff) cells
coexpressing FO-1 or CTLA-4. The percentages of CD4* T cells co-expressing CD6S amnd
the: frequencies of COMCD2E- T cells were also examined. The gating stralegy is presented
in Figure 51 in supplementary materials. In order to demonstrate quantitative eqpression
of immune checkpoints as well as CD69 protein at the single-cell levels, the results ane
shown as mean fluoresence intensity (MFI) values and expressed in arbitrary units (A L)

4.5. Statistical Analysis

Statistical analyses of the clinical data and laboratory findings were performed using
the Statistica 7.1 package (TIBCO Software Inc., Palo Alto, CA, USA) and GraphFad Prism
8.01 {GraphPad Software, San Diego, CA, USA). Clinical parameters were presented as
absolute numbers and percentages for frequencies. For all other analyzed variables, the
median values and 25th and 75th interquartile ranges (10 ranges) weme caloulated. As col-
lected data were not normally distributed and/ or had heerogeneous variances, differenses
betw aen examined groups were evaluated using a one-way analysis of variance (ANOVA),
with the Kruskal-Wallis or the Mann—Whitney U st as nonparametric alternatives The
Kaplan-Meier method was used to plot survival curves and the difference between curves
was calculated by the log-rank test A pvalue < 0.05 was considered significant.

Suwleuenh.l}rulhriﬂ.t The ﬁbhv:l‘lﬁhp?ﬂl‘h‘lﬁ information can be downloaded at hitps:
{ Fwww mdpi.com,’ article/ 1003390 / ijms2 4065730/ 51
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Table 51. Patient climical and laboratory characteristics.

Newly Diagnosed Relapsed/Refractory
Parameters (NDMM) (REMM) Total

MNumber of patients, n (%) 26 (65%) 14 (35%) 40 (100%)
Age of patients, years

median (range) &6 (50-T6) 72 (65-75) £ (59-T6)
Gender , m (%)

Female 17 (65.38%) 4 (28.57%) 21 (52.5%)

Male 9 (3462%) 10 (71.43%) 19 (47.5%)
ISS stage at diagnosis, 1 (%)

I 5 (12.23%) 1(714%) 6 (15.00%)

I 10 {38.467%) & (42 B6%) 16 (40.00%)

m 11 {42.31%) 7 (50.00%) 18 (45.00%)
Type of myeloma, o (%)

IgG 1B (69.23%) 9 (6428%) 27 (67.50%)

IgA 3(1154%) 3(21.43%) 6 (15.00%)

Light chain disease 5 (19.23%) 2 (14 29%) 7 (17.50%)
Type of Ig light chain (serum), n (%)

Kappa 16 (61.54%) 7 (50.00%) 23 (57.50%)

Lambda 9 (3462%) 7 (50.00%) 16 (40.00%)

Unknown 1({3.64%) 0 (0.00%) 1(2.50%)
Osteolytic bone lesion/s, o (%)

Present 15 {(57.69%) 13 (92.86%) 28 (70.00%E)

Absent 11 {42.31%) 1(7.14%) 12 (30.00%)
Morphelogical indicators, n (%)

Hemoglobin =12 g/dl. 23 (BB AT 8 (57.14%) 31 (77.50%)

Flatelets < 100,000/mm* 2 (769%) 1(7.14%) 3 (7.50%)
Biodhemical indicators, n (%)

f-2 microglobulin = 3.5 mg/T. 1B {69.23%) 9 (6L 29%) 27 (67.50%)

Creatinine = 2.0 mg/dL 9(3462%) 4 (28.57%) 13 (32.50%)

LDH =190 U/L 6 (23.08%) 2(1429%) 8 (20.00%)

Serum caldum = 10 mg/dL 9 (3462%) 11 (7B.57%) 20 (30.00%)
Prior treatment, m (%)

1-3 therapy limes 0 (D%:) 5 (57.14%) 8 (20.00%)

z 4 therapy lines 0(0%) 6 (42.B6%) 6 (15.00%)

BTZ based therapy 0(D%) 12 (B5.71%) 12 (30.00%)

IMAD therapy 0 (D%:) 11 (FB.5T%) 11 {27.50%)

Mo therapy 26 (100%) 0 (%) 26 (65.00%)

Abbreviations: BTZ, bortezomib; LDH, lactate debydrogenases; IS5, Intemational Staging System;

IMIED, immunomodulatory drag.
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Figure 31. Fepresentative dot plots from MM patient and healthy control (HC). Dot plots demonsirate the gatmg
shratepy for assessing the proportion of CD4+ T cells (CD3CD4). Treg (CD4-CD127) and Teff (CD4-CD127+) cells
coexpressing FO-1 or CTLA~ protein. (2) Dot plots show the method for analyzing PD-1 or CTLA~ positive
CD# T cells. Lymphocytes wese gated (F1) based on their FSC/S5C properties, and then T cells were identified on
the S5C/CD3 profle (F2). The F2 gated events were next analyzed for CD4 and FD-1 or CTLA4 staining.
MNumbers on dot plots show the percenfage of FDM1 or CTLA-3 positive CD4* T cells. (b) Dot plots show the
method for analyzing FD-1 or CTLA-# positive Treg and Teff cells. The Bl gated lymphocytes were subsequent
gated on S5CCDH (RI) to identify CD¥ cells. The B2 gated populations were then analyzed for CO127 and FD-1
or CTLA~4 staining. Numbers on dot plots show the percerdage of FDM1 or CTLA4 postive Treg and Teff cells.
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VIIl. PODSUMOWANIE WYNIKOW

Zaburzenia ekspresji immunologicznych punktow kontrolnych mogg stanowi¢ ceche
fenotypowa komorek starzejacych si¢ lub wyczerpanych i, jak wykazano we wcze$niejszych
badaniach, limfocyty T pacjentow z MM moga wykazywac¢ cechy charakterystyczne dla obu

13-15 . . . .
. Mimo ze starzenie oraz wyczerpanie

tych stanéw funkcjonalnych jednoczesnie
funkcjonalne limfocytow T przyczynia si¢ istotnie do ostabienia odpowiedzi
immunologicznej 1 rozwoju immunosupresji systemowej, warto zaznaczy¢ wystepowanie
istotnych roznic w charakterystyce fenotypowej, funkcjonalnej oraz mechanizmach
prowadzacych do rozwoju obu dysfunkcji, uwzgledniajgc réznice w poziomie ekspresji
czasteczek supresorowych (gtéwnie PD-1 i CTLA-4) i w konsekwencji rézny potencjat do
uzyskania poprawy odpowiedzi przeciwnowotworowej po zastosowaniu przeciwciat

1315 Identyfikacja dominujacego stanu dysfunkcjonalnego w

blokujacych te receptory
limfocytach T w r6znych fazach MM z uwzglednieniem ekspresji punktow kontrolnych moze
mie¢ implikacje z punktu widzenia przewidywania odpowiedzi Klinicznej na immunoterapi¢ z
zastosowaniem przeciwcial blokujacych immunologiczne punkty kontrolne, ktéra moze by¢

rézna w okreslonej fazie choroby.

