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WYKAZ STOSOWANYCH SKROTOW

auto-HSCT —przeszczepienie autologicznych krwiotworczych komoérek macierzystych
(ang. autologous hematopoetic stem-cell transplantation)

Cl — przedziat ufnosci (ang. confidence interval)

CR — catkowita remisja (ang. complete remission)

CRBN — cereblon (ang. cereblon)

CULA4A - biatko wchodzace w sktad kompleksu ligazy E3 ubitkwityny (ang. cullin 4A)

DDB1 - biatko wchodzace w sktad kompleksu ligazy E3 ubikwityny (ang. DNA
damage-binding protein-1)

D-VTd — daratumumab, bortezomib, talidomid, deksametazon (ang. daratumumab,
bortezomib, thalidomide, dexamethasone)

FLC — wolny lekki tancuch immunoglobulinowy (ang. free-light chain)

HR — wspotczynnik ryzyka (ang. hazard ratio)

IKZF1 — czynnik transkrypcyjny Ikaros (ang. lkaros family zinc finger 1)

IKZF3 — czynnik transkrypcyjny Aiolos (ang. Ikaros family zinc finger protein 3)
IL-2 — interleukina 2 (ang. interleukin-2)

IMiDs — leki immunomodulujace (ang. immunomodulatory drugs)

IFN-y — interferon gamma (ang. interferon gamma)

ISS — Miedzynarodowy Indeks Prognostyczny (ang. International Staging System)

RBX1 — biatko wchodzace w sktad kompleksu ligazy E3 ubitkwityny (ang. RING-box
protein 1)

Rd — lenalidomid, deksametazon (ang. lenalidomide, dexamethasone)
MM — szpiczak plazmocytowy (ang. multiple myeloma)

MRD — mierzalna choroba resztkowa (ang. measurable residual disease)
PD — progresja choroby (ang. progressive disease)

Pd — pomalidomid, deksametazon (ang. pomalidomide, dexamethasone)
PR — czg$ciowa remisja (ang. partial response)

PFS — przezycie wolne od progresji (ang. progression-free survival)

rFLC — stosunek stezen tancuchow lekkich immunoglobulin w surowicy (ang. serum
free-light chain ratio)

SD - stabilizacja choroby (ang. stable disease)
Td — talidomid, deksametazon (ang. thalidomide, dexamethasone)
VGPR — bardzo dobra cz¢$ciowa remisja (ang. very good partial response)

VRd - bortezomib, lenalidomid, deksametazon (ang. bortezomib, lenalidomide,
dexamethasone)

VTd — bortezomib, talidomid, deksametazon (ang. bortezomib, thalidomide,
dexamethasone)



ZARYS PROBLEMU

Szpiczak plazmocytowy (ang. multiple myeloma, MM) jest chorobg
nowotworowg uktadu chtonnego, charakteryzujaca si¢ klonalnym rozrostem komorek
plazmatycznych, tj. limfocytow B bedacych na ostatnim etapie dojrzewania
I roznicowania. Pomimo faktu, ze szpiczak plazmocytowy jest nowotworem rzadkim
I stanowi okoto 1% wszystkich choréb nowotworowych, wsréd rozrostow
hematoonkologicznych MM obejmuje okoto 10% 1 jest jedna z najczgstszych chordb
nowotworowych uktadu chionnego [1], [2]. Wedlug rejestrow prowadzonych przez
Narodowy Instytut Raka (ang. National Cancer Institute, NCI), zapadalno$¢ roczna na
MM w Stanach Zjednoczonych, na podstawie danych epidemiologicznych z lat 2010 —
— 2019 , ustabilizowata si¢ i wynosi aktualnie 6,9 przypadkow na 100 000 oséb [3].
W Polsce obserwuje si¢ staly wzrost zarowno liczby nowych zachorowan na MM,
jak i liczby zgonow z powodu MM. Wedtug danych z Krajowego Rejestru Nowotworow,

W ciggu ostatnich dwudziestu lat wskazniki te uleglty podwojeniu, Tabela nr 1.

Tabela nr 1. Epidemiologia szpiczaka plazmocytowego w Polsce na podstawie danych

z Krajowego Rejestru Nowotworow.

Liczba Wspélezynnik Wspélezynnik
Rok Liczba zgonow

zachorowan zachorowalnosci umieralnosci
1999 829 2,15 762 1,98
2004 1122 2,94 1090 2,85
2009 1132 2,97 1169 3,06
2014 1498 3,89 1282 3,33
2019 1713 4,46 1410 3,67

Obecnie celem leczenia MM jest uzyskanie stanu catkowitej remisji
(ang. complete remission, CR) z negatywizacjg mierzalnej choroby resztkowej (ang.
measurable residual disease, MRD), wydtuzenie przezycia wolnego od progresji choroby
(ang. progression-free survival, PFS) oraz catkowitego przezycia (ang. overall survival,
0S). Obserwowany wzrost odsetkow 5-letnich przezyé z 35,5% w roku 2000 do okoto
54% w roku 2016 wyraza postep, jaki dokonat si¢ w leczeniu MM w ciggu ostatnich



dwoch dekad [3]. Ta poprawa rokowania zwigzana jest z ugruntowaniem roli konsolidacji
leczenia za pomoca wysokodawkowanej chemioterapii wspomaganej transplantacja
autologicznych komoérek krwiotwoérczych (ang. autologous hematopoietic stem cell
transplantation, auto-HSCT) oraz wprowadzeniem do leczenia nowych klas lekow,
takich jak: leki immunomodulujace, inhibitory proteasomu oraz przeciwciata
monokonalne ukierunkowane na antygeny powierzchniowe komoérek MM.
Pomimo znaczacej poprawy wynikow leczenia, MM pozostaje nhowotworem
nieuleczalnym, prowadzacym rocznie do 13 000 zgonéw w Stanach Zjednoczonych

I okoto 20 000 zgondéw w krajach Unii Europejskiej [4].

Szczegolng grupa lekow, ktore istotnie przyczynity si¢ do poprawy wynikow
leczenia MM sa leki immunomodulujace (ang. immunomodulatory drugs, IMiDs).
Pierwszym przedstawicielem tej grupy byt talidomid. Lek ten pierwotnie byt stosowany
przeciwwymiotnie u kobiet ci¢zarnych i1 zyskal zlg stawg z powodu powaznych
embriotoksycznych dziatan niepozadanych. Niemniej, jego wprowadzenie w 2006 roku
do leczenia chorych na MM zapoczatkowalo przetomowe zmiany w terapii MM, ktore
trwaja do dzis. Obecnie zastosowanie talidomidu i jego nowszych pochodnych,
tj. lenalidomidu i pomalidomidu, stanowi podstawe¢ schematdw terapeutycznych, szeroko
stosowanych w rutynowej praktyce Kklinicznej, w terapii nowo rozpoznanego
I nawrotowego MM [5], [6]. W leczeniu pierwszej linii u pacjentow kwalifikujgcych si¢
do auto-HSCT rekomendowane jest stosowanie schematéw zawierajacych talidomid
w skojarzeniu z bortezomibem i deksametazonem (VTd) lub z bortezomibem,
deksametazonem i daratumumabem (D-VTd), alternatywnie lenalidomid w skojarzeniu
Z bortezomibem 1 deksametazonem (VRd). Z kolei u pacjentow, ktorzy z powodu
schorzen wspotistniejacych lub wieku nie kwalifikuja si¢ do konsolidacji leczenia
z zastosowaniem auto-HSCT, zaleca si¢ leczenie indukujgce remisj¢ lenalidomidem
w skojarzeniu z deksametazonem (Rd) lub schematami trojlekowymi z bortezomibem

(VRd) badz daratumumabem (DRd).

Pacjenci z nawrotowym lub opornym na leczenie MM stanowg szczeg6lne wyzwanie w
codziennej praktyce klinicznej. Znaczaca rolg IMiDs w leczeniu nawrotowego MM
podkresla fakt, Zze poza determinantami klinicznymi, na dobdr terapii drugiej i kolejnych
linii znaczacy wplyw ma okreslenie, czy u danego pacjenta rozwingta si¢ oporno$¢ na
lenalidomid w toku dotychczasowego leczenia. U pacjentéw, ktoérzy nie otrzymywali

wczesniej leczenia wedtug schematu Rd, opcje terapeutyczng stanowi schemat Rd [7]



lub jego skojarzenie z inhibitorem proteasomu drugiej generacji (karfilzomibem [8],
iksazomibem [9]) lub przeciwcialem monoklonalnym (daratumumabem [10],
elotuzumabem [11]). W przypadku pacjentow, u ktoérych rozwingta si¢ opornosc
na lenalidomid opcj¢ terapeutyczng, obok schematow niezawierajacych IMiD, stanowig
skojarzenia pomalidomidu z deksametazonem (Pd) [12] lub tréjlekowe potaczenia Pd
Z przeciwcialem monoklonalnym (daratumumabem [13], izatuksymabem [14],
elotuzumabem [15]), inhibitorem proteasomu (bortezomibem [16], karfilzomibem [17],
iksazomibem [18]) lub z lekiem alkilujagcym (cyklofosfamidem [19]). Ostateczna decyzja
terapeutyczna dotyczaca wyboru odpowiedniego schematu leczenia jest uzalezniona
od czynnikow zaleznych od pacjenta (wiek, stan sprawnosci, schorzenia wspotistniejace,
powiktania wystgpujace w trakcie poprzednich linii leczenia) oraz od charakterystyki
samej choroby (czas remisji, obecno$¢ niekorzystnych czynnikéw rokowniczych,
opornos$¢ na poprzednie linie leczenia), a w warunkach polskich dodatkowo ta decyzja

ograniczona jest kryteriami refundacyjnymi poszczegdlnych produktow leczniczych.

Szeroki wybdr opcji terapeutycznych, jakimi obecnie dysponujemy w leczeniu
MM, zobowiazuje nas do pogiebiania wiedzy o mechanizmach dziatania poszczegdlnych
czasteczek oraz poszukiwania potencjalnych biomarkeréw odpowiedzi na leczenie
I czynnikéw prognostycznych, pozwalajacych na identyfikacj¢ pacjentow, ktorzy moga
odnies¢ najwieksza korzys¢ kliniczng z zastosowanej terapii.
Przez wiele lat doktadny mechanizm dziatania talidomidu i jego pochodnych pozostawat
nieznany, a kolejne doniesienia z badan podstawowych wskazywaly, ze efekt dziatania
IMiDs najlepiej charakteryzuje okreslenie ,,plejotropowy”. Leki z tej grupy wykazuja
dziatanie antyangiogenne, antyproliferacyjne, moduluja aktywno$¢ osteoklastow oraz
komorek uktadu odpornosciowego (tj. limfocytow T oraz komoérek NK), a takze
oddziatujg na interakcje komorek MM z mikrosrodowiskiem szpiku kostnego [20], [21].
Pomimo identyfikacji wielu $ciezek aktywnosci IMiDs, mechanizm molekularny lezacy
u podstaw ich dziatania przypisywany jest bezposredniej interakcji z biatkiem CRBN
(ang. cereblon), ktore wraz z biatkami DDB1 (ang. DNA damage-binding protein-1),
CULA4A (ang. cullin 4A) oraz RBX1 (ang. RING-box protein 1) wspottworzy kompleks
0 aktywnosci ligazy E3 ubikwityny (CRL4°REN) [22]. Interakcja IMiDs z CRBN
powoduje zmian¢ profilu biatek, ktore podlegaja ubikwitynacji przez kompleks
CRLA4C®RBN 3 nastepnie sa kierowane na droge proteasomalnej degradacji. W terapii MM

kluczowymi ,,neosubstratami” dla kompleksu CRL4°REN sa czynniki transkrypcyjne



IKF1 (ang. Ikaros family zinc finger 1) oraz IKZF3 (ang. Ikaros family zinc finger protein
3), ktéorych ubikwitynacja 1 wtorna proteasomalna degradacja wywotuje efekt
cytotoksyczny wobec komorek MM oraz moduluje aktywnos¢ limfocytow T i komorek
NK poprzez regulacje wydzielania INF-y oraz IL-2 [23]-[26]. Dotychczas opublikowane
wyniki badan podstawowych wskazuja, ze wyciszenie genu CRBN zmniejsza zywotnos¢
komoérek MM oraz indukuje opornos¢ na antyproliferacyjne dziatanie lenalidomidu
I pomalidomidu [27], [28]. Za$ ekspresja biatka CRBN koreluje z wynikami leczenia
schematami zawierajacymi IMiDs [29]-[31]. Niewiele jednak wiadomo, na temat
predykcyjnego 1 prognostycznego znaczenia pozostatych sktadowych kompleksu
CRL4®REN y  pacjentéow z rozpoznaniem MM leczonych za pomoca lekow

immunomodulujacych.