W pracy pt. ,,Deregulated expression of immune checkpoints on circulating CD4 T cells
may complicate clinical outcome and response to treatment with checkpoint inhbititors in
multiple myeloma patients” oceniano ekspresje receptoréw supresorowych pehiacych rolg
immunologicznych punktéw kontrolnych w nadzorze immunologicznym, czyli PD-1,
CTLA-4 i BTLA, na powierzchni obwodowych limfocytow T CD4 — zar6wno w subpopulacji
komorek efektorowych (Teff), jak i regulatorowych (Treg) - u pacjentow z aktywnym MM w
réznych fazach choroby: w chwili zdiagnozowania (NDMM) i1 w czasie nawrotu choroby
(RRMM). Analizie poddano tez zwigzek ekspresji badanych supresorow z cechami
funkcjonalnymi limfocytow T CD4 charakterystycznymi dla immunostarzenia 1 wyczerpania.
Zaobserwowano, ze PD-1 jest jedynym biatkiem inhibitorowym wystgpujacym w istotnie
statystycznie wyzszym odsetku limfocytow T CD4 chorych na MM na kazdym etapie
choroby. Wyrazne nasilenie dystrybucji wszystkich badanych punktow kontrolnych w obrgbie
populacji limfocytow Treg w RRMM wskazuje, ze progresji choroby towarzyszy wigksza
zdolnos¢ do nabywania ekspresji czgsteczek supresorowych, co moze odpowiada¢ fenotypowi
komoérek wyczerpanych®®. Z kolei analiza ilosciowa pozwolita zauwazy¢ deficyt ekspresji
PD-1, CTLA-4 i BTLA w limfocytach T CD4 u pacjentéw, najbardziej wyrazny w grupie z
NDMM. Jak wskazuje literatura, obnizony poziom ekspresji biatka PD-1 i CTLA-4
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zaobserwowany u chorych na MM stanowi ceche charakterystyczng dla starzenia si¢ komorek
immunologicznych, przy czym proces ten w MM jest niezalezny od dtugosci telomerow™*°,
W przeprowadzonym badaniu potwierdzono, ze etap rozwoju MM jest wyraznie zwigzany Z
utratg ekspresji PD-1, CTLA-4 i BTLA na limfocytach T CD4. Wykazano bowiem, ze
poziom badanych supresoréw w grupiec NDMM byt statystycznie istotnie nizszy w
poréwnaniu do grupy kontrolnej oséb zdrowych (HC), a w przypadku CTLA-4 réwniez w
poréwnaniu do grupy chorych z RRMM. Suboptymalny poziom ekspresji punktow
kontrolnych na limfocytach T CD4 w MM moze okaza¢ si¢ niewystarczajacy do uzyskania
efektywnej poprawy odpowiedzi przeciwnowotworowej po zastosowania terapeutycznych
inhibitorow PD-1 i/lub CTLA-4, szczegolnie w grupie NDMM, co obserwowano W badaniach
klinicznych u przewazajacego odsetka chorych na MM® 7. Réwnoczesna analiza ekspresji
markera aktywacji CD69 w limfocytach T CD4 wykazata zwigkszony odsetek komoérek T
CD4+CD69+ in vivo (glownie u chorych z RRMM) z jednoczesnym obnizonym jego
poziomem w komorkach w grupie NDMM w pordéwnaniu do grupy kontrolnej (HC). Dalsza
stymulacja poliklonalna komoérek w  warunkach hodowli in vitro potwierdzita

hyporeaktywnos$¢ limfocytow T CD4 u wszystkich pacjentow z MM.

Ciekawych obserwacji dostarczyly rowniez badania funkcjonalne, ktore pokazaty nie
tylko istotnie zmniejszong u wszystkich pacjentow wielkos¢ populacji efektorowych
limfocytow Thl, ale rowniez obnizona w nich zdolno$¢ do syntezy IFN-y. Pomimo braku
statystycznie istotnych roznic wsrod chorych (pomiedzy grupami NDMM 1 RRMM), warto
podkresli¢, ze defekt populacji Thl oraz korespondujacy obnizony istotnie stosunek
odsetkowy limfocytéw Thl/Treg byly najbardziej widoczne w grupie pacjentdw z progresja
MM (RRMM). Obserwacja ta wskazuje wyraznie na postgpujace w przebiegu MM
uposledzenie odpowiedzi przeciwnowotworowej zaleznej od IFN-yZ?’. Interesujacych
wynikéw dostarczyta réwniez ocena wewnatrzkomorkowego stezenia IL-17, cytokiny o
dziataniu prozapalnym i niejasnej roli w patogenezie MM, w obrgbie populacji limfocytow T
CD4. Wykazano, ze populacja efektorowych limfocytow Th17 u wszystkich pacjentéw
niezaleznie od statusu leczenia (NDMM vs. RRMM) byta istotnie wigksza niz w grupie
kontrolnej 0s6b zdrowych (HC). Warto zauwazy¢, ze najwyzszy odsetek Th17 obserwowano
w grupie chorych z I/ll stadium zaawansowania Kklinicznego (wg ISS), czyli w okresie
rozwoju choroby. Réwniez analiza poréwnawcza stosunku limfocytoéw Th17/Treg pomiedzy
poszczegdlnymi grupami chorych (NDMM vs RRMM) pozwolita wyciagnaé podobny

wniosek, gdyz najwyzsza jego wartos¢ dotyczyta pacjentéw z nowo rozpoznanym MM
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(NDMM), a réznica w stosunku do grupy RRMM byla istotna statystycznie. Przedstawione w
pracy wyniki badan funkcjonalnych jasno wskazuja, ze progresja MM przebiega z
ostabieniem funkcji efektorowych limfocytow T CD4, co moze odpowiada¢ funkcjonalnej
charakterystyce komoérek wyczerpanych (exhausted). Stan wyczerpania charakteryzuje sie
roOwniez narastaniem ekspresji punktow kontrolnychzg'zs, CO moze przywrdci¢ reaktywnos$¢
limfocytow T na stosowanie zewnatrzkomorkowej blokady sygnatéw supresorowych. To
wazna i przydatna z klinicznego punktu widzenia obserwacja, gdyz moze skutkowa¢ poprawa
odpowiedzi klinicznej pacjentdw z RRMM na terapeutyczna blokade punktéw kontrolnych®.
Z kolei limfocyty T CD4 w grupie NDMM sg funkcjonalnie zaburzone w sposob prowadzacy
do relatywnie zwigkszonej (w porownaniu do grupy RRMM) sekrecji cytokin prozapalnych
(IFN-yi IL-17), co moze odpowiada¢ sekrecyjnemu efektorowemu fenotypowi zwigzanemu
ze starzeniem komorek, czyli SASP (senescence-associated secretory effector phenotype)?.
Immunostarzenie limfocytow obserwowane w wigkszym nasileniu w przebiegu procesow
rozrostowych jest uwazane za alternatywny sposob ucieczki komoérek nowotworowych spod
nadzoru immunologicznego %, gdyz wykazano, ze starzejace si¢ limfocyty T wydzielaja poza
cytokinami prozapalnymi réwniez czynniki immunosupresyjne, m.in. IL-10 i TGF-p%.
Wyrazny wzrost odsetkowy populacji obwodowych limfocytow Treg obserwowany w pracy u
wszystkich chorych (i dodatkowo skorelowany negatywnie ze stadiami zaawansowania
klinicznego wg ISS) uwazany jest za czynnik kreujacy srodowisko sprzyjajace konwersji
limfocytéw T do komorek starzejacych si¢, w ten sposdb promujac rozwoj nowotworu?® %,
Wykazanie dynamicznej zmiany w fenotypowej i funkcjonalnej charakterystyce obwodowych
limfocytow T CD4 w rdéznych etapach MM, tj. w czasie rozwoju (NDMM) i progresji
(RRMM) przedstawione w niniejszej rozprawie, wydajg si¢ potwierdza¢ wczesniejsza
obserwacje, ze cytostatyki i leki IMID stosowane w konwencjonalnej terapii MM w
preferencyjny spos6b usuwajg starzejace si¢ limfocyty T przy jednoczesnym

zachowaniu/przywracaniu ekspresji immunologicznych punktéw kontrolnych®.

Ponadto u badanych pacjentow z wybranymi czynnikami niekorzystnego przebiegu
klinicznego (B2-mikroglobuliny > 3,5 mg/l, izotyp IgA, ISS > 2, albumina < 3,5 g/dl, Ca w
surowicy > 10 mg/dl, hemoglobina < 12 g/dl) obserwowano statystycznie istotnic wyzsze
poziomy ekspresji markeréw aktywacji i wyczerpania komorek w limfocytach T CD4 (PD-1,
CTLA-4, CD69). Uwzgledniajac cechy kliniczne niekorzystnego przebiegu i zwigzane z nimi
czynniki immunologiczne badano nastepnie ich wplyw na calkowity czas przezycia

pacjentow (overall survival, OS). Test log-rank pozwolil potwierdzi¢ w badanej grupie
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chorych zwigzek czynnikow ztej prognozy, takich jak p2-mikroglobulina > 3 mg/dl, albumina
< 3,5 g/dl, ISS > 2, hemoglobina < 12 g/dl, kreatyniny > 2,0 g/dl, wiek > 65 r.z. z krotszym
OS. Nie znaleziono istotnego wplywu izotypu IgA, poziomu Ca, liczby krazacych
plazmocytow czy aktywnosci LDH na OS pacjentow. Sposréd czynnikéw immunologicznych
zaangazowanych w niekorzystny przebieg kliniczny MM, jedynie wysoki odsetek
CD4+CD69+ i PD-1+Teff byl zwigzany z krotszym OS w postaci tendencji statystycznej. W
jednoczynnikowej analizie regresji Coxa znaleziono istotny zwigzek albuminy < 3,5 g/dl,
kreatyniny > 2,0 g/dl, B2-mikroglobuliny > 3,5 mg/l, hemoglobiny < 12 g/dl z krétszym OS,
natomiast korelacje: hemoglobina < 12 g/dl, ISS > 2, wiek > 65 r.z. ze ztym rokowaniem
mialy istotno$¢ graniczng. Nie znaleziono zwigzku migdzy OS a surowiczym poziomem Ca,
LDH, liczbg krazacych plazmocytéw. Sposrod parametrow immunologicznych jedynie
wyzszy odsetek komodrek PD-1+Teff wykazywat tendencje do zwigkszania ryzyka zgonu, w
zwigzku z czym ten parametr immunologiczny zostal  uwzgledniony réwniez W
wieloczynnikowej analizie regresji Coxa (zbudowanej zasadniczo ~ w oparciu 0
zidentyfikowane kliniczne czynniki prognostyczne). Na jej podstawie potwierdzono w
badanej grupie pacjentoéw niezalezne znaczenie prognostyczne poziomu albuminy, anemii i
starszego wieku pacjentow. Wprawdzie zadnemu z badanych czynnikow immunologicznych
(zwigzanych z ekspresja punktéw kontrolnych) nie udato si¢ przypisa¢ znaczenia
rokowniczego, nalezy podkresli¢ wykazanie w niniejszej pracy zwiazku zwigkszonej
dystrybucji obwodowej limfocytow T o fenotypie komorek wyczerpanych PD-1+Teff z
niekorzystnych przebiegiem klinicznym i tendencjg do skroconego OS, co jest zgodne z
wezedniejsza obserwacja™, i sugeruje nadrzedna role PD-1 w sieci immunosupresyjnych

oddziatywan 1 rozwoju zaburzonej odpornosci komoérkowej w MM.

Kolejnym etapem badan, ktérych wyniki ukazaty si¢ w pracy pt.,,Innapropriate expression
of PD-1 and CTLA-4 checkpoints in myeloma patients is more pronounced at diagnosis:
implications for time to progression and response to therapeutic checkpoint inhibitors”, bylo
okreslenie znaczenia poziomu ekspresji czasteczek PD-1 i CTLA-4 w obwodowych
limfocytach T CD4 jako potencjalnego czynnika predykcji odpowiedzi na terapeutyczne
inhibitory PD-1/PD1-L i CTLA-4. Ocenie poddano TTP, czyli czas przezycia od momentu
rozpoczgcia leczenia do rozpoznania laboratoryjnych i/lub klinicznych cech progresji choroby
z ocenzurowanymi (wyeliminowanymi) zgonami z przyczyn innych niz progresja MM. W
tym celu rozszerzono analiz¢ kliniczng pacjentéw z aktywnym MM o oszacowanie TTP w

obu badanych grupach pacjentow (NDMM i RRMM) w zalezno$ci od ekspresji PD-1 i
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CTLA-4 w obwodowych limfocytach T CD4 (Teff i Treg). W badaniu tym potwierdzono
ponadto obserwowany defekt ilosciowy ekspresji PD-1 i CTLA-4 oraz CD69 na limfocytach
T CD4 w grupie NDMM w poréwnaniu do kontrolnej grupy oséb zdrowych (HC), a w
przypadku CTLA-4 réwniez w stosunku do grupy RRMM. Nastepnie dokonano podziatu obu
grup pacjentow NDMM i RRMM na 2 podgrupy: z niskg lub wysoka ekspresja PD-1 lub
CTLA-4. Granicg podziatu byta wartos¢ mediany ekspresji (okreslanej jakosciowo - jako
warto$§¢ odsetkowa limfocytow z ekspresja receptora lub ilosciowo - jako intensywnos¢
fluorescencji badanego receptora MFI). Nie znaleziono zaleznosci TTP od jakoSciowej
ekspresji CTLA-4 w limfocytach T CD4 (mierzonej jako odsetek limfocytow z ekspresja
CTLA-4). W grupie wszystkich pacjentéw z MM wykazano natomiast wyrazny pozytywny
zwigzek poziomu ekspresji (intensywnosci fluorescencji) CTLA-4 w limfocytach T CD4+ z
dhugoscig TTP (bardziej wyrazny w subpopulacji Teff). Jednak szczegdtowa analiza kliniczna
uwzgledniajaca etap choroby (NDMM i1 RRMM) pozwolita zaobserwowac, ze zaleznos$¢ ta
wystepuje jedynie w grupie NDMM; pacjenci z NDMM  z poziomem ekspresji CTLA-4 w
limfocytach T CD4+ ponizej mediany majg statystycznie istotnie skrocony TTP w
przeciwienstwie do grupy RRMM, w ktorej takiej zaleznosci nie obserwowano. Powyzsza
obserwacja sugeruje, ze blokowanie CTLA-4 moze by¢ niekorzystna strategia terapeutyczng
w grupie pacjentow z NDMM. W odniesieniu do PD-1, znaleziono szereg negatywnych
zwigzkow pomiedzy dtugoscig TTP a ekspresja PD-1 (zarowno oceniang jakosciowo - jako
odsetek komoérek PD-1+, jak 1 iloSciowo - jako intensywno$¢ fluorescencji PD-1 w
komorkach) w calej grupie pacjentéw z MM; zauwazono, ze TTP jest skrécony u pacjentow z
wyzszym odsetkiem limfocytow CD4+PD-1+, PD-1+Treg, PD-1+Teff oraz fluorescencja
(poziomem) PD-1 w komorkach Treg i Teff. Wyniki te kompleksowo i zgodnie z badaniem
przeprowadzonym przez Alrasheed et al.*® wskazuja, ze pacjenci z wysoka ekspresja PD-1 w
limfocytach T CD4 doswiadczaja progresji MM wcze$niej niz pacjenci z niska ekspresja PD-
I, 1 réznice te maja cechy istotnosci lub tendencji statystycznej. Szczegdtowa analiza
kliniczna przeprowadzona w niniejszej pracy pozwolita wskaza¢, ze powyzsze zaleznosci
dotycza tylko grupy pacjentdow z nawrotowa postacia MM (RRMM). W grupie NDMM
powyzszej zalezno$ci nie obserwowano, co lacznie wskazuje, ze zastosowanie
terapeutycznych przeciwciat blokujacych PD-1 moze by¢ korzystng klinicznie forma terapii
MM dla pacjentow z RRMM, szczegodlnie tych z wysoka ekspresja PD-1. W pracy tej
potwierdzono takze suboptymalny poziom aktywacji in vivo limfocytow T CD4 w grupie
NDMM okreslony na podstawie ilo§ciowej ekspresji markera aktywacji CD69 w poréwnaniu