CEL PRACY

W pracy zbadano zagadnienie zalezno$ci pomig¢dzy ekspresjg sktadowych

kompleksu ligazy E3 ubikwityny (CRL4RBN) a przebiegiem klinicznym i rokowaniem

u chorych na szpiczaka plazmocytowego, poddanych leczeniu z wykorzystaniem IMiDs.

Wyro6zniono nastepujace cele szczegotowe pracy:

1.

Ocena ekspresji skladowych kompleksu CRL4“REN w archiwalnych
trepanobioptatach pobranych od chorych na MM leczonych IMiDs.
Ocena zaleznosci pomiedzy ekspresja skladowych kompleksu CRL4CREN
a uznanymi czynnikami prognostycznymi, ocenianymi w rutynowej praktyce
kliniczne;j.

Ocena zaleznosci pomiedzy ekspresja sktadowych CRL4CREN

a uzyskang
odpowiedzig na leczenie IMiDs.

Weryfikacja zaleznoéci pomiedzy ekspresja skladowych CRL4REN i odlegtymi
wynikami leczenia z wykorzystaniem IMiDs.

Omoéwienie mozliwosci wykorzystania kompleksu CRL4REN jako celu

terapeutycznego u pacjentdOw z rozpoznaniem MM.



WYNIKI

W ramach pracy doktorskiej przeprowadzono retrospektywne badanie
z wykorzystaniem  archiwalnych trepanobioptatéw pobranych od pacjentow
Z rozpoznaniem szpiczaka plazmocytowego, poddanych leczeniu

immunomodulujgcemu, W Instytucie Hematologii i Transfuzjologii w latach 2010-2015.

Do badania wlaczono 130 pacjentow, w tym 81 (62%) pacjentdw z nowo rozpoznanym
MM, poddanych leczeniu pierwszej linii z wykorzystaniem talidomidu i 49 (38%)
pacjentow z nawrotowym MM, ktérzy otrzymali leczenie oparte na lenalidomidzie.
Mediana wieku pacjentow w momencie rozpoczecia leczenia za pomocg IMiDs wynosita
62,5 roku (zakres, 32-85 lat), szczegdtowa charakterystyka kliniczna oraz laboratoryjna
badanej grupy zostata przedstawiona w Tabeli nr 2. Nie obserwowano istotnych
statystycznie roznic pomigdzy grupami poddanymi leczeniu z wykorzystaniem IMiDs,
z wyjatkiem predominacji plci zenskiej (66% vs 49%) oraz obecnos$ci zmian

osteolitycznych (64% vs 28%) w grupie leczonej talidomidem.

Tabela nr 2. Szczegdtowa charakterystyka kliniczna i laboratoryjna grupy badane;j.

PARAMETR n=130

Wiek, lata 62,5 (32-85)
Ple¢ mezczyzni 52 (40%)

kobiety 78 (60%)
Izotyp bialka monoklonalnego [o[€] 86 (66%)

IgA 29 (22%)

IgE 1 (1%)

FLC 14 (11%)
ISS I 23 (18%)

I 42 (32%)

i 36 (28%)

brak danych 29 (22%)
Albumina, g/dl 3,59 (£0.54) n=128
p2-mikroglobulina, mg/I 4,43 (1.56-26.15) n=100
Bialko monoklonalne, g/dl 3,6 (£2,01) n=125
rFLC <100 43 (33%)

> 100 43 (33%)

brak danych 44 (33%)
Hemoglobina, g/dl <10 69 (53%)

>10 61 (47%)
Wapn, mmol/l <2,55 108 (83%)

> 255 21 (16%)

brak danych 1 (1%)
Kreatynina, mg/dl <2 122 (94%)

>2 8 (6%)
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Zmiany osteolityczne obecne 66 (50%)

brak 58 (45%)

brak danych 6 (5%)
(F;I)azmocyty w szpiku kostnym, 67,5 (12,5- 95)
Lek immunomodulujacy talidomid 81 (62%)

lenalidomid 49 (38%)
Liczba cykli leczenia 6 (1-56)

Dane sa przedstawione jako: liczby (odsetki) lub mediany (rozstep migdzykwartylowy). Zastosowane
skroty: ISS (ang. International Staging System), FLC (ang. free-light chain), rFLC (ang. serum free-light

chain ratio).

Ocena ekspresji sktadowych kompleksu CRL4CREN

W przeprowadzonym badaniu oceniono obecno$¢ sktadowych kompleksu
CRL4CREN 7 wykorzystaniem technik immunohistochemicznych. Zidentyfikowano
obecno$¢ biatek CRBN, CUL4A, DDBI, IKZF1 i IKZF3 odpowiednio w 54%, 51%,
49%, 71% 1 54% analizowanych trepanobioptatach. Wykazano zalezno$¢ pomiedzy
ekspresjg biatek tworzacych kompleks CRL4°REN dla par: CUL4A-IKZF3 (p=0,023)
i DDB1-IKZF1 (p=0,007). Nie obserwowano wzajemnych zaleznosci pomiedzy
ekspresja pozostalych sktadowych CRL4REN ani czynnikéw transkrypcyjnymi
zaleznych od aktywnos$ci kompleksu pod wptywem IMiDs (IKZF1, IKZF3).

Zalezno$ci pomiedzy ekspresja skladowych kompleksu CRL4RBN g czynnikami
klinicznymi MM

W wyniku przeprowadzonych analiz statystycznych wykazano, ze w grupa
pacjentow z ekspresja CRBN, tj. CRBN (+), charakteryzuje si¢ wyzszym stezeniem
biatka monoklonalnego (mediana 4,1 g/dl vs. 2,7 g/dl, p=0,006), B2-mikroglobuliny
(mediana 4,6 mg/l vs 3,9 mg/l, p=0,047) oraz nizszym stezeniem hemoglobiny we krwi
obwodowej (< 10 g/l, p=0,030) w momencie rozpoczecia leczenia IMiDs w pordwnaniu
do grupy CRBN(-). Ponadto, w grupie pacjentoéw z ekspresja DDBI, tj. DDB1(+),
obserwowano wyzsze stezenie B2-mikroglobuliny (mediana 5,04 g/dl vs 3,94 g/dl,
p=0,016) 1 nizsze stgzenie hemoglobiny we krwi obwodowej (<10 g/l, p=0,036).
Dodatkowo, zidentyfikowano zalezno§¢ pomiedzy klasa biatka monoklonalnego
dominujacego w przebiegu MM, a ekspresjg IKZF1 oraz IKZF3 (odpowiednio p=0,040
I p<0,001).
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Zalezno$ci pomiedzy ekspresja skladowych CRL4REN a uzyskang odpowiedzia na
leczenie

W analizie zaleznosci pomiedzy ekspresja sktadowych CRL4CREN
a odpowiedzig uzyskang na leczenie oparte na IMiDs, potwierdzono ze pacjenci w grupie
CRBN(+) charakteryzujg si¢ lepszymi wynikami leczenia w porownaniu do grupy
CRBN(-). Odpowiednio cze$ciej uzyskiwano co najmniej cze$ciowa remisje
(>PR Vs <PR, p=0,012) oraz co najmniej bardzo dobrg czeSciowa remisje
(= VGPR vs <VGPR, p=0,032) w grupie CRBN(+). Dodatkowo pokazano, ze w grupie
pacjentow z ekspresja CUL4A, tj. CUL4A(+) rowniez czesciej obserwuje
si¢ korzystniejsze wyniki leczenia w zakresie uzyskiwanej odpowiedzi na leczenie
IMiDs, odpowiednio co najmniej PR (> PR vs < PR, p=0,007) oraz przynajmniej VGPR
(> VGPR vs <VGPR p=0,027), w porownaniu do grupy bez ekspresji CUL4A.
Nie obserwowano istotnych statystycznie réznic pomiedzy ekspresja DDBI1, IKZF1
i IKZF3, a uzyskana odpowiedzig na leczenie oparte na IMiDs.

Zalezno$ci pomiedzy ekspresja skladowych CRL4CRBN j odleglymi wynikami
leczenia z wykorzystaniem IMiDs

W analizowanej grupie mediana czasu obserwacji w wyniosla 4,75 lat (zakres
0,5-16,9). W ocenianym okresie udokumentowano, ze grupa pacjentow CUL4A(+)
charakteryzuje si¢ mniejszym ryzykiem progresji MM w poréwnaniu do grupy bez
ekspresji CUL4A (HR=0,66; 95% CI 0,44-0,99; p=0,046). W analizie jednoczynnikowej
zidentyfikowano niekorzystne czynniki prognostyczne dla OS, tj. ekspresje¢ DDBI
(HR=3,48; 95% CI 1,75-6,93; p<0,001), obecno$¢ zmian osteolitycznych (HR=2,44;
95% CI 1,31-4,53; p=0,005), starszy wiek pacjenta (HR=1,04; 95% CI 1,01-1,08;
p=0,008) oraz wyzsze wyjsciowo stezenie B2-mikroglobuliny we krwi obwodowej
(HR=1,10; 95% CI1,04-1,15; p<0,001). W analizie wieloczynnikowej uwzgledniono
zmienne niezalezne, oceniane w analizie jednoczynnikowej, tj. wiek, stezenie biatka
monoklonalnego, rodzaj biatka monoklonalnego, ilo§ciowg ocena plazmocytow w szpiku
kostnym, stezenie [2-mikroglobuliny, albuminy, kreatyniny, wapnia calkowitego,
hemoglobiny, liczbe ptytek krwi we krwi obwodowej oraz ekspresje sktadowych
kompleksu CRL4“REN, W toku przeprowadzonej analizy potwierdzono niezalezny,
niekorzystny wplyw ponizszych parametrow, ocenianych bezposrednio przed leczeniem:
stezenie B2-mikroglobuliny (HR=1,06; 95% CI 1,01-1,12; p=0,026), obecnos¢ zmian
osteolitcznych (HR=2,44; 95% CI 1,19-5,01; p=0.015), oraz ekspresja DDB1 (HR=3,38;
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95% CI 1,65-6,75; p<0,001) na prawdopodobienstwo catkowitego przezycia chorych na
MM leczonych IMiDs.

Omoéwienie mozliwosci terapeutycznych opartych na wykorzystaniu CRL4CREN
jako punktu uchwytu w leczeniu MM

W pracy pogladowej dokonano przegladu literatury w zakresie aktualnej wiedzy
dotyczacej wykorzystania kompleksu jako celu terapeutycznego w MM. Omowiono
aktualne doniesienia w zakresiec mechanizmu dzialania IMiDs oraz wyniKi
najwazniejszych badan klinicznych oceniajacych terapie oparta na IMiDs.
Ponadto scharakteryzowano kolejng generacje czasteczek modulujacych aktywnos$é
CRLA4REN (ang. Cereblon E3 ligase modulators, CELMoDs), przedstawiajac mechanizm
ich dziatania, dotychczas uzyskane wyniki badan podstawowych oraz badan klinicznych
wczesnych faz oceniajacych CELMoDs. W artykule przedstawiono réwniez mozliwoS$ci
wykorzystania kompleksu CRL4RBN do precyzyjnego kierowania wybranych bialtek na
droge  proteolizy = przy  uzyciu  chimerycznych  bialek  adaptorowych,
tj. PROTACs (ang. proteolysis targeting chimeras) — najnowszej metody inzynierii

proteomicznej o wysokim potencjale terapeutycznym.
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WNIOSKI

Uzyskane wyniki badan przemawiajg za predykcyjnym znaczeniem ekspresji

CRBN i CULA4A oraz prognostycznym znaczeniem ekspresji DDB1 u chorych na MM

leczonych IMIDs. Realizacja szczegotowych celow niniejszej rozprawy pozwolita

na sformutowanie nastgpujacych wnioskow szczegotowych:

1.

W 130 archiwalnych trepanobioptatach pobranych od pacjentoéw z rozpoznaniem
MM bezposrednio przed rozpoczeciem leczenia opartego na IMiDs, stwierdzono
obecno$¢ biatek zaangazowanych w tworzenie kompleksu CRL4“REN — CRBN,
CUL4A, DDBI1 oraz ekspresje biatek zaleznych od aktywnos$ci CRL4CREN _
IKZF1 oraz IKZ3, wykorzystujac techniki immunohistochemiczne rutynowo
stosowane w procesie diagnostycznym MM.