do korespondujacych komoérek os6b zdrowych (HC). Pomimo Ze zauwazono rowniez roéznice
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w poréwnaniu do ekspresji CD69 w limfocytach pacjentéw RRMM, to nie byla ona istotna
statystycznie. Ocena reaktywnos$ci limfocytow T poprzez okreslenie ekspresji CD69 ma
rowniez warto$¢ predykcyjna w kontekscie mozliwosci zastosowania terapii blokujacej
punkty kontrolne nadzoru immunologicznego'” *. Obnizony poziom CD69 in vivo (oraz
stwierdzona w poprzedniej pracy hyporeaktywnos¢ limfocytow T CD4 w badaniach in vitro)
korespondujace dodatkowo z deficytem ekspresji receptoréw supresorowych PD-1 i CTLA-4,
obserwowane w obu niniejszych pracach u pacjentow z NDMM, sugeruja, ze
hyporeaktywno$¢ komorkowa i1 immunosupresja w czasie rozwoju MM nie wynika z

ekspresji badanych punktéw kontrolnych.

Cieckawg obserwacja przedstawiong w niniejszej pracy bylo réwniez wykazanie, ze
limfocyty T CD4 wszystkich chorych na MM maja statystycznie istotnie zwigkszong
populacj¢ obwodowych limfocytoéw CD4+CD28- (z negatywna ekspresja CD28). Wprawdzie
ekspansja komorek CD4+CD28- stwierdzana w grupie RRMM byla istotnie wigksza w
poréwnaniu do tej obserwowanej w grupie kontrolnej (HC), to jednoczesnie byla wyraznie
mniejsza niz w grupie pacjentow z NDMM, co razem wskazuje, ze poczatkowy etap choroby
cechuje najwyzszy odsetek limfocytéw T CD4+CD28-. Podobng obserwacj¢ przedstawiono
tez W innej pracy u pacjentdw z MM™, Biorac pod uwage, ze brak ekspresji antygenu CD28

k" 32, stwierdzenie

uwazany jest za jedng z fenotypowych oznak immunostarzenia komore
wyraznie wigkszego odsetka limfocytow T CD4+CD28- w MM potwierdza, ze
immunostarzenie limfocytow T w przebiegu MM jest dysfunkcjonalnym stanem
dominujagcym we wczesnych etapach choroby (NDMM), co moze istotnie obnizac¢
skuteczno$¢ kliniczng terapeutycznych inhibitoréw punktéw kontrolnych w grupie pacjentow
z NDMM. Z drugiej strony, literatura wskazuje, ze starzejace si¢ limfocyty CD4+CD28- maja
wlasciwosci komoérek autoreaktywnych i ich ekspansja obwodowa cechuje procesy
autoimmunizacyjne, ktore u pacjentow z MM sg stwierdzane statystycznie czeSciej I w istotny

sposob pogarszaja rokowanie®* .

Wykazanie dodatkowo zwigzku czynnikow niekorzystnego przebiegu klinicznego ze
skroceniem TTP w badanej grupie chorych pozwolito potwierdzi¢ reprezentatywnos$¢
kliniczng pacjentow wilaczonych do badan immunologicznych. W szczegdlnosci sposrod
badanych czynnikow ztej prognozy (wiek > 65 r.z., ISS > 2, hemoglobina < 12 g/dl, p2-
mikroglobulina > 3,5 mg/Il, albumina < 3,5 g/dl, kreatynina > 2,0 g/dl, plazmocyty > 5%,

LDH > 190 U/l, poziom Ca w surowicy > 10 mg/l) wykazano istotny zwiagzek zwigkszonego
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poziomu [2-mikroglobuliny 1 krazacych plazmocytow oraz anemii z wczes$niejszym

wystgpieniem progresji MM.

74



IX. WNIOSKI

llosciowy defekt ekspresji immunologicznych punktow kontrolnych stwierdzony w
limfocytach T CD4 u chorych na MM polegajacy na wyraznym obnizeniu ich
poziomu w grupie NDMM oraz cz¢§ciowym przywroceniu ekspresji u chorych z
RRMM moze by¢ niewystarczajagcy do uzyskania istotnej poprawy odpowiedzi
przeciwnowotworowej po zastosowaniu terapeutycznych inhibitorow, i stanowi¢ jedna

Z przyczyn ostabionej odpowiedzi klinicznej na t¢ forme¢ terapii w MM.

. Suboptymalny poziom ekspresji badanych punktow kontrolnych z towarzyszaca
ekspansjg obwodowa autoreaktywnych komoérek CD4+CD28- stwierdzany u chorych
na MM (najbardziej wyrazne w grupie NDMM) moga $wiadczy¢ o uposledzonej
tolerancji immunologicznej i nasilonym potencjale do proceséw autoimmunizacyjnych
zarowno W przebiegu MM, jak i w czasie terapii z uzyciem przeciwciat blokujacych

PD-1 i/lub CTLA-4.

. Wykazanie zwigzku obnizonego poziomu ekspresji CTLA-4 w limfocytach T CD4 ze
skroceniem czasu do progresji (TTP) w grupie NDMM wskazuje, ze blokowanie
CTLA-4 za pomoca terapeutycznych przeciwcial moze by¢ niekorzystng strategia

lecznicza dla pacjentow dotychczas nieleczonych (NDMM).

. Sposérod badanych immunologicznych punktéw kontrolnych jedynie PD-1 jest
stwierdzany na istotnie wigkszym odsetku limfocytow T CD4 niezaleznie od etapu
klinicznego MM, co moze wskazywa¢ na nadrzedng role PD-1 w zaburzeniach

odpornosci komorkowej 1 rozwoju immunosupresji zwigzanej z ta choroba.

. Wprawdzie zadnemu z badanych parametréw immunologicznych (zwigzanych z
ekspresja punktow kontrolnych) nie udato si¢ przypisa¢ znaczenia rokowniczego,
jednak wykazano istotny zwigzek zwiekszonego odsetka limfocytéw efektorowych T
(Teff) ko-ekspresjonujgcych PD-1 (Teff-PD-1+) z niekorzystnym przebiegiem

klinicznym 1 tendencjg do skrocenia catkowitego przezycia (OS).

. Stwierdzenie zwiazku zwigkszonej ekspresji PD-1 ze skroceniem czasu do progresji
(TTP) w grupie RRMM sugeruje, ze jest to jedyna grupa pacjentow z MM, w ktorej

zastosowanie terapeutycznych inhibitorow osi PD-1/PD1-L moze przynie$¢ korzysé
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kliniczng, 1 wskazuje na zasadno$¢ oznaczania ekspresji PD-1 przed rozpoczeciem tej

formy terapii w nawrotowym MM.
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AU

BTLA

Ca

CAR-T cell
CD
CTLA-4
DC

DNA

HC

ICI
IFN

IL
IMID
IMWG

IRAE
ISS

LDH
MFI
MM
NDMM
NK
ORR
0S
PBMC
PD-1

X. WYKAZ STOSOWANYCH SKROTOW

arbitrary unit, jednostka arbitrarna

B and T lymphocyte activation attenuator, straznik aktywacji limfocytow B i T
calcium, wapn

chimeric antigen receptor T-cell, limfocyt T z chimerycznym receptorem
cellular differentiation antigen, antygen réznicowania komoérkowego

cytotoxic T cell-associated antygen-4, antigen-4 cytotoksycznych limfocytow T
dendritic cell, komoérka dendrytyczna

deoxyribonucleic acid, kwas dezoksyrybonukleinowy

healthy control, osoba zdrowa (z grupy kontrolnej)

immune checkpoint, immunologiczny punkt kontrolny

immune checkpoint inhibitor, inhibitor immunologicznego punktu kontrolnego
interferon, interferon

interleukin, interleukina

immunomodulatory drug, lek immunomodulujacy

International Myeloma Working Group, Mi¢dzynarodowa Grupa Robocza ds.
Szpiczaka

immune-related adverse event, autoimmunizacyjny objaw niepozadany

International Staging System, Migdzynarodowego Systemu Stopniowania
(Szpiczaka)

lactate dehydrogenase, dehydrogenaza mleczanowa

mean fluorescence intensity, srednia intensywnos¢ fluorescencji

multiple myeloma, szpiczak plazmocytowy

newly diagnosed MM, nowo rozpoznany MM

natural killer, naturalny zabdjca

overall response rate, wskaznik odpowiedzi klinicznej

overall survival, czas catkowitego przezycia

peripheral blood mononuclear cell, jednojadrzasta komoérka krwi obwodowej

programmed cel death-1, receptor-1 programowanej $mierci komorki,
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Pl
PMA
RRMM
SASP

SCT
Teff
TGF
Th

Treg
TTP

proteasome inhibitor, inhibitor proteasomu
phorbol 12-myristate 23-acetate
relapsed/refractory MM, nawrotowy/oporny MM

senescence-associated secretory effector phenotype, sekrecyjny efektorowy
fenotyp zwigzany ze starzeniem

stem cell transplantation, transplantacja komorek macierzystych
T effector cell, efektorowy limfocyt T

tumor growth factor, czynnik wzrostu nowotworow

T helper cell, pomocniczy (efektorowy) limfocyt T

T regulatory cell, regulatorowy limfocyt T

time to progression, czas do wystgpienia progresji
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Oddzial Kliniczny Hematologii, Onkologii Hematologicznej i Choréb Wewnetrznych

OSWIADCZENIE

Oswiadczam, ze w pracy przegladowej:

The functional significance of the bone marrow microenvironment in multiple myeloma
development and progression

Agata Kosmaczewska, Anna Masternak (Kulikowska de Nalgcz), Katarzyna Kosciow

OA Immunology 2013 Aug 01;1(1)7

DOI:10.13172/2052-9295-1-1-1018
Published online: 2013 Aug 1

mdj udzial polegal na przegladzie i krytycznej analizie pi$miennictwa, pisaniu manuskryptu oraz

pisaniu ostatecznej wersji artykutu.

Huwe Lublowtie ol Mize
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Katarzyna Kosciow Opole, 28/04/2023

Opolskie Centrum Onkologii
im. prof. T. Koszarowskiego
Klinika Onkologii

OSWIADCZENIE

Oswiadczam, Ze w pracy przegladowe;:

The functional significance of the bone marrow microenvironment in multiple myeloma
development and progression

Agata Kosmaczewska, Anna Masternak (Kulikowska de Natecz), Katarzyna Kosciow

OA Immunology 2013 Aug 01;1(1)7

DOI:10.13172/2052-9295-1-1-1018

Published online: 2013 Aug 1

mdj udziat polegat na zbieraniu i przegladzie pismiennictwa oraz krytycznej analizie manuskryptu.
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Anna Kulikowska de Nalgcz Wroctaw, 28/04/2023

Szpital Wojewddzki w Opolu
Oddziat Kliniczny Hematologii, Onkologii Hematologicznej i Choréb Wewngtrznych

OSWIADCZENIE

Oswiadczam, Ze w pracy badawczej oryginalnej:

Deregulated expression of immune checkpoints on circulating CD4 T cells may complicate
clinical outcome and response to treatment with checkpoint inhibitors in multiple myeloma
patients

Anna Kulikowska de Nalecz, Lidia Ciszak, Lidia Usnarska-Zubkiewicz, Irena Frydecka, Edyta
Pawlak, Magdalena Szmyrka and Agata Kosmaczewska

Int. J. Mol. Sci. 2021 Vol. 22(17), art. 9298 [19 s.]

DOI: 10.3390/ijms22179298
Published online: 2021 Aug 27

moéj udzial polegal na opracowaniu koncepcji pracy, opracowaniu metodologii badawczej, zbieraniu
materiatu, analizie i interpretacji danych klinicznych pacjentéw wigczonych do badania, analizie i

interpretacji danych pozyskanych w toku badania, zbieraniu pi$miennictwa, pisaniu manuskryptu oraz

pisaniu ostatecznej wersji artykutu.
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Prol. dr hah. n. med. Irena Frydecka Wractaw, 280472023

Instytut Immunalogii 1 Terapii Dodwiadezalne
b, Tudwika Hinszfelda Polskic] Akademii Nauk
we Wropiawiu

OSWIADCLENIE

Odwiadezam, 72 w prady badaweze] orvainalne;:

Deregnlated expression af immune checkpoints on circaluliog CD4 'L cclls may complicate
clinical ontcome and rusposse to treatment with checkpoint inhibitors in multiplc myeloma
patieuts

Anna Kulikowska de Natger, Tidin Ciszuk, Lidia Usnarska-Zubkiewics, [rea Frydecka, Ldyla
Pawlak, Magdalena Szmyrka and Agata Kosmaczewska

Tnt. J. Mol. Sei. 2021 Vol 2] T), art. 9298 [19 5]

DOT: 10.3390/ma221 79298

Tublisled ondine: 2021 Auyg 27

méj udziul polegat na zhierumiv danyeh klinicznych pacjentdw 1 interpretacii danvch.
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Prof. dr hab, n, med. Lidia Usnarska-Zubkicwicz Wroclaw, 28/04/2023

Klinika Hematologii, Nowatwordw Krwi
i ‘I'ransplantacji Szpiku
Uniwersyteckiego Szpitala Klinicznego
we Wroclawin

OSWIADCZENIE

Oéwiadezam, ze w pracy badawcze] oryginalnej:

Dervigulated expression of immune checkpeints on circulating CD4 T cells may complicate
clinical outcome and response to treatment with checkpoint inhibitors in multiple myeloma
patients

Anna Kulikowska de Nalgcz, Lidia Ciszak, Lidia Usnarska-Zubkiewicz, Irena Frydecka, Edyta
Pawlak, Magdalena Szmyrka and Apata Kosmaczewska

Int. J. Mol. Sci. 2021 Vol, 22(17), art, 9298 [19 5.]