Istnieje zalezno$¢ pomiedzy ekspresja CRBN a wyzszym stezeniem biatka
monoklonalnego, P2-mikroglobuliny oraz nizszym stezeniem hemoglobiny
we krwi obwodowej w momencie rozpoczgcia leczenia immunomodulujgcego.
Podobnie, ekspresja DDB1 zwigzana jest wyzszym stezeniem B2-mikroglobuliny
oraz nizszym stezenie hemoglobiny we krwi obwodowej bezposrednio przed
leczeniem opartym na IMiDs.

Pacjenci w grupie z ekspresja CRBN charakteryzuja si¢ lepszymi wynikami
leczenia w poréwnaniu do grupy, w ktorej tej ekspresji si¢ nie identyfikuje. Chorzy
uzyskuja znamiennie czg$ciej PR oraz VGPR w wyniku leczenia opartego
na IMiDs. Podobnie, obecno$§¢ CUL4A rowniez cechuje grupe pacjentow, ktorzy
czesciej uzyskuja co najmniej PR lub VGPR w wyniku leczenia talidomidem
lub lenalidomidem.

Do niekorzystnych czynnikow rokowniczych, majacych wplyw na czas
calkowitego przezycia naleza: ekspresja DDB1, obecnos¢ zmian osteolitycznych,
starszy wiek pacjenta oraz wyzsze wyjéciowo stezenie B2-mikroglobuliny we krwi
obwodowej. Uzyskane wyniki analizy wieloczynnikowej potwierdzaja
prognostyczny, niekorzystny wptyw stgzenia B2-mikroglobuliny, obecnosci zmian
osteolitycznych oraz ekspresji DDB1 na prawdopodobienstwo calkowitego
przezycia chorych na MM leczonych IMiDs.

Eksploracja znaczenia kompleksu CRL4RBN w yjeciu terapeutycznym szpiczaka

plazmocytowego stanowi szczegdlng warto§¢ w zakresie identyfikacji
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potencjalnych biomarkeréw uzyskiwanej odpowiedzi na leczenie i szacowania
odlegltych wynikow terapii opartej na IMiDs. W przysztoSci moze stanowié
wartos¢ dodang w zakresie dynamicznie rozwijajacych si¢ terapii opartych

na aktywnosci kompleksu ligazy E3 ubikwitny.

15



WYKAZ ARTYKULOW STANOWIACYCH ROZPRAWE DOKTORSKA

Journal of

%

Clinical Medicine

Article

The CRBN, CUL4A and DDB1 Expression Predicts the
Response to Inmunomodulatory Drugs and Survival of
Multiple Myeloma Patients

Joanna Barankiewicz 1'%*() Anna Szumera-Ciec'kiewicz 3 (;Aleksander Salomon-Perzynski !, Paulina Wieszczy 4,

Agata Malenda 1, Filip Garbicz 5

Przemyslaw Juszczynski >

check for

updates
Citation: Barankiewicz, |.;
Szumera-Ciec'kiewicz, A,;
Salomon-Perzyn’ski, A.; Wieszczy, P.;
Malenda, A,; Garbicz, F.;
Prochorec-Sobieszek, M.;
Misiewicz-Krzemin’ska, I;
Juszczyn’ski, P.; Lech-Maran“da, E. The
CRBN, CUL4A and DDB1 Expression
Predicts the Response to
Immunomodulatory Drugs and
Survival of Multiple Myeloma
Patients. J. Clin. Med. 2021, 10, 2683.
https://doi.org/10.3390/jcm10122683

Academic Editors:
loannis Ntanasis-Stathopoulos and

Evangelos Terpos

Received: 30 May 2021
Accepted: 15 June 2021
Published: 18 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/

4.0/).

) Monika Prochorec-Sobieszek 3, Irena Misiewicz-Krzeminska 5 ©,

and Ewa Lech-Maranda 2*

Department of Hematology, Institute of Hematology and Transfusion Medicine, 02-776 Warsaw, Poland;
asalomon@ihit.waw.pl (A.S.-P.); malenda.agata@gmail.com (A.M.)

Department of Hematology and Transfusion Medicine, Center of Postgraduate Medical Education,
02-776 Warsaw, Poland

Department of Diagnostic Hematology, Institute of Hematology and Transfusion

Medicine, 02-776 Warsaw, Poland; szumann@gmail.com (A.S.-C.); monika.prochorec@interia.pl (M.P.-S.)
Department of Gastroenterology, Hepatology and Clinical Oncology, Centre of Postgraduate Medical
Education, 02-781 Warsaw, Poland; p.wieszczy@gmail.com

Department of Experimental Hematology, Institute of Hematology and Transfusion Medicine,

02-776 Warsaw, Poland; filip.garbicz@gmail.com (F.G.); imisiewiczk@ihitwaw.pl (LM.-K.);
pjuszczynski@ihit.waw.pl (P.J.)

*  Correspondence: jbarankiewicz@ihit.waw.pl (J.B.); emaranda@ihit.waw.pl (E.L.-M.)

Abstract: Immunomodulatory drugs (IMiDs) are effective in the treatment of multiple myeloma
(MM), myelodysplastic syndrome with deletion of chromosome 5q and other haematological ma-
lignancies. Recent studies showed that IMiDs bind to cereblon (CRBN), a substrate receptor of the
CRL4-CRBN complex, to induce the ubiquitination and degradation of IKZF1 and IKZF3 in MM
cells, contributing to their anti-myeloma activity. We aimed to determine whether the CRL4- CRBN
complex proteins’ expression predicts the prognosis of MM patients treated with IMiDs. Here, we
evaluated the expression of CRL4-CRBN complex proteins and their downstream targets with
immunohistochemistry (IHC) staining in 130 bone marrow samples from MM patients treated with
thalidomide or lenalidomide-based regimens. We found that the expression of CRBN and CUL4A
was associated with the superior IMiD-based treatment response (p = 0.007 and p = 0.007,
respectively). Moreover, the CUL4A expression was associated with improved PFS (HR = 0.66, 95%
CI 0.44-0.99; p = 0.046) and DDB1 expression showed a negative impact on OS both in the univariate
(HR = 2.75, 95% CI 1.65-4.61; p = 0.001) and the multivariate (HR 3.67; 95% CI 1.79-7.49; p < 0.001)
analysis. Overall, our data suggest that the expression of DDB1, CUL4A and CRBN assessed by THC
predicts the clinical course of MM patients and identifies patients with a high probability of
responding to IMiD-based therapy.

Keywords: DNA damage-binding protein 1; cereblon; cullin 4a; thalidomide; lenalidomide;
immunomodulatory drugs; multiple myeloma

1. Introduction

Multiple myeloma (MM) is the third most common haematologic malignancy in the
European Union, with approximately 33,000 new cases and 20,000 deaths annually [1].
Despite the impressive therapeutic progress that has occurred in recent decades, the devel-
opment of drug resistance is typical during the clinical course of MM, and most patients
eventually relapse and require further therapy [2]. The introduction of thalidomide, a first-
in-class immunomodulatory drug (IMiD), in 2006 was one of the milestones in MM therapy
history. Thalidomide and its newer derivatives such as lenalidomide and pomalidomide,
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along with proteasome inhibitors, are the backbone of most combination regimens used in
the treatment of MM. In Poland and other European countries, thalidomide-based regimens
are the most common therapy for young and fit newly diagnosed MM patients; lenalido-
mide and next-generation IMiDs are available for relapsed/ refractory groups of patients.
IMiDs have been shown to have a pleiotropic anti-cancer effect, including anti-angiogenic,
anti-proliferative, anti-inflammatory and immune-modulatory effects [3]. The primary
molecular target for IMiDs is cereblon (CRBN), which functions as a substrate receptor in
the cullin-4 RING E3 ubiquitin ligase (CRL4-CRBN) complex co-formed by other proteins,
such as DNA damage-binding protein 1 (DDB1), cullin 4A (CUL4A), and regulator of
cullins-1 (ROC1) [4,5]. By binding CRBN, IMiDs modify the substrate specificity of the
CLR4-CRBN complex leading to ubiquitination and degradation of the lymphoid tran-
scription factors Ikaros (IKZF1) and Aiolos (IKZF3), and the casein kinase 1ex (CK1e) [6-8].
Therefore, the degradation of IKZF1 and IKZF3 decreases the expression of IRF4 and its
downstream target MYC, resulting in growth inhibition of multiple myeloma cells [7,9,10].
In T cells, IKZF1 and IKZF3 are transcriptional repressors of the IL-2 gene [11,12]; their
degradation therefore releases repression and causes an increased production of IL-2,
leading to T and NK cell activation [13].

Recent studies have established a correlation between CRBN expression levels and
clinical response to IMiD treatment, however the results are non-conclusive. High expres-
sion of CRBN in patients receiving thalidomide maintenance for 2 years was associated
with longer PFS in the HOVON-65/GMMG-HD4 trial, while no association was noted
in those on bortezomib maintenance [14]. CRBN high expression has also been shown to
enhance lenalidomide therapy’s effects in terms of treatment response [15]. Conversely, the
loss of CRBN protein and CRBN mRNA level led to lenalidomide resistance in myeloma
cells and a poor outcome in MM patients [9,16,17].

In this study, we separately evaluated the expression of CRL4-CRBN complex proteins
(CRBN, DDB1, CUL4A) and their downstream targets (IKZF1, IKZF3) with IHC staining,
using FFPE bone marrow samples from 130 MM patients treated with IMiDs. In the samples
from MM patients, we aimed to compare the expression of CRBN-CRL4 complex proteins
and their downstream targets in the malignant plasma cells and assess their potential
correlation with the MM patients’ clinical course, despite the type of IMiD therapy or stage
of the disease.

2. Materials and Methods
2.1. Patients and Bone Marrow Samples

The study retrospectively analysed 130 patients diagnosed with MM from 2010 to 2015
at the Institute of Haematology and Transfusion Medicine, Warsaw, Poland. The following
data were obtained about the patients: age, sex, disease stage according to the International
Staging System (ISS), type of monoclonal protein and its concentration, free light chain
(FLC) type and FLC ratio, haemoglobin, calcium and creatinine concentration, the presence
of osteolytic lesions, the percentage of plasma cell infiltration in the bone marrow. All
patients received therapy with IMiDs: 81 with thalidomide for newly diagnosed MM
(NDMM) and 49 with lenalidomide for relapsed/ refractory disease (RRMM). Duplicate
records of the same patients were rejected from the analysis. [HC evaluation was performed
just before the initiation of treatment with thalidomide or lenalidomide-based regimens.
The study was conducted according to the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of the Institute of Haematology and Transfusion
Medicine, Warsaw, Poland.

2.2. Treatment Response

The treatment responses, progression-free survival (PFS) and overall survival (OS),
were evaluated according to the International Myeloma Working Group panel consensus
(19, 20). The study follow-up was defined as the time from the MM diagnosis to death, of
any cause, or to the date of last observation with the cut-off date of 6 August 2018.
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2.3. Immunohistochemistry Staining

All trephine samples had an established diagnosis according to the histopathological
recommendations (WHO and International Myeloma Working Group) for monoclonal
plasma cell proliferative disorders. The trephine biopsies were treated with a combined
fixative and decalcifier solution (40% formaldehyde, glacial acetic acid, NaCl, H,O distilled)
and then routinely processed staining with haematoxylin and eosin. Immunohistochem-
istry was performed using an automated immunohistochemical stainer (Dako Denmark
A/S, Glostrup, Denmark), and mono- and polyclonal antibodies were applied, including
anti-DDB1 (clone: LS-B3138, 1:500 LSBio, Lifespan Biosciences, Seattle, WA, USA), Aio-
los/IZKF3 (clone: NBP2-24495, 1:50, NovusBio, Novus Biologicals, Abingdon, UK), CUL4a
(clone: NBP1-44439, 1:300, NovusBio, Novus Biologicals, Abingdon, UK), anti-CRBN
(cloneCRBN®65, 1:2000, Celgene Corporation, New York, NY, USA) and anti-Ikaros/[ZK1
(clone: ab26083, 1:50, Abcam, Cambridge, UK). Plasma cells were visualised by the re-
action with the CD138 antibody (clone: MI15, RTU, Dako Omnis, Agilent, Santa Clara,
CA, USA). All stainings were performed according to the manufacturer’s instructions,
and the EnVision Detection System (Dako, Denmark A/S, Glostrup, Denmark) was used
for signal detection. A positive staining controls were applied for each antibody: anti-
Ikaros/IZKF1-tonsil, anti-DDB1-adrenal gland, anti-Aiolos/IKZF3-tonsil, CUL4a-colon,
anti-CRBN-liver. Negative (isotype) control stainings were performed using a ready to
use FLEX Negative Mouse Control (a cocktail of mouse IgG1, IgG2a, IgG2b, [gG3 and
IgM; code nr IR750; Dako Denmark A /S, Glostrup, Denmark). All neoplastic cells were
scored independently by two experienced haematopathologists (M.P-S. and A.S-C.) for
each target protein’s immunoreactivity based on staining intensity and the percentage
of cells staining positively. Based on in-house validation, the cut-offs (>30% for anti-
DDBI1, Aiolos/IKZF3, anti-CRBN, >30% for DDB1 and >80% for anti-Ikaros /IKZF1) of
strongly and/or intermediate positive neoplastic plasma cells were implemented as a final
distinction between the positive and negative results of the staining. Two independent
pathologists reviewed the samples, and discrepancies were revised to determine the con-
sensus result. All microphotographs were taken by a microscope DP72 Olympus BX63
camera (Olympus, Tokyo, Japan).