DO 10,3390¢/(jms22179298
Published onlins: 2021 Aug 27

méj udziat polegat na kwalifikacji pucjeatéw do badafi, 7hiesanin probek krwi oraz anzlizie danyeh
klinicznych pacjentow wigezonyeh do badania.
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Edvta Fawlzk Wrockaow, 2870452023

Inatytut imoronoiomi | Terapii Debwdadezing]
im. Ludwika Hirszfelda Polskiej Akmieme Mank

we Wrocluwiu

DEWIADCZENIE
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Lidia Ciszak Wroolaw, 284M72023

[astytut Immunalomi 1 Terapit Dodwindezalneg
in. [ vdwika Hirszfelda Polshic] Akademii Nank
wo Wroctawin

OSWIADCZENIE

Oiwiadezam, ze w orucy budawczey orvginaing):

Deregulated expression of immuse checkpoints on circulating €I T cells may complicate
clinieal ooteome and response to treatment with chockpoial inhibitory in multiple myeloma
paticnts

Anma Kulikowska de Nakez, Lidia Cisak. Lidia Usnaeska-Zubkicwicr, fremu Trvdecka, Fdyta
Pawlak, Magdalens Szmyvka and Agata Kosmaczewska

Tnt. J. Mol, Sci. 2021 Vol 22(17), url. 9298 [19 5.}

DOL i0.3390jms22T7929%

Fablished ondine: 2071 Ay 27

mij udzul polepd o wykonanin bodowli komarkowych, barwicnin fiuoreseencyimym. unulizie
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Anna Kulikowska de Natecz Wroctaw, 28/04/2023

Szpital Wojewodzki w Opolu
Oddziat Kliniczny Hematologii, Onkologii Hematologicznej i Chorob Wewngtrznych

OSWIADCZENIE

Oswiadczam, ze w pracy badawczej oryginalnej:

Inappropriate expression of PD-1 and CTLA-4 checkpoints in myeloma patient is more
pronounced at diagnosis: implications for time to progression and response to therapeutic
checkpoint inhibitors

Anna Kulikowska de Nalecz, Lidia Ciszak, Lidia Usnarska-Zubkiewicz, Edyta Pawlak, Irena
Frydecka, Magdalena Szmyrka and Agata Kosmaczewska

Int. J. Mol Sci. 2023 Vol. 24(6), art. 5730 [17 s.]

DOI: 10.3390/ijms24065730
Published online 2023 Mar 17

moj udziat polegat na opracowaniu koncepcji pracy, opracowaniu metodologii badawczej, zbieraniu
materiatu, analizie i interpretacji danych klinicznych pacjentéw wilaczonych do badania, analizie i

interpretacji danych pozyskanych w toku badania, zbieraniu piémiennictwa, pisaniu manuskryptu oraz

pisaniu ostatecznej wersji artykutu.
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Prof. dr hab. n. mned. rena Fridecks Wroctaw, Zua4:2003
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Edyta Pawlak Wioclaw, 2B042023
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we Winchywin

OSWIADCFENIE
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Inapproprigte expression. of PD-1 sod CTLA-4 cherkpoints in myeloma peiiest is more
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Lidia Ciscak Wewrclaw, 28/04/2023

Trestytul Bornmsclogii @ Terapii Dodwiaderalng]
iitL, Lindwika Hirsetelda Prelzkic) Akademii Neuk
we Wreochawin

OSWEALHZENIE
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checkpoint inhibitars
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2.NOTA BIOGRAFICZNA
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Lek. med. Anna Kulikowska de Natecz de domo Masternak
Urodzona 10. 07. 1973 r. w Ktobucku

Wyksztalcenie:

1992-1998 r. studia na Wydziale Lekarskim Akademii Medycznej w Lodzi

1997 r. szeSciomiesigczne studia w ramach planu studiow na Wydziale Lekarskim w
Uniwersytecie Claude’a Bernard w Lyonie

Specjalizacja z chorob wewngtrznych ukonczona w 2007 r.

Specjalizacja z hematologii ukonczona 2012 r.

Studia podyplomowe ,,Zarzadzanie i finanse w ochronie zdrowia”, Uniwersytet Ekonomiczny

we Wroclawiu, ukonczone 2008 r.

Doswiadczenie:

1998-1999 r. Oddzial Chorob Wewnetrznych Wojewodzkiego Szpitala Zespolonego w
Czestochowie, stanowisko miodszego asystenta

1999-2001 r. Zespdot Wyjazdowy Oddzial Pomocy Doraznej Zespotu Opieki Zdrowotnej w
Ktobucku, kierownik zespolu wyjazdowego, lekarz ambulatorium

2001-2003 r. Kliniczny Oddziat Choréb Wewngtrznych ~ Wojewoddzkiego Szpitala
Specjalistycznego w Sosnowcu, stanowisko mtodszego asystenta

2003-2006 r. Klinika Choréb Wewnetrznych i Chemioterapii Onkologicznej SAM w
Katowicach, stanowisko mtodszego asystenta

Od 2006 r. Poradnia POZ GOBL we Wroctawiu, a nastgpnie ZPZOZ w Bierutowie

Od 2008 r. Oddziat Kliniczny Hematologii, Onkologii Hematologicznej 1 Chorob
Wewngetrznych, Poradnia Hematologiczna Szpitala Wojewodzkiego w Opolu, stanowisko

starszego asystenta

Przynaleznos¢ do towarzystw naukowych: Polskie Towarzystwo Hematologow i

Transfuzjologow
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Anna Kulikowska de Nalecz

Wykaz publikacji

1. Publikacje w czasopismach naukowych

1.1 Publikacje w czasopi$mie z IF
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I

Opis bibliograficzny IF
Kosmaczewska Agata, Bocko Dorota, Ciszak Lidia, Wiodarska-Polinska = 1,555
Iwona, Kornafel Jan, Szteblich Aleksandra, Masternak Anna, Frydecka
Irena: Dysregulated expression of both the costimulatory CD28 and
inhibitory CTLA-4 molecules in PB T cells of advanced cervical cancer
patients suggests systemic immunosuppression related to disease
progression, Pathology & Oncology Research, 2012, vol. 18, nr 2, s. 479-
489
Walter-Croneck Adam, Grzasko Norbert, Soroka-Wojtaszko Marianna, 2.351
Jurczyszyn Artur, Torosian Tigran, Rymko Marcin, Nowicki Adam,
Druzd-Sitek Agnieszka, Lech-Maranda Ewa, Madro Elzbieta, Zielifiska
Patrycja, Grygoruk-Wisniowska Iwona, Blonska Danuta, Usnarska-
Zubkiewicz Lidia, Potoczek Stanistaw, Iskierka Elzbieta, Masternak
Anna, Holojda Jadwiga, Dawidowska Dorota, Gawron Ludmita,
Barchnicka Agnieszka, Olszewska-Szopa Magdalena, Rybicka Malwina,
Gontarska Agnieszka, Jachalska Anna, Rzepecki Piotr, Subocz Edyta,
Boguradzki Piotr, Charlinski Grzegorz, Dzierzak-Mietla Monika,
Wisniewska-Piaty Katarzyna, Swistek Wojciech, Kopacz Agnieszka,
Blajer-Olszewska Beata, Swiderska Alina, Dmoszyniska Anna: Case-
adjusted bortezomib-based strategy in routine therapy of
relapsed/refractory multiple myeloma shown to be highly effective - a
report by Polish Myeloma Study Group, Leukemia Research, 2014, vol.
38, nr 7, s. 788-794, DOI:10.1016/j.leukres.2014.04.011
Hus Iwona, Walter-Croneck Adam, Masternak Anna, Jurczyszyn Artur, = 2,658
Usnarska-Zubkiewicz Lidia, Botkun Lukasz, Druzd-Sitek Agnieszka,
Rymko Marcin, Letowska Jadwiga, Lech-Maranda Ewa, Pasiarski
Marcin, Dmoszynska Anna: Real-life experience with bortezomib-based
regimens in elderly patients with newly diagnosed multiple myeloma and
comorbidities: a Polish retrospective multicenter study, Polskie
Archiwum Medycyny Wewnetrznej, 2017, vol. 127, nr 11, s. 765-774,
DOI:10.20452/pamw.4099 !
Jurczyszyn A, Radocha J, Davila J, Fiala MA, Gozzetti A, Grzasko N, 5,206
Robak P, Hus I, Waszczuk-Gajda A, Guzicka-Kazimierczak R, Atilla E,
Mele G, Sawicki W, Jayabalan DS, Charlinski G, Szabo AG, Hajek R,
Delforge M, Kopacz A, Fantl D, Waage A, Avivi I, Rodzaj M, Leleu X,
Richez V, Knopinska-Postuszny W, Masternak A, Yee AJ, Barchnicka
A, Druzd-Sitek A, Guerrero-Garcia T, Liu J, Vesole DH, Castillo JJ.
Prognostic indicators in primary plasma cell leukaemia: a multicentre
retrospective study of 117 patients.
Br J Haematol. 2018 Mar;180(6):831-839. doi: 10.1111/bjh.15092
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Olszewska-Szopa Magdalena, Sobas Marta, Laribi Kamel, Bao Perez
Laura , Drozd-Sokotowska Joanna, Subocz Edyta, Joks Monika, Zduniak
Krzysztof, Gajewska Malgorzata, Kulikowska de Nalecz Anna ,
Romejko-Jarosiniska Joanna, Kumiega Beata, Waszczuk-Gajda Anna,
Wrébel Tomasz, Czyz Anna: Primary cutaneous indolent B-cell
lymphomas - a retrospective multicenter analysis and a review of
literature, Acta Oncologica, 2021, vol. 60, nr 10, s. 1361-1368,
DOI:10.1080/0284186X.2021.1956689

Madry Krzysztof, Lis Karol, Tukiendorf Andrzej, Szwedyk Pawet,
Kapelko-Stowik Katarzyna, Subocz Edyta, Golos Aleksandra, Makowska
Wioletta, Masternak Anna, Kopinska Anna, Czemerska Magdalena,
Zawadzka-Leska Sara, Rusicka Patrycja, Drozd-Sokotowska Joanna,
Wiater Elzbieta, Holojda Jadwiga, Pogtédek Barttomiej, Centkowski
Piotr, Waszczuk-Gajda Anna, Machowicz Rafat, Hatka Janusz, Czerw
Tomasz, Basak Grzegorz, Dwilewicz-Trojaczek Jadwiga: Low serum
albumin level deteriorates prognosis in azacitidine-treated
myelodysplastic syndromes patients - results of the PALG study
'PolAZA", Hematology, 2021, vol. 26, nr 1, 5. 556-564,
DOI:10.1080/16078454.2021.1956182 )

Kulikowska de Nal¢cz Anna, Ciszak Lidia, Usnarska-Zubkiewicz Lidia,
Frydecka Irena, Pawlak Edyta, Szmyrka Magdalena, Kosmaczewska
Agata: Deregulated expression of immune checkpoints on circulating
CD4 T cells may complicate clinical outcome and response to treatment
with checkpoint inhibitors in multiple myeloma patients, International
Journal of Molecular Sciences, 2021, vol. 22, nr 17, art.9298 [19 s.],
DOI:10.3390/ijms22179298 B

Grzasko Norbert, Charlinski Grzegorz, Morawska Marta, Kicinski Pawel,
Waszczuk-Gajda Anna, Drozd-Sokotowska Joanna, Subocz Edyta,
Bloniska Danuta, Razny Matgorzata, Druzd-Sitek Agnieszka, Holojda
Jadwiga, Swiderska Alina, Usnarska-Zubkiewicz Lidia, Masternak
Anna, Giannopoulos Krzysztof: Bendamustine-based regimens as
salvage therapy in refractory/relapsed multiple myeloma patients: a
retrospective real-life analysis by the Polish Myeloma Group, Journal of
Clinical Medicine, 2021, vol. 10, nr 23, art.5504 [12 s.],
DOI:10.3390/jcm 10235504 o

Barbui Tiziano, Carobbio Alessandra, Ghirardi Arianna, Iurlo
Alessandra, Sobas Marta Anna, Elli Elena Maria, Rumi Elisa, De Stefano
Valerio, Lunghi Francesca, Marchetti Monia, Daffini Rosa, Gasior Kabat
Mercedes, Cuevas Beatriz, Fox Maria Laura, Andrade-Campos Marcio
Miguel, Palandri Francesca, Guglielmelli Paola, Benevolo Giulia,
Harrison Claire, Foncillas Maria-Angeles, Bonifacio Massimiliano,
Alvarez-Larran Alberto, Kiladjian Jean-Jacques, Bolafios Calderén
Estefania, Patriarca Andrea, Quiroz Cervantes Keina, Griesshammer
Martin, Garcia-Gutierrez Valentin, Marin Sanchez Alberto, Magro Mazo
Elena, Carli Giuseppe, Hernandez-Boluda Juan Carlos, Osorio Santiago,
Carreno-Tarragona Gonzalo, Sagues Serrano Miguel, Kusec Rajko,
Navas Elorza Begona, Angona Anna, Xicoy Cirici Blanca, Lopez Abadia
Emma, Koschmieder Steffen, Cattaneo Daniele, Bucelli Cristina,
Cichocka Edyta, Kulikowska de Nalecz Anna, Cavalca Fabrizio,
Borsani Oscar, Betti Silvia, Bellini Marta, Curto-Garcia Natalia,
Rambaldi Alessandro, Vannucchi Alessandro Maria: Determinants of
early triage for hospitalization in myeloproliferative neoplasm (MPN)
patients with COVID-19 [letter to the editor], American Journal of
Hematology, 2022, vol. 97, nr 12, E470-E473, DOI:10.1002/ajh.26732
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Sobas Marta, Kiladjian Jean-Jacques, Beauverd Yan, Curto-Garcia 7,642% 40
Natalia, Sadjadian Parvis, Shih Lee Yung, Devos Timothy,
Krochmalczyk Dorota, Galli Serena, Bieniaszewska Maria, Seferynska
Ilona, McMullin Mary Frances, Armatys Anna, Spalek Adrianna,
Waclaw Joanna, Zdrenghea Mihnea, Legros Laurence, Girodon Frangois,
Lewandowski Krzysztof, Angona Figueras Anna, Samuelsson Jan, Abuin
Blanco Aitor, Cony-Makhoul Pascale, Collins Angela, James Chloé,
Kusec Rajko, Lauermannova Marie, Noya Maria Sol, Skowronek
Malgorzata, Szukalski Lukasz, Szmigielska-Kaplon Anna, Wondergem
Marielle, Dudchenko Iryna, Gora Tybor Joanna, Laribi Kamel,
Kulikowska de Nalecz Anna, Demory Jean-Loup, Le Du Katell,
Zweegman Sonja, Besses Raebel Carlos, Skoda Radek, Giraudier
Stéphane, Griesshammer Martin, Harrison Claire N., lanotto Jean-
Christophe: Real-world study of children and young adults with
myeloproliferative neoplasms: identifying risks and unmet needs, Blood
Advances, 2022, vol. 6, nr 17, s. 5171-5183,
DOI:10.1182/bloodadvances.2022007201 _
Barbui Tiziano, Carobbio Alessandra, Ghirardi Arianna, Iurlo 9,812* 140
Alessandra, De Stefano Valerio, Sobas Marta, Rumi Elisa, Elli Elena
Maria, Lunghi Francesca, Gasior Kabat Mercedes, Cuevas Beatriz,
Guglielmelli Paola, Bonifacio Massimiliano, Marchetti Monia, Alvarez-
Larran Alberto, Fox Laura, Bellini Marta, Daffini Rosa, Benevolo Giulia,
Carreno-Tarragona Gonzalo, Patriarca Andrea, Al-Ali Haifa Kathrin,
Andrade-Campos Maria Marcio Miguel, Palandri Francesca, Harrison
Claire, Foncillas Maria Angeles, Osorio Santiago, Koschmieder Steffen,
Magro Mazo Elena, Kiladjian Jean-Jacques, Bolafios Calderdén Estefania,
Heidel Florian H., Quiroz Cervantes Keina, Griesshammer Martin,
Garcia-Gutierrez Valentin, Sanchez Alberto Marin, Hernandez-Boluda
Juan Carlos, Lopez Abadia Emma, Carli Giuseppe, Sagues Serrano
Miguel, Kusec Rajko, Xicoy Cirici Blanca, Guenova Margarita, Navas
Elorza Begona, Angona Anna, Cichocka Edyta, Kulikowska de Nalecz
Anna, Cattaneo Daniele, Bucelli Cristina, Betti Silvia, Borsani Oscar,
Cavalca Fabrizio, Carbonell Sara, Curto-Garcia Natalia, Benajiba Lina,
Rambaldi Alessandro, Vannucchi Alessandro Maria: Breakthrough
infections in MPN-COVID vaccinated patients [letter to the editor],
Blood Cancer Journal, 2022, vol. 12, nr 11, art.154 [6 s.],
DOI:10.1038/541408-022-00749-8 )