2.4. Statistical Analysis

Categorical variables were compared using the chi-squared test or the Fisher test,
depending on the number of observations in each 2-by-2 table. Continuous variables were
compared using the t-Student test if they followed normal distribution, or the Wilcoxon test
if they did not follow normal distribution. The distribution of the variables was checked by
plotting histograms. A survival function with 95% confidence intervals was estimated using
the Kaplan-Meier method. To estimate the hazard ratios and 95% confidence intervals,
the Cox proportional hazard model was used. For the multivariable models, the forward
stepwise variable selection was applied at a 0.15 significance level. All tests were two-
sided and were performed at a 0.05 significance level. All analyses were performed using
Statistica software, ver. 13.1.

3. Results
3.1. Patients” Characteristics

The patients’ clinical characteristics are summarised in Table 1. Among the 130 patients
included in the analysis, 81 (62%) were treated with thalidomide in the frontline setting and
49 (38%) received lenalidomide for RRMM. The median age of the patients at the initiation
of the IMiD-based treatment was 62.5 years (range, 32-85 years), with female predominance
(52 men and 78 women). The isotype of monoclonal proteins was as follows: IgG in 86
patients (66%), IgA in 29 patients (22%), light chains in 14 patients (11%) and IgE protein in
1 patient (1%). The distribution according to the ISS was 18%, 32% and 28%, with a score
of 1, 2 and 3, respectively (missing data for 22% of patients). A decreased haemoglobin
level (<10 g/dL) was observed in 69 patients (53%), hypercalcemia (>2.55 mmol/L) was
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noticed in 21 patients (16%) and renal impairment was noted in 8 patients (6%). Frontline
treatment with thalidomide was combined with cyclophosphamide and dexamethasone
in the majority of patients (n = 62, 77% of thalidomide-based regimens); lenalidomide
was applied in combination with dexamethasone for all RRMM cases. A comparison
of the patients” baseline characteristics revealed no significant differences between the
IMiD-based treatment groups, except for higher rates of female patients (66% vs. 49%)
and higher rates of osteolytic lesions in the thalidomide group (64% vs. 28%), Supplement
Table S1. The final analyses were performed with data from all of the patients treated with
IMiD-based regimens.

Table 1. Overall clinical patients’ characteristics. Data are shown as a number (percentage) or
median (interquartile range). Abbreviations: ISS—International Staging System; FLC—free light
chain; BM—bone marrow; IMiD—immunomodulatory drug.

Parameter Qverall (1 = 130)
Age, years 62.5 (32-85)
Sex male 52 (40%)
female 78 (60%)
Isotype of M-protein IgG 86 (66%)
IgA 29 (22%)
IgE 1(1%)
FLC 14 (11%)
1SS stage [ 23 (18%)
stage I 42 (32%)
stage I11 36 (28%)
no data 29 (22%)
Albumin, g/dL 3.59 (+0.54) n =128
B2-microglobulin, mg/L 443 (1.56-26.15) n = 100
Serum M-protein, g/dL 3.6 (£2.01)n =125
Serum FLC ratio <100 43 (33%)
>100 43 (33%)
no data 44 (33%)
Haemoglobin, g/dL <10 69 (53%)
>10 61 (47%)
Calcium, mmol/L <2.55 108 (83%)
>2.55 21 (16%)
no data 1(1%)
Creatinine, mg/dL <2mg/dL 122 (94%)
>2mg/dL 8 (6%)
Osteolytic lesions yes 66 (50%)
no 58 (45%)
no data 6 (5%)
BM plasma cells, % 67.5 (12.5-95)
IMiD thalidomide 81 (62%)
lenalidomide 49 (38%)

Cycles of IMiD-based
treatment

6 (1-56)

3.2. CRL4-CRBN Complex Proteins IHC Staining

The IHC staining for all evaluated proteins is shown in Supplement Figures 51 and 52.
According to the predefined cut-off values, the positivity (+) of CRBN, CUL4A, DDBI,
IKZF1 and IKZF3 was observed in 54%, 51%, 49%, 71% and 54% of cases, respectively. We
evaluated the internal associations between the proteins” expression involved in the CRL4-
CRBN complex, and positive ones were observed for pairs: CUL4A-TKZF3 (p = 0.023) and
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DDB1-IKZF1 (p = 0.007). There were no other significant associations for the CRBN-CRL4
complex or its activity-dependent transcriptional factors (IKZ1, IKZF3).

3.3. CRL4-CRBN Complex Proteins” Associations with Clinical Features

The group of patients with CRBN*) had a significantly higher serum concentration of
monoclonal protein (median 4.1 g/dL vs. 2.7 g/dL, p = 0.006), f2-microglobulin (median
4.6 mg/Lvs. 3.9 mg/L, p=0.047) and a haemoglobin concentration lower than 10 g/dL
(p = 0.030) before treatment initiation. The DDB1® was associated with elevated p2-
microglobulin (median 5.04 g/dL vs. 3.94 g/dL, p = 0.016), a haemoglobin concentration
below 10 g/dL (p = 0.036) and a shorter IMiD exposure (median number of cycles 5.7 vs.
6.4; p=0.022). A high expression of proteins involved in B-cell maturation and a switch of
immunoglobulin classes—IKZF1 and IKZF3—were associated with the isotype of serum
monoclonal protein (p = 0.040 and p = 0.0001, respectively).

3.4. CRBN and CUL4a as Predictive Markers of IMiD-Based Treatment Response

Among those analysed, all patients” data had a median number of cycles, with IMiD-
based treatment, of 6 (range, 1-56). The patients with CRBN*) had a significantly superior
response to treatment than those with CRBN®) (ORR > PR vs. SD/PD, p = 0.012; ORR
> VGPR vs. PR/SD/PD, p = 0.032, Table 2). The CUL4A () was also associated with a
better response to treatment than the CUL4A) group of patients (ORR > PR vs. SD/PD,
p=0.007; ORR > VGPR vs. <VGPR, p = 0.027, Table 2). There were no significant dif-
ferences observed in the expression of DDB1, IKZF1 and IKZF3 in terms of treatment
response. After a median follow-up of 4.75 years (range, 0.5-16.9), only CUL4A®) impacts
progression-free survival (HR = 0.66, 95% C1 0.44-0.99; p = 0.046), Figure 1A.

Table 2. Quality of IMiD-based treatment response stratified by CRBN and CUL4A expression.
Abbreviations: CR—complete response; VGPR—very good partial response; PR—partial response;

SD—stable disease; PD—progressive disease; ORR—overall response rate; p-Value < 0.5 is bolded.

CRBN-)  CRBN®™ x Val CUL4A™  CUL4A™ Val
n =60 =70 p-vatue n=64 n=66 p-yatue
1 (%) 7 (%) (%) (%)
CR 1(7) 7 (10) 1(1) 10 (15)
VGPR 8(13) 19 (27) ~ 12(19) 15 (23) ~
PR 19.(32) wee P00 oy 436  P-00H
sD 20 (33) 12(17) 19 (30) 13 (20)
PD 9(15) 7 (10) 12(19) 4(6)
ORR
PRy 31(52) 509 oo B OO, o0
ORR (<PR) 29 (48) 19 (27) 31 (48) 17 (26)
ORR
12 (20) 26(37) 13 (20) 25 (38)
(ESEER) p=0.0321 p=0.027
v ) 44(63) 51 (80) 41 62)

3.5. DDB1 as a Prognostic Marker of MM Patients” Survival upon IMiD-Based Treatment

The median overall survival rate of the analysed group was 4.25 years (range, 0.5-16.9).
The univariate analyses revealed that a poor overall survival rate was associated with
DDB1M (HR =3.48, 95% CI 1.75-6.93; p < 0.001, Figure 1B), the presence of osteolytic lesions
(HR 2.44; 95% CI 1.31-4.53, p = 0.005), an older age (HR 1.04, 95% CI 1.01-1.08, p = 0.008)
and a higher p2-microglobulin concentration (HR 1.10, 95% CI 1.04-1.15, p < 0.001) at
the initiation of IMiD-based treatment (Figure 2). Multivariate Cox analysis using the
forward stepwise elimination method and including all variables assessed in univariate
analysis (age, serum M-protein, the isotype of immunoglobulin, bone marrow plasma cells,
B2-microglobulin, albumin, creatinine, calcium, haemoglobin, platelets and expression
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FProgression fiee suivival probability

of CRL4-CRBN complex proteins) confirmed that a poor prognosis was independently
predicted by DDB1™) (HR 3.38; 95% CI 1.65-6.75; p < 0.001), presence of osteolytic lesions
(HR 2.44; 95% CI11.19-5.01, p = 0.015) and B2-microglobulin concentration (HR 1.06; 95%
CI 1.01-1.12, p = 0.026), Figure 2. As a result, DDB1 expression was confirmed as the
significant prognostic marker in MM patients.
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Figure 1. (A) Kaplan—Meier survival curves for PFS according to CUL4A expression (classified as positive and negative

results of IHC staining), n = 130. (B) Kaplan-Meier survival curves for OS according to DDB1 expression (classified as

positive and negative results of IHC staining), n = 97.
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Figure 2. Univariate and multivariate Cox regression analyses for OS (1 = 97). If the hazard ratio (HR) is greater than 1,

then the predictor is associated with an increased risk of death.

4. Discussion

To the best of our knowledge, this is the first study showing that the expression of
DDB1 and CUL4A assessed by routine, diagnostic IHC evaluation of bone marrow samples
is associated with the outcome of multiple myeloma patients treated with IMiDs. Our
analyses also revealed that CRBN expression impacts the superior response to thalidomide
or lenalidomide-based treatment in line with previously published data.

It was shown that positive CRBN IHC staining is associated with a superior re-
sponse rate in patients with newly diagnosed and RRMM treated with thalidomide-
dexamethasone (TD) and lenalidomide-dexamethasone (LD) [18]. However, Dimopoulos
etal. used CRBN IHC staining in FFPE bone marrow samples of 23 MM patients and found
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no correlation between the CRBN protein level and the sensitivity or intrinsic resistance
to lenalidomide-based therapy [19]. These conflicting results should be considered in the
context of the limited ability of commercially available assays to measure the CRBN protein
level in MM reliably. Gandhi et al. have developed a novel CRBN monoclonal antibody
CRBN65 and have shown its superiority over other commercially available antibodies in
THC staining [16]. Using the CRBN65 antibody, we found that MM patients with CRBN™
have a superior response rate to thalidomide- or lenalidomide-based therapy compared
to those with CRBN() (ORR >PR vs. SD/PD, p = 0.012; ORR > VGPR vs. PR/PD/SD,
p =0.032). In line with our findings, several studies using different approaches to assessing
CRBN gene expression, such as real-time PCR [15,20] or gene expression profiling [21],
have demonstrated the predictive value of CRBN gene expression in MM patients treated
with TD, LD or pomalidomide with dexamethasone. In general, across all of these studies,
higher CRBN gene expression was associated with a superior response rate to treatment
with IMiD monotherapy [21], or in combination with dexamethasone [15,20,21]. Con-
versely, low CRBN gene expression determined unresponsiveness to the abovementioned
therapy [21]. This recent study also showed that MM patients with hyperdiploid kary-
otype have a better response rate with IMiD-based therapy and achieve a longer time to
next treatment when IMiD-based therapy is applied, compared to their non-hyperdiploid
counterparts [22]. It is postulated that it may be associated with the higher expression of
CRBN which characterises hyperdiploid-myeloma patients [21].

Here, we show that the CUL4A protein level, a component of the CRL4-CRBN
complex, has predictive value in MM patients treated with thalidomide- or lenalidomide-
based therapy with higher response rates (ORR > PR vs. SD/PD, p = 0.007; ORR >
VGPR vs. <VGPR, p = 0.027), translated into a favourable PES (HR = 0.66, 95% CI 0.44-0.99;
p = 0.046). CUL4A has been shown to play an oncogenic role in various cancer types [23-25].
In MM, CUL4A promotes proliferation, invasion and migration of plasma cells [26]. The
positive correlation between the high expression of CUL4A and thalidomide sensitivity
was also demonstrated in prostate cancer cell lines [27].

We also show here that DDB1 expression is independently associated with poor
OS in both univariate and multivariate analyses (HR 3.38; 95% CI 1.65-6.75; p < 0.001).
To the best of our knowledge, this is the first report showing the prognostic impact of
the DDB1 protein level on the survival of MM patients. DDBI is essential for DNA
repair and plays an important role in many signaling pathways related to carcinogenesis.
Moreover, DDB1 overexpression in malignant cells may lead to resistance to anti-cancer
therapy [28]. Recently, a high expression of DDB1 was identified as a poor prognostic factor
in pancreatic cancer [29]. In our study, CRBN™) and DDB1™") were associated with clinical
features corresponding to the high burden of MM disease (a higher serum concentration of
monoclonal protein or f2-microglobulin, as well as a haemoglobin concentration lower
than 10 g/dL). However, there were no significant associations between the expression of
those two proteins. The superior response rate in the CRBN® group of patients confirms
the established mechanism of IMiD action via direct interaction of IMiDs and CRBN. The
DDB1 negative impact on the OS and the lack of associations with response rates or PFS
may indicate that this component of CRL4-CRBN is more involved in other signaling
pathways related to MM cell survival. Therefore, further studies are needed to gain more
insight into the DDB1 mechanism of action in MM cells.

The relationship between the expression of CRL4-CRBN downstream targets and
IMiD activity remains unclear and inconclusive. Lu et al. [8] found that some MM cell
lines with a higher expression of IKZF1 or IKZF3 showed resistance to the lenalidomide.
In contrast, Zhu et al. [30] showed that low IKZF1 transcript levels were correlated with a
poor response to IMiDs. They also found that higher IKZF1, but not IKZF3, gene expression
was associated with better OS. In contrast, Pourabdollah et al. [31] showed that especially
IKZF3 expression is correlated with a better outcome in refractory MM patients treated with
lenalidomide. In our study, we did not observe any associations of IKZF1 /IKZF3 expression
in the response rate or MM patients’ survival. Therefore, the significant associations
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of IKZF1™) and IZKF3™) with the isotype of serum monoclonal protein (p = 0.040 and
p =0.0001, respectively) confirm their contribution to switch immunoglobulin classes
during B-cell maturation [32,33] and verify the reliability of applied assays.

There is an increasing amount of evidence indicating that IMiD-resistance arises,
at least in part, from the acquisition and selection of mutations in genes coding pro-
tein downstream or components of the CLR4&-CRBN complex, especially CRBN and
IKZF1 [34,35]. Consistently, a large-scale genomic and transcriptomic analysis includ-
ing patients with treatment-naive-, lenalidomide-refractory and pomalidomide-refractory
MM recently showed an increase in the frequency of CRBN aberrations (namely, point
mutations, copy number variants, structural variations and exon 10 spliced transcript) with
progressive IMiD exposure. Eventually, alterations in CRBN were found in one third of the
pomalidomide-resistant patients [36]. It needs to be emphasised here that lenalidomide-
refractory patients who harbored CRBN aberrations had a significantly shorter PFS when
pomalidomide-based therapy was applied.

However, one should be aware of several limitations of this study. First, there is
controversy regarding the most appropriate IHC antibodies, testing method and scoring
system for evaluating protein expression using IHC in bone marrow samples. Thus,
it would be important to establish replicable methods for the quantitative evaluation
of CRL4-CRBN complex protein expression in FFPE bone marrow samples from MM
patients. Second, to provide a sufficient sample size, this study was performed in a
retrospective manner, and clinical data were collected from different treatment approaches
(both thalidomide- and lenalidomide-based regimens) applied for newly diagnosed or
relapsed/ refractory MM patients. Third, cytogenetic and molecular data were not available
for an analysed group of MM patients. That additional information might produce more
powered results in terms of response to IMiD treatment or survival estimations.

In the era of multiple treatment options for patients with MM, having reliable predic-
tive tools is crucial in clinical practice. Our results add some novelty to the understanding
of the prognostic and predictive role of some protein components of the CLR4-CRBN
complex in MM patients treated with IMiDs. Nevertheless, given the complexity of the
molecular mechanisms involved in sensitivity or resistance to IMiD-based therapy, the
predictive and prognostic role of the CLR4-CRBN complex cannot be reliably established
without a comprehensive analysis and understanding of genetic, transcriptomic and pro-
teomic data obtained from treatment-naive MM patients, as well as those who have become
resistant to thalidomide, lenalidomide and pomalidomide.

In conclusion, this study revealed that the expression of CUL4A and CRBN assessed
by routine IHC in FFPE bone marrow samples needs further evaluation as a potential
predictive factor for MM patients treated with IMiDs. Moreover, DDB1 expression was
found as an independent prognostic factor for the overall survival of patients with MM.
Therefore, assessment of the CRL4-CRBN expression in bone marrow samples may im-
prove identifying the MM patients who most benefit from IMiD-based therapies, despite
the type of immunomodulatory drug or stage of the disease.

Supplementary Materials: The fo]_lawi_ng are available online at https:/ ,fwww.mdpi.coru/article/
10.3390/jcm10122683/s1. Table 51. Overall clinical patients’ characteristics with detailed division
into thalidomide and lenalidomide-based treatment; Figure S1. The immunochistochemical char-
acterization of malignant plasma cells; Figure 52. Positive and negative DDB1 IHC profiles in
multiple myeloma
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Supplementary materials

Supplementary Table S1. Overall clinical patients’ characteristics with detailed division into thalidomide
and lenalidomide-based treatment.

Abbreviations: ISS - International Staging System; FLC — free light chain; BM — bone marrow; IMiD —
lenalidomide; THAL — thalidomide; LD —
TD — thalidomide, dexamethasone; CTD — cyclophosphamide, thalidomide, dexamethasone; VTD -

immunomodulatory drug; LEN —

lenalidomide, dexamethasone;

bortezomib, thalidomide, dexamethasone; MPT — melphalan, prednisone, thalidomide

LEN-based treatment

THAL-based treatment

Parameter (n=49) (n=81) P-value
Age, years 61.4 (32-80) 63 (47-85) 0.226
Sex male 25 (51%) 27 (34%) 0.046
female 24 (49%) 54 (66%)
Isotype of M-protein lgG 33 (68%) 53 (65%) 0.279
IgA 8 (16%) 21 (26%)
IgE 1(2%) 0
FLC 7 (14%) 7 (9%)
1SS stage | 12 (24%) 11 (12%) 0.052
stage |l 12 (24%) 30 (37%)
stage 1l 8 (16%) 28 (36%)
no data 17 (36%) 12 (15%)
Albumin, g/dI 3.67 (+0.54) 3.56 (+0.54) n=79 0.363
B2-microglobulin, mg/| 3.7 (1.56, 18.64) n=31 4.6 (1.75, 26.15) n=69 0.073
Serum M-protein, g/dl 3.53 (£1,80) n=45 3.63(x2,12) 0.723
Serum FLC ratio <100 14 (29%) 29 (36%) 0.267
>2100 19 (39%) 24 (30%)
no data 16 (32%) 28 (34%)
Haemoglobin, g/dI <10 18 (37%) 43 (53%) 0.071
=10 31 (63%) 38 (47%)
Calcium, mmol/| <2,55 42 (86%) 66 (82%) 0.631
>2,55 7 (14%) 4 (17%)
no data 0 1 (1%)
Creatinine, mg/dl <2 mg/dl 47 (96%) 75 (93%) 0.444
> 2 mg/dl 2 (4%) 6 (7%)
Osteolytic lessions yes 14 (28%) 52 (64%) 0.001
no 29 (59%) 29 (36%)
no data 6 (13%) 0
BM plasma cells, % 65 (17.5-95) n=48 70 (12.5-95) n=80
Cycles of IMiD-based 6 (1-56) 9.5 (3-56) 6 (1-24)
treatment (median, range)
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Prior lines of treatment n/a 4(1-8) n/a
Treatment regimen LD 49 (100%)
™ 2 (2%)
CTD 62 (77%)
VTD 2 (2%)
MPT 15 (19%)

Supplementary Figure S1. The immunohistochemical characterization of malignant plasma cells (#5
case): A—HE; B—CD138; C — positive IZKF3; D — positive CUL4A; E — positive IKZF1; F — positive CRBN; G —
negative DDB1; (all photographs in 600x magnification).
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Supplementary Figure S2. Positive and negative DDB1 IHC profiles in multiple myeloma; case #1: A — HE;
B - CD138; C — DDBL1 positive (>30% of strongly positive cells); case #2: D - HE; E—CD138; F - DDB1

negative (<30% of strongly positive cells); (arrow — atypical plasma cell with triple nuclei; all photographs
in 600x magnification).
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Simple Summary: Immunomodulatory drugs (IMiDs) are effective in the treatment of multiple
myeloma (MM) and other hematological malignancies. Cereblon (CRBN), a target of IMiDs, forms
the CRL4 E3 ubiquitin ligase complex (CRLA“RBN) with DDB1, CUL4A and RBX1. The insight into the
molecular mechanism of IMiDs action has advanced dramatically since the identification of cereblon
(CRBN) as their direct target. Targeting CRBN by IMiDs modifies CRLA“RBN substrate specificity
towards non-physiological protein targets which are subsequently ubiquitinated and degraded by
the proteasome. To date, IMiDs are the only known group of protein degraders used in clinical
practice. This review provides the current state of knowledge about thalidomide and its derivatives’
mechanisms of action, and highlights the future perspectives for targeted protein degraders.

Abstract: Multiple myeloma (MM] is the second most common hematological malignancy with a
recurrent clinical course. The introduction of immunomodulatory drugs (IMiDs) was one of the
milestones in MM therapy leading to a significant improvement in patients” prognosis. Currently,
IMiDs are the backbone of MM therapy in newly diagnosed and relapsed/refractory settings. It
is now known that IMiDs exert their anti-myeloma activity mainly by binding cereblon (CRBN),
the substrate receptor protein of the CRL4 E3 ubiquitin ligase (CRLACRBN) complex. By binding
CRBN, IMiDs alter its substrate specificity, leading to ubiquitination and proteasomal degradation of
proteins essential for MM cell survival. Following the success of IMiDs, it is not surprising that the
possibility of using the CRLA4CREN complex’s activity to treat MM is being further explored. In this
review, we summarize the current state of knowledge about novel players in the MM therapeutic
landscape, namely the CRBN E3 ligase modulators (CELMoDs), the next generation of IMiDs with
broader biological activity. In addition, we discuss a new strategy of tailored proteolysis called
proteolysis targeting chimeras (PROTACs) using the CRL4CREN o degrade typically undruggable

proteins, which may have relevance for the treatment of MM and other malignancies in the future.