Stuckey Ruth, Ianotto Jean-Christophe, Santoro Marco, Czyz Anna, Perez  8,615*% 140
Encinas Manuel M., Gomez-Casares Maria Teresa, Noya Pereira Maria
Soledad, Kulikowska de Nalecz Anna, Golos Aleksandra, Lewandowski
Krzysztof, Szukalski Lukasz, Gonzalez-Martin Jestis M., Wrdbel
Tomasz, Sobas Marta Anna: Validation of thrombotic risk factors in 1381
patients with essential thrombocythaemia: a multicentre retrospective
real-life study, British Journal of Haematology, 2022, vol. 199, nr 1, s.
86-94, DOI:10.1111/bjh.18387
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13.  Barbui Tiziano, Iurlo Alessandra, Masciulli Arianna, Carobbio 12,897*

Alessandra, Ghirardi Arianna, Carioli Greta, Sobas Marta Anna, Elli
Elena Maria, Rumi Elisa, De Stefano Valerio, Lunghi Francesca,
Marchetti Monia, Daffini Rosa, Kabat Mercedes Gasior, Cuevas Beatriz,
Fox Maria Laura, Andrade-Campos Marcio Miguel, Palandri Francesca,
Guglielmelli Paola, Benevolo Giulia, Harrison Claire, Foncillas Maria
Angeles, Bonifacio Massimiliano, Alvarez-Larran Alberto, Kiladjian
Jean-Jacques, Calderon Estefania Bolafios, Patriarca Andrea, Cervantes
Keina Quiroz, Griessammer Martin, Garcia-Gutierrez Valentin, Sanchez
Alberto Marin, Mazo Elena Magro, Ruggeri Marco, Hernandez-Boluda
Juan Carlos, Osorio Santiago, Carrefio-Tarragona Gonzalo, Serrano
Miguel Sagues, Kusec Rajko, Elorza Begona Navas, Angona Anna, Cirici
Blanca Xicoy, Abadia Emma Lopez, Koschmieder Steffen, Cattaneo
Daniele, Bucelli Cristina, Cichocka Edyta, Anna Masternak
Kulikowska de Nalgcz, Cavalca Fabrizio, Borsani Oscar, Betti Silvia,
Benajiba Lina, Bellini Marta, Curto-Garcia Natalia, Rambaldi
Alessandro, Vannucchi Alessandro Maria: Second versus first wave of
COVID-19 in patients with MPN [letter to the editor], Leukemia, 2022,
vol. 36, nr 3, s. 897-900, DOI:10.1038/s41375-022-01507-2
14. Kulikowska de Nal¢cz Anna, Ciszak Lidia, Usnarska-Zubkiewicz Lidia, = 6,208*
Pawlak Edyta, Frydecka Irena, Szmyrka Magdalena, Kosmaczewska
Agata: Inappropriate expression of PD-1 and CTLA-4 checkpoints in
myeloma patients is more pronounced at diagnosis: implications for time
to progression and response to therapeutic checkpoint inhibitors,
International Journal of Molecular Sciences, 2023, vol. 24, nr 6, art.5730
[17 s.], DOI:10.3390/ijms24065730
Podsumowanie - 87,959
*IF 2021
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KOMISIA BIOETYCZNA

przy

Uniwersytecie Medyeznym

we Wroclawin

ul. Pasteura 1. 50-367 WROCLAW

OPINIA KOMISII BIOETYCZNE] Nr KB - 5282017

Komisja Bioetvezrna prey [niwessyiecie Medyeznym we Wroctawiu, powotana
zarrydzeniem Reklora Uniwersytetu Medyeznego we Wroclawiu ne 78/XY R:2014 z dnia 26
listopaca 2014 1. oraz dzalojoca w trvbie przewidzianym rozporzgdzeniem Ministra Zdrowia
i Opieki Spotecznz] z dniz 11 maja 1999 1. (DAL nr 47, poz. 480) na padstawie ustawy
o zawodzic Ickarza z dnia 3 grudnia 1996 r. (D10, nr 28 z 1997 1. poz. 152 z pozniejszymi
zmianami b w skladzic:

prof. dr hab. Macie] Baglaj (chirurgia, pedialriu)

pral’ drhah. Kurol Bal (GlosoRa)

dr hab. Jacek Daroscewski (endokrynologia, diabetologial

prof. dr hab. Krzysztof Grabowski (chirurgia)

dr Henrvk Kaczkowski {(chirvorgia szezgkowa, chirurgia slomalologicsna)

mgr Trena Knahel-Krzvszowska (larmacia)

prof. dr hab. Jersy Tiebhart {choroby wewnetizne, alergologia)

ks. dr hab. Piolr Mrevghod (duchowny)

mar Luiza Miller iprawo)

prof, dr hab. Kryvstvna Orzechowska-Juzwenko  (Tarmakologia kliniczna, choroby
wewnglezne)

prol. dr hab. Zbigniew Rudkowski {pediatria)

dr hab. Stawomir Sidorowicz (psvehiatria)

Dunuta Taskowska {polozniciwe)

dr hab. Andrzej Wojnar {histopatologia, dermatologia) przedstawicicl Dolnoslaskic) Tzby
Lekarskicj)

pad przeviadnictwem
prof. dr hab, Jana Kornafela ¢ ginckologia i poloznictwo. onkologia)

Przestrzegajac w dziatalnodei zasad Goad Clinical Practive oraz zasad Dekluracji Helsinskiej,
p¢r znpoymaniu sig 2 projektem badawesym pl.:

..Ekspresia supresorowych antvgendw BILA, PD-1 1 CTLA-4 w populacji ctektorowych
i regulatorowyceh limfaeytow krwi abwodowe) u chorych na sepiczaka plazmacytowego™
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sgloszonym przez lek. Anng Masternak zatudniong v Oddziale Hematologii i Umkelogii
Hematologiczngj  Szpilula Wojewddzkicgo w Opolu  vriz zlozonymi wraz z wnioskiem
dokumentami, w fajnym glosowaniu postanowila wyrazié zgode na przeprowadzenic badania
w Klinice Hematologii, Nowotwordw Krwd i Transplantacii Szpiku SPSK Nrlwe Wrockawiu;
Oddziale [lematologii i Onkologii Hematologicrnej Szpitala Wojewodiego w Opalu vraz
laboratorium Immunopatologii Instytutu Immunologii i Terapii  Doswiadezalng PAN we
Wraclawiu pod nadzorem dr hah.  Agaty Kosmaczewskizj, prof. nadzw, pod warunkicm
zachowunia anonimowodci uzyskanych danych.

Pauesenic: W cigou 14 dni od otrzymania decyzji wnioskodawey przystugwie prawo
odwolaniu do Komisji Odwolawesej za posrednictwem Komisii Bioctveznel UM we
Wroclawiu,

Opinia powyzsza dotyczy prajekin badawczego bedacego podstawa rozprawy doktorskiei.

Wioclaw, dniu D sierpnia 2017 r. Urmersyial teaglzny we Wrockawl
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