Keywords: multiple myeloma; cereblon; immunomodulatory drugs; cereblon E3 ligase modulators;
proteolysis targeting chimeras

1. Introduction

The ubiquitin-proteasome pathway plays an essential role in the proteins’ degradation.
This process is mediated by a cascade of enzymatic reactions engaging a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3), which are
recycled and activated by ATP during the whole ubiquitination pathway [1]. The role
of E3 is the determination of the substrate specificity for ubiquitination and subsequent
degradation in the proteasome. The human genome encodes more than 600 E3 ubiquitin
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ligases, and the cullin-RING ubiquitin ligases (CRLs) represent the largest E3 ligase family,
which take part in numerous cellular homeostatic processes, e.g., signal transduction,
cell cycle regulation, DNA damage response, regulation of transcription and embryonic
development [2,3]. CRL4 E3 ubiquitin ligase is a complex of RING finger domain protein
(Rocl, also named RBX1), cullind (CUL4) scaffold protein, and DDB1-CUL4 associated
proteins, which determine the substrate specificity for the CRL4 E3 activity. Cereblon
(CRBN) is one of the CRL4 E3 substrate receptors, and this protein is crucial for the
action of small molecules, such as immunomodulatory drugs (IMiDs). Targeting CRBN
by IMiDs modifies its substrate specificity towards non-physiological proteins which
are subsequently ubiquitinated and degraded by the proteasome [4-10], Figure 1A. This
mechanism of action has shown particular relevance in the treatment of multiple myeloma
(MM), the second most common hematological malignancy with a recurrent clinical course
leading to 20,000 deaths per year in the European Union [11]. The introduction of IMiDs-
based treatment has been a game changer for patients with MM, significantly improving
their prognosis.

CRL4CRBN
E3 complex substrate

_—

IMiDs
CELMoDs

NEOsubstrate

P
i G (@) am
proteasome MM

embryopathy

+« MDS with del (5q)

Figure 1. (A) Overview of the ubiquitination process via CRLACRBN g3 ligase complex. The E3 ligase
recognizes the E2-Ub complex and target substrate with subsequent transfer of Ub from E2 to the
substrate. This process results in Ub-substrate transfer to the proteasome and proteolytic degradation
with Ub recycle. The CRL4CREN E3 ligase complex (enlarged) is formed by cereblon (CRBN)—a
substrate recruiter, and other proteins such as DNA damage binding protein 1 (DDB1), cullin 4A
(CULA4A), and regulator of cullins-1 (RBX1). (B) Mechanism of CRBN-mediated effects upon exposure
to thalidomide and its derivatives. Binding IMiDs/CELMoDs to the CRBN leads to the recognition
of different substrates (neosubstrates) for ubiquitination and successive protein degradation.
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Although acting on the E3 ligase-related function of CRBN appears to be the main
mechanism for the anti-myeloma activity of IMiDs [12,13], recent reports indicate that
IMiDs also act by modulating other properties of CRBN, such as chaperone function [14,15].
Therefore, to emphasize the broader biological activity, the next generation of IMiD is called
‘CELMoDs’ (Cereblon E3 ligase modulators). In recent years, the CRLA“REN complex, along
with other E3 ligases, is widely explored as the target of degradation typically “undrug-
gable” proteins by heterobifunctional small molecules, known as proteolysis targeting
chimeras (PROTACs).

Here, we review the ways of modulating CRLACRBN E3 ligase activity in a CRBN-
dependent manner in established and upcoming therapeutic approaches in multiple myeloma.

2. Immunomodulatory Drugs (IMiDs)
2.1. Mechanism of IMiDs” Action

The introduction of thalidomide in 2006, a first-in-class IMiD), was one of the milestones
in MM therapy. Together with its new generation derivatives, such as lenalidomide and
pomalidomide, along with proteasome inhibitors and monoclonal antibodies, these drugs
are placed as a standard of care for MM patients at all disease stages. Before the clarification
of the molecular mechanism of action, thalidomide and its analogues were characterized
by modulation of T cells, NK and NK-T cells functions by inducing the production of
cytokines, including [L-2 (interleukin-2) and interferon-y [16-18]. Thus, thalidomide and
its analogs are called immunomodulatory drugs in addition to their anti-angiogenic activity,
disruption of the myeloma cell-bone marrow stromal interaction, and downregulation of
osteoclastogenesis [19,20].

The game-changer in the exploration of IMiDs molecular mechanism of action was
information that thalidomide interacts with CRBN, and this interplay led to the teratogenic
side effects and limb malformations of newborns [21]. Then, it was shown that CRBN
expression was required for the anti-myeloma activity of IMiDs as CRBN knockdown
leads to resistance to lenalidomide and pomalidomide in MM cell lines [12]. Our group
and others showed that CRBN expression is associated with a response to thalidomide
and lenalidomide-based treatment in MM patients [22-25]. Recent molecular studies with
lenalidomide- and pomalidomide-resistant MM patients revealed some CRBN molecular
alterations (e.g., point mutation, structural variation, copy loss, or exon 10 spliced transcript
of CRBN) associated with IMiDs’ exposure [26]. Nevertheless, the low frequency and clonal
fraction of identified CRBN mutations cannot be responsible for IMIDs resistance in the
majority of patients [27,28]. As IMiDs resistance is one of the main challenges in MM
treatment, its mechanism of resistance needs to be explored in future studies.

The subsequent key findings in IMIDs mechanism of action were presented in 2014.
Two papers demonstrated that lenalidomide’s interaction with CRBN changes its substrate
specificity to induce the proteasomal-dependent degradation of transcriptional factors
IZKF1 and IKZF3 (named also Ikaros and Aiolos, respectively) [5,6]. IKZF1 and IKZF3
were defined as CRBN “neosubstrates’ because they only become CRBN targets in the
presence of IMiDs. Degradation of IKZF1/3 regulates the expression of other genes, such
as IRF4 and MYC, and is essential for the proliferation and survival of MM cells [29,30].
Disruption of the IKZF1/3-IRF4-MYC transcriptional axis is of special importance in
MM cells survival [31], in contrast to studies with primary effusion lymphoma cell lines,
where IMiDs triggered downregulation of IRF4 expression independently of both IKZF1
and IKZF3 [32]. The investigation of the lenalidomide mechanism of action in other
hematological malignancies, such as myelodysplastic syndrome with del5q, identified
the next neosubstrate of CRBN; a casein kinase 1 « (CK1la; encoded on chromosome 5q
by CSNK1A1) [9]. The deletion of the 5q region leads to reduced baseline expression of
CKla and sensitizes MDS cells to lenalidomide, which causes a unique opportunity to
exert its apoptotic effect. In MM cells, inactivation of CK1«x induces cell cycle arrest and
overcomes the bone marrow stromal protection, indicating that lenalidomide-dependent
degradation of CKlee may complement its anti-myeloma activity [33-35]. Moreover, the
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group of thalidomide neosubstrates includes also PLZF, SALL4 and P63 proteins, which
were identified as its teratogenicity mediators [36-39]. Recent screening studies conducted
by mass-spectrometry and high-throughput sequencing of engineered cell lines revealed
the multiple potential IMiDs neosubstrates [40,41], which need to be validated under
physiological conditions and translated to the clinical effects of IMiDs. The established
neosubstrates for CRLACRBN E3 Jigase under IMiDs impact are shown in Figure 1B.

The differences in neosubstrates repertoire degraded under IMiDs activity may re-
flect the various adverse events observed during MM therapy. The most common side
effect of thalidomide is chronic axonal neuropathy [42], in contrast to other IMIDs char-
acterized by myelosuppression as the most frequent toxicity. Myelosuppressive effect of
lenalidomide and pomalidomide refers to the IKZF1 degradation and subsequent down-
regulation of the transcription factor PU.1 [43] and GATA1 [42], resulting in neutropenia
and thrombocytopenia, respectively. As thalidomide is a much less potent IKZF1 degrader
relative to lenalidomide and pomalidomide, it may not induce this toxicity as strongly as
its newer derivatives.

IMiDs can modulate the CRLA“REN E3 ligase activity toward the degradation of
various proteins with different affinity to the specific neosubstrates. The unique patterns of
substrate specificity may translate the diversity in clinical efficacy and toxicity profile of
these medicines.

2.2. Clinical Efficacy of IMiDs

Although the role of thalidomide in MM treatment has been steadily declining since
the introduction of lenalidomide, in many countries where access to lenalidomide is limited,
the combination of thalidomide, dexamethasone and bortezomib (VTD) is still the key ap-
proach in patients with newly diagnosed MM who are eligible for high-dose chemotherapy
followed by autologous stem-cell transplantation (auto-HSCT). Recently, VTD induction
prior to auto-HSCT has been shown to achieve an objective response (at least partial re-
sponse [PR]) in almost 95% of patients, confirming previously reported results [44]. As
shown in the recent phase 3 CASSIOPEIA trial, the clinical benefits of VTD in terms of depth
of response, rate of measurable residual disease (MRD) negativity and progression-free
survival (PFS) can be further enhanced by the addition of daratumumab, a first-in-class
monoclonal antibody targeting CD38, i.e., an antigen commonly expressed on the surface
of MM cells [45].

The high efficacy and favorable toxicity profile of lenalidomide have made this drug
the cornerstone of most regimens currently used in MM therapy, both as initial treat-
ment and in relapsed/refractory settings. The phase 3 PETHEMA/GEM2012 trial of
458 MM patients eligible for auto-HSCT showed significant activity of lenalidomide, dex-
amethasone and bortezomib (VRD) combination in pre-transplant induction (6 cycles) and
post-transplant consolidation (additional 2 cycles) with high rates of both deep responses
(>very good partial response [VGPR], 75%; complete response [CR], 50%) and MRD neg-
ativity (45%) assessed after consolidation [46]. The phase 2 randomized GRIFFIN study
recently showed that the addition of daratumumab to VRD induction (D-VRD) (given
for 4 cycles) and post-transplant consolidation (given for additional 2 cycles) significantly
improved depth of response (=VGPR, 91% vs. 73%; >CR, 52% vs. 42%; MRD negativity
rate, 51% vs. 20%) compared to VRD alone [47]. The efficacy and safety of D-VRD as a
frontline treatment for transplant-eligible MM patients will be further evaluated in the
phase 3 PERSEUS trial (NCT03710603).

The superiority of VRD over RD alone was demonstrated in the phase 3 SWOG
50777 trial in treatment-naive MM patients not intended for immediate auto-HSCT. Longer
progression-free survival (PFS) (median, 43 vs. 30 months) and overall survival (OS)
(median, 75 vs. 64 months) were observed in VRD compared to the RD arm [48]. The
ENDURANCE trial showed that in a group of patients with no intention for immediate
auto-HSCT, treatment with a combination of the second-generation proteasome inhibitor
carfilzomib with RD (KRD) did not provide clinical benefit in terms of PFS over VRD [49].
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More recently, the MAIA study including patients ineligible for auto-HSCT due to age
or comorbidities showed that adding daratumumab to RD (DRD) led to a 47% and 32%
reduction in the risk of progression and death, respectively, compared to RD alone [50].
Given these results, both VRD and DRD have been established as the preferred therapeutic
options for patients with newly diagnosed MM who are not eligible for auto-HSCT [51].

The treatment of relapsed/refractory MM is a major challenge in clinical practice.
For patients who have not previously been exposed to lenalidomide, RD alone (especially
in frail patients) [52], or combined with carfilzomib (the ASPIRE trial) [53,54] ixazomib
(the TOURMALINE trial) [55], daratumumab (the POLLUX trial) [56] or elotuzumab
(the ELOQUENT-2 trial) [57,58] are highly relevant therapeutic options. In turn, for
lenalidomide-refractory patients, in addition to IMID-free regimens (e.g., DKD [the CAN-
DOR trial] [59], DVD [the CASTOR trial] [60] and KD alone [the ENDEAVOR trial] [61],
pomalidomide-based approaches are of great clinical value. Depending on previous thera-
pies, performance status and comorbidities, patients with relapsed/ refractory MM may
benefit from pomalidomide-dexamethasone given alone or in combination with anti-CD38
antibodies (i.e., daratumumab (the APOLLO trial) [62] or isatuximab [the [CARTA-MM
trial] [63], elotuzumab (the ELOQUENT-3 trial) [64], proteasome inhibitors (i.e., bortezomib
[the OPTIMISMM trial] [65], carfilzomib [66] and ixazomib [67]) along with cytotoxic agents
(e.g., cyclophosphamide [68]). The results of the randomized clinical trials with IMiDs are
summarized in Table 1.

Lenalidomide is also placed as the standard of care in maintenance therapy of MM
after auto-HSCT or in nontransplant settings for newly diagnosed patients. In four phase 3
randomized trials, prolonged PFS was observed with hazard ratios (HRs) ranging from 0.47
to 0.57 in favor of the lenalidomide arm vs observation/ placebo post auto-HSCT [69-72].
Moreover, three clinical trials’ meta-analysis documented longer overall survival (OS) of
patients with lenalidomide maintenance [73]. On the other hand, one is aware of the risk
of secondary malignancies during long-term exposure to lenalidomide [74], especially
the several recent reports that emerged about acute B-cell leukemia with diverse clinical
courses and treatment outcomes [75-78].

There is room for pomalidomide and new cereblon E3 ligase modulators (CELMoDs,
described below) in the maintenance therapy of MM because of their higher efficacy and
more favorable toxicity profile, which is of special interest during long-term therapy.

Table 1. Summarize the results of randomized clinical trials with IMiDs.

Trial Phase Regimen Outcome
Newly-Diagnosed MM with Transplant Intent
Dara-VTD mPFS: NR vs. NR (HR = 0.47; p < 0.0001)
CASSIOPEIA [49] 3 VTD MRD (-): 64% vs. 4% (p < 0.0001)

mPFS: NR; MRD (-): 29% (post induction),

PETHEMA/GEM2012 [46] 3 VRD 42% (post auto-HSCT) and 45% (post consolidation)
- Dara-VRD 2y-PFS: 96% vs. 90%
GRIFFIN [47] 3 VRD MRD (- 51% vs. 20% (p < 0.0001)
Newly-Diagnosed MM with Non-Transplant Intent
VRD mPFS: 43 vs. 30 mo (HR = 0.71; p = 0.0018)
SWOG 50777 [48] 3 RD mOS: 75 vs. 64 mo (HR =0.71; p = 0.025)
ENDURANCE [49] 3 vin mPFS: 34.6 vs. 344 months (p = 0.74)
Dara-RD
MAIA [50] 3 VRD mPFS: NR vs. 34.4 mo (HR = 0.53; p < 0.0001)

o0 0
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Table 1. Cont.
Trial Phase Regimen Qutcome
Relapsed/Refractory MM
Dimopoulos et al. [52] 3 pla:ZEGD mTTP, 11.3 vs. 4.7 months (p < 0.001)
e : TSI B )
o :
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OPTIMISMM [65] 3 R mPFS; 112 vs. 7.1 mo (HR = 0.61; p < 0.0001)

Abbreviations: D: dexamethasone; Dara: daratumumab; Elo: elotuzumab; HR: hazard ratio; IRD: ixazomib,
lenalidomide and dexamethasone; Isa: isatuximab; KD: carfilzomib and dexamethasone; KPD: carfilzomib,
pomalidomide and dexamethasone; KRD: carfilzomib, lenalidomide and dexamethasone; MM: multiple myeloma;
MRD: measurable residual disease; mo: months; mOS: median OS; mPFS: median PFS; NR: not reached; ORR:
objective response rate; OS: overall survival; PD: pomalidomide and dexamethasone, PFS: progression-free
survival; PVD: bortezomib, pomalidomide and dexamethasone; RD: lenalidomide and dexamethasone; TTP: time
to progression; VD: bortezomib and dexamethasone; VRD: bortezomib, lenalidomide and dexamethasone; VTD:
bortezomib, thalidomide and dexamethasone; y, years.

3. Cereblon E3 Ligase Modulators (CELMoDs)
3.1. Mechanism of CELMoDs" Action

Even though the enigma of IMiDs" different ways of action is still not fully deciphered,
we have to make room for the novel, intentionally designed, class of CRLACREN players, re-
ferred to as CRBN E3 ligase modulation drugs (CELMoDs). This group of “next-generation”
IMiDs is represented by CC-92480 (mezigdomide), CC-220 (iberdomide), CC-122 (avado-
mide) and CC-885. Chemically, CELMoDs share with IMiDs the conserved glutarimide
rings for interaction with CRBN. The second, extended region of their structures (cor-
responding to the phthalimide ring in thalidomide) varies between each CELMoD and
determines the interaction with CRBN and new CRLASREN E3 sybstrates, as shown in
Figure 2A,B.

One of the key features that differentiate CELMoDs from IMiDs is the enhanced
affinity to the CRBN. The raw data varies between the published results depending on the
used assays. Still, most publications document the approximately 10-20-fold higher CRBN-
affinity of CELMoDs compared to lenalidomide or pomalidomide [79,80]. Consistent with
increased affinity, the greater CELMoDs’ potency in degradation of IKZF1 and IKZF3 is
observed compared to classical IMiDs [81], Figure 2C.
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Figure 2. IMIDs/CELMoDs differences in chemical structure and power of IKZF1 degradation.
Chemically, IMiDs (A) and CELMoDs (B) share glutarimide ring for binding to the tri-tryptophan
pocket of CRBN, but the second structural region varies between each drug and determines the
interaction with CRBN and neoubstrates. (C) The comparison of the IMiDs and CELMoDs potency
in IKZF1 degradation.

In contrast to known IMIDs” neosubstrates, CC-885 was found to exert the antitumor
activity by CRBN-dependent ubiquitination and degradation of the translational terminal
factor, GSPT1. Degradation of GSPT1 is detrimental in acute myeloid leukemia (AML)
cell lines and patient-derived AML samples [82]. Furthermore, a recent analysis based on
mass-spectroscopy proteomics also identified dose- and time-dependent degradation of
BNIP3L in CRBN*/*, but not CRBN~/~ cells exposed to CC-885 compound. That data
uncover a novel role of CC-885 in regulating degradation of mitochondria (mitophagy)
by targeting BNIP3L for CRLACRBN E3 |igase-dependent ubiquitination [83]. In MM cell
lines, CC-885 selectively induced the ubiquitination and degradation of CDK4 in a CRBN-
dependent manner, suggesting that CDK4 destruction contributed to its cytotoxicity in MM
pre-clinical model [84].

The CC-220 has a higher than IMiDs affinity to CRBN and potency for IKZF1/3
degradation, but does not degrade CKla or GSPT1. It is worth mentioning that iber-
domide and other CELMoDs (CC-122, CC-92480) have the activity in lenalidomide- or
pomalidomide-resistant cell lines with decreased CRBN expression [85,86].

Unlike other IMiDs or CELMoDs, recent basic studies with avadomide revealed the
CRBN-dependent degradation of ZMYM2 (ZNF198), a transcriptional factor involved in
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rearrangements with FGFR1 and FLT3. This makes CC-122 a potential drug for patients
with aggressive hematological malignances harboring translocations resulting in fusion

oncoproteins ZMYM2-FGFR1 and ZMYM2-FLT3 [87].

3.2. Clinical Efficacy of CELMoDs
3.2.1. CC-92480 (Mezigdomide)

Recently, the preliminary results of the phase 1/2 CC-92480-MM-002 study have
been reported. A total of 19 patients with relapsed/refractory MM after a median of 3
(range, 2—4) lines of prior therapy had received a combination of CC-92480 (mezigdo-
mide), bortezomib and dexamethasone [88]. All patients were previously exposed to
lenalidomide and half of them received pomalidomide in addition. The mezigdomide-
bortezomib-dexamethasone combination has shown promising clinical activity with an
objective response (>PR) achieved in almost 75% of cases and a median duration of re-
sponse of 10 months. The toxicity profile was predictable and acceptable, with cytopenias
being the most commonly reported grade 3 or 4 treatment-emergent adverse event. In
this study, evaluation of other mezigdomide-dexamethasone combinations containing a
next-generation PI (carfilzomib or ixazomib) or anti-CD38 antibody (daratumumab or
isatuximab) or anti-SLAMEF? antibody (elotuzumab) is planned (NCT03989414). Another
phase 1 study (NCT03374085) has recently demonstrated the mezigdomide-dexamethasone
doublet to be an effective approach in a group of 66 heavily pre-treated (a median of 6
previous therapies) patients with prior exposure to lenalidomide (89%), pomalidomide
(83%) and anti-CD38 antibodies (78%) [89]. The objective response rate at the therapeutic
dose was almost 50%, and responses were achieved independently of resistance to IMIDs.
The most common adverse events were myelosuppression. The study is ongoing, and
further findings are highly anticipated.

3.2.2. ITberdomide (CC-220)

Triplet combinations with iberdomide (CC-220) have shown a favorable safety profile
and promising clinical activity in heavily pretreated MM patients, according to the prelimi-
nary results of the phase 1/2 CC-220-MM-001 study (NCT02773030) [90]. The iberdomid-
daratumumab-dexamethasone (IberDd) cohort included 63% and 58% of daratumumab-
resistant and quadruple-refractory (defined as refractory to =1 IMIDs, 1 PI, 1 anti-CD38
monoclonal antibodies and 1 steroid) patients, respectively. Similarly, a high representation
of refractory patients (Pl-refractory, 76%; quadruple-refractory, 48%) was included in the
iberdomide-bortezomib-dexamethasone (IberVD) cohort. Nevertheless, the objective re-
sponse rate was 35% in the IberDd and 50% in the IberVD cohort. Importantly, responses
to IberDd and IberVd were achieved irrespective of daratumumab- and bortezomibe-
refractoriness. It is worth highlighting that a significant proportion of patients derived
clinical benefit from iberdomide-based therapy due to achieving a minimal response or
stable disease. The clinical benefit rate and the disease control rate were 47% and 88% (for
the IberDd cohort) and 65% and 85% (for IberVD cohort), respectively [90]. Cytopenias
were the most common complication of the combination therapy. The IberDd combination
for the treatment of relapsed/refractory MM is planned to be compared with DRd in the
phase 3 EXCALIBER-RRMM trial (NCT04975997). Additionally, IberVD as a frontline
approach for MM patients ineligible for HDT-auto-HSCT will be evaluated in the phase 2
BOREALIS trial (NCT05272826).

In the phase 1/2 CC-220-MM-001 study (NCT02773030), iberdomide in combination
with dexamethasone was evaluated [91]. Almost all of the 107 enrolled patients were
triple refractory (refractory to IMID, Pl and anti-CD38 monoclonal antibody), 25% had an
extramedullary disease, and 30% had high-risk cytogenetics. Treatment with iberdomide
and dexamethasone led to a response in 26% of patients. Median PFS and OS were 3 and
11 months, respectively. Interestingly, patients who had previously received anti-BCMA
therapy had similar response rates (ORR of 25%). There were no new concerns about the
toxicity of the combination therapy. The efficacy and safety of iberdomid-dexamethasone
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combined with other anti-myeloma agents, i.e., carfilzomib (NCT05199311, NCT02773030),
ixazomib (NCT04998786), cyclophosphamide (NCT04392037) and idecabtagene vicleu-
cel (the KarMMa-7 trial, NCT04855136) are currently being investigated in several early
phase studies.

3.2.3. Avadomide (CC-122)

The results of the first-in-human study of avadomide monotherapy in the treatment of
various advanced hematological malignancies, including two cases of heavily pretreated
MM have recently been published [92]. Although no objective responses were observed, in
one MM case avadomide led to long-term disease stabilization. In two other early phase
studies, avadomide both in monotherapy and in combination with the anti-CD20 anti-
bodies showed promising efficacy in the treatment of relapsed/ refractory non-Hodgkin's
lymphoma [93,94].

3.24. CC-885

Another CELMoD, CC-885 has shown anti-cancer activity in several preclinical stud-
ies [83,84,95]. However, to the best of our knowledge, CC-885 is not yet evaluated in
clinical trials.

4. Proteolysis Targeting Chimeras (PROTACs)

As described previously, selective protein degradation is a treatment strategy of high
clinical value, and this therapeutic approach is desirable not only for MM patients. An
interesting method for novel drug design is to hijack the activity of E3 ubiquitin ligases for
ubiquitination and degradation of the proteins of “our” interest (POls). The extensive stud-
ies in IMiDs mechanism of action led to the development of “degronimids”—bifunctional
compounds in which a thalidomide-like element is paired with one of many different small
molecules to cause ubiquitination of proteins binding to these latter molecules [96]. This
engineered technique for protein degradation is more commonly known as proteolysis
targeting chimeras (PROTACs). The PROTAC molecules consist of three elements: (1) a
small molecule compound that binds specifically to the target protein, (2) a compound that
binds specifically to the E3 ubiquitin ligase, often called “molecular glue” and (3) a “linker”
that connects the two above elements and also affects its tertiary structure, water solubility,
and stability, Figure 3.

The PROTAC technique does not require binding to the target protein’s active site, so
this approach has a great advantage in overcoming the potential limitations of classical
small-molecule protein inhibitors (transient targeting of non-covalent inhibitors; resistance
caused by protein overexpression or point mutations). This novel strategy brings us closer
to degrading “undruggable” proteins, such as crucial oncogenic proteins.

Currently, most PROTACs use the CRLA“FEN and von Hippel-Lindau (VHL) E3
ubiquitin ligase as a recruiting ligase. Thus, IMiDs are often considered pioneers in respect
to the “molecular glue” part of PROTAC since they promote the interaction of CRBN with
a multitude of therapeutically relevant neosubstrates.

The first CRBN-based PROTAC was developed in 2015, with the structure of thalido-
mide capturing CRBN and bromodomains as protein of interest (by BET inhibitor—]Q1).
The resulting compound dBET1 has been shown to induce highly selective CRBN-dependent
BET protein degradation in MM and AML cell lines [96]. The next-generation PROTACs
based on CRLA“RBN__pomalidomide interaction also targets BET proteins (ARV 825),
which showed promising activity against MM cells, including in vivo activity in a mice
model [97,98]. Effective PROTACs targeting other MM promising oncoproteins such as
CDK4 and CDK6 [99,100] and MCL-1 [101] have also been described.
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Figure 3. The mechanism of PROTAC-mediated targeted protein degradation. The PROTAC works
as “molecular glue” and brings the target protein closer to E3 ligase to form a multi-protein complex.

N
G

This result in Ub transfer from E2 to the target and subsequent degradation in the proteasome.
Excluding the proteolyzed target, the classic component of the ubiquitination pathway and PROTAC
recycle during the whole process.

It should be noted that in the case of MM, this strategy may be limited due to the
resistance of MM cells that arises during treatment with IMiDs or CELMoDs. This may
affect the efficacy of PROTACs based on the CRLAREN E3 ubiquitin ligase by changes in
the CRBN expression and mutation in the gene encoding CRBN. Fortunately, the human
genome encodes more than 600 E3 ubiquitin ligases [3,102], so far only a few have been
used for PROTAC's generation: VHL, MDM2 (Murine double minute 2), [APs (inhibitor
of apoptosis proteins) and CRBN. The latest comprehensive investigation of PROTACs
targeting different proteins but running via the same E3 ligase showed cross-resistance.
In turn, the sequential exposure to other E3 ligases (CRBN of VHL) for the same target
overcame this effect [103].

To date, degronimids and other PROTACs are being studied extensively in a broad
spectrum of hematologic malignancies and other cancers in preclinical studies [104-106].
In 2019, the first potential PROTAC-based drugs entered the first-in-human clinical trial in
metastatic and castration-resistant prostate cancer (ARV-110; NCT03888612) and advanced
breast cancer (ARV-471; NCT04072952), resulting in acceptable toxicity profile and the first
evidence of the PROTACs’ clinical activity [107,108]. In August 2022, clinical trials with
ARV-110 (ADRENT, NCT0388861) and ARV-471 (VERITAC, NCT04072952) are running
phase 2 trials. In the hematology field, a first-in-human phase 1 trial of a first-in-class
oral BTK degrader with IMiD-like activity (NX-2127), is currently enrolling the patients
with relapsed/refractory B-cell malignancies (NCT04830137). Similarly, another BTK
degrader with IMID backbone (NX-5948) has entered the 1 phase trial in adults with
relapsed/refractory B-cell malignancies, including also primary central nervous system
lymphoma (NCT05131022). Recently, the STAT3 degrader (KT-333) also on the IMiD
backbone was approved to enter the phase 1 trial in adults with refractory B-cell non-
Hodgkin lymphoma, T-cell lymphomas and solid tumors [109].
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5. Conclusions and Future Directions

The introduction of IMiDs has changed the therapeutic landscape of multiple myeloma
once and for all, and together with other advances, has led to significant improvement
in MM treatment outcomes. Currently, these drugs are the standard of care for induction
therapy for newly-diagnosed MM patients, maintenance therapy after auto-HSCT, and
treatment of relapsed/refractory MM.

The lifetime of thalidomide from a teratogenic “dark remedy” to the first-in-class IMiD,
along with an extensive investigation of its mechanism of action, gave us a unique lesson
about the possibility of precise and re-directed protein ubiquitination. The identification of
CRBN as a thalidomide binding protein was followed by the discovery that IMiDs modulate
the ubiquitin ligase activity of CRLARBN towards non-physiological targets for proteasome
degradation. For now, plenty of new CRLACRBN jnteractors have been discovered as a
result of broad IMiDs/CELMoDs activity investigations. The design and development
of selective protein degraders based on CRL4“RBN and other E3 ligases may represent
the quintessence of personalized medicine, as targeted protein degraders apparently can
induce degradation of any cancer vulnerability.

CELMoDs seem to be an attractive therapeutic option for MM refractory to IMiDs,
but further deep proteomic investigations of resistant MM cells (especially at the stage of
MRD) can reveal resistance mediating “undruggable” proteins that can become targets for
PROTACS utility.

Even though IMiDs are one of the most important drugs used in MM therapy, the
landscape of their therapeutic area is enlarging to other hematologic malignancies. The
efficacy of lenalidomide was proven in the treatment of relapsed mantle cell lymphoma,
follicular lymphoma and marginal zone lymphomas. Furthermore, CELMoDs recruitment
of new CRLACRBN gybstrates (e.g., GSTP1) makes them attractive for the treatment of
AML. The pluripotent mechanism of IMiDs/CELMoDs action makes them attractive
to complement other therapies, especially immunotherapy. The potential to enhance
anti-tumor immune responses by overcoming an immunosuppressive effect of the tumor
microenvironment brings them promising candidates for combined therapies with immune-
engagers, such as monoclonal or bispecific antibodies and chimeric antigen receptor (CAR)-
T cell therapies.
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STRESZCZENIE

Leki immunomodulujgce (ang. immunomodulatory drugs, IMiDs) stanowig
podstawe schematow terapeutycznych stosowanych w leczeniu nowo rozpoznanego
I nawrotowego szpiczaka plazmocytowego (ang. multiple myeloma, MM). Istotny postep,
jaki dokonat si¢ w leczeniu chorych na MM w ciggu ostatnich dwoch dekad jest
przypisywany m.in. wprowadzeniu do rutynowej praktyki klinicznej talidomidu oraz jego
nowszych pochodnych, tj. lenalidomidu i pomalidomidu. Jedyny dotychczas opisany,
molekularny mechanizm dziatania IMiDs polega na bezposredniej interakcji z biatkiem
cereblon (CRBN), ktore wspottworzy kompleks o aktywnosci ligazy E3 ubikwityny
(CRL4®RBNY W wyniku przytaczenia IMiDs do CRBN dochodzi do zmiany profilu
biatek, ktore sa ubikwitynowane przez CRL4REN i kierowane na droge protasomalnej
degradacji. Pod wptywem IMiDs dochodzi do nasilonej proteasomalnej degradacji
czynnikow transkrypcyjnych (IZKF1, IKZF3) kluczowych dla przezycia i proliferacji
MM oraz posrednio modulujacych aktywnos¢ uktadu odpornosciowego.

Celem niniejszej pracy byta ocena zalezno$ci pomigdzy ekspresja skltadowych
kompleksu ligazy E3 ubikwityny (CRL4SRBN) a przebiegiem klinicznym i rokowaniem
u chorych na MM poddanych leczeniu z wykorzystaniem IMiDs.

Za pomocg barwien immunohistochemicznych oceniono ekspresj¢ sktadowych
kompleksu CRL4RBN oraz biatek zaleznych od jego aktywnosci, w archiwalnych
trepanobioptatach pobranych od pacjentdow przed rozpoczeciem leczenia opartego
naIMiDs. Dokonano analizy statystycznej w zakresie uzyskanych wynikow
immunohistochemicznych oraz danych laboratoryjnych i klinicznych dotyczacych
pacjentow leczonych IMiDs.

Do badania wiaczono 130 pacjentow, w tym 81 (62%) pacjentow leczeniu
pierwszej linii z wykorzystaniem talidomidu 1 49 (38%) pacjentéw, ktorzy otrzymali
leczenie oparte na lenalidomidzie. Zidentyfikowano obecno$¢ biatek CRBN, CUL4A,
DDB1, IKZF1 oraz IKZF3 odpowiednio w 54%, 51%, 49%, 71% i 54% analizowanych
trepanobioptatach. W wyniku przeprowadzonej analizy statystycznej stwierdzono
zalezno$¢ pomiedzy ekspresja bialek CRBN 1 DDBI a parametrami klinicznymi
odpowiadajacymi wyzszemu zaawansowaniu MM w momencie rozpoczecia leczenia
IMiDs. Dodatkowo potwierdzono, ze ekspresja CRBN koreluje z uzyskiwang
odpowiedzig na leczenie (>PR vs. <PR, p=0,012; >VGPR vs. <VGPR, p=0,032)
oraz zidentyfikowano po raz pierwszy tozsamg zaleznos¢ dla ekspresji CUL4A (> PR vs.
<PR, p=0,007; >VGPR vs. <VGPR p=0,027). Ekspresja CUL4A charakteryzowata
réwniez grupe pacjentdéw z mniejszym ryzykiem progresji MM (HR=0,66; 95% CI 0,44-
-0,99; p=0,046). W analizie jednoczynnikowej zidentyfikowano niekorzystne czynniki
prognostyczne dla OS (ekspresja DDB1, obecnos¢ zmian osteolitycznych, starszy wiek
pacjenta oraz wyzsze wyjsciowo stezenie B2-mikroglobuliny we krwi obwodowej).

W analizie wieloczynnikowe]j potwierdzono niezalezny, niekorzystny wpltyw st¢zenia
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B2-mikroglobuliny, obecno$ci zmian osteolitcznych oraz ekspresji DDBI
na prawdopodobienstwo catkowitego przezycia chorych na MM leczonych IMiDs.
Uzyskane wyniki przemawiajg za predykcyjnym znaczeniem ekspresji CRBN
i CUL4A oraz prognostycznym znaczeniem ekspresji DDB1 u chorych na MM leczonych
IMiDs oraz moga w przysztosci przyczyni¢ si¢ do identyfikacji pacjentow, ktdrzy odniosa

najwicksza korzy$é z leczenia opartego na aktywnosci kompleksu CRL4CREN,
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ABSTRACT

The impact of the E3 ubiquitin ligase complex components on the clinical course
and prognosis of patients with multiple myeloma treated with immunomodulatory
drugs.

Immunomodulatory drugs (IMiDs) are the backbone of most combination
regimens used in the treatment of multiple myeloma (MM) in newly diagnosed
and relapsed or refractory settings. The introduction of thalidomide, a first-in-class IMiD,
along with its newer derivatives (lenalidomide and pomalidomide), was a milestone
in MM therapy leading to a significant improvement in patients’ prognosis. Nowadays,
itis known that IMiDs exert their anti-myeloma activity mainly by binding cereblon
(CRBN), the substrate receptor protein of the CRL4 E3 ubiquitin ligase (CRL4CREN)
complex. By binding CRBN, IMiDs alter their substrate specificity, leading to the change
of proteins profile, which is ubiquitinated by CRL4“REN and subsequently degraded by
the proteasome. IMiDs lead to the enhanced degradation of transcriptional factors
(IKZF1, IKZF3), which are crucial for MM survival and indirectly modulate immune
system activity.

The study aimed to analyze the association between the expression of CRL4CREN
complex proteins and the clinical course of MM patients undergoing IMiDs-based
treatment.

We evaluated the expression of CRL4CREN complex proteins and their
downstream targets with immunohistochemistry (IHC) staining in 130 bone marrow
samples from MM patients treated with thalidomide (n=81, 62%) or lenalidomide-based
(n=49, 38%) regimens. According to predefined cut-off values, the positivity (+)
of CRBN, CUL4A, DDB1, IKZF1 and IKZF3 was observed in 54%, 51%, 49%, 71%
and 54% of cases, respectively. We found that expression of CRBN and DDB1 was
associated with higher burden of the MM at the initiation of IMiDs therapy.
We confirmed that CRBN expression correlates with response to IMIDs treatment
(> PR vs. <PR, p=0,012;> VGPR vs. < VGPR, p=0,032). The expression of CUL4A was
also associated with response rate (> PR vs. < PR, p=0,007; > VGPR vs. < VGPR
p=0,027) and improved PFS (HR = 0.66, 95% CI1 0.44-0.99; p = 0.046). Moreover, DDB1
expression along with [2-microglobulin serum concentration and presence of
the osteolytic lesions, showed a negative impact on OS both in univariate and multivariate
analysis.

The study’s results suggest that expression of CRBN, CUL4A and DDB1 may
predict the clinical course of MM patients and identify patients with a high probability
of response to IMiD-based therapy. These novel findings are the starting point for future
research in personalized therapeutic approaches based on CRL4SREN activity.
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