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IT’S A DIFFERENT WORLD: CLL 2024

Relapsed/refractory CLL: the role of allo-SCT, 
CAR-T, and T-cell engagers
Arnon P. Kater1 and Tanya Siddiqi2
1Department of Hematology, Cancer Center Amsterdam, Amsterdam University Medical Centers, University of Amsterdam, Amsterdam,  
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Chronic lym pho cytic leu ke mia (CLL) patients who are refrac tory to both Bruton’s tyro sine kinase and B-cell/CLL lym-
phoma 2 (BCL2) inhib i tors face a sig nif  cant treat ment chal lenge, with lim ited and short-last ing dis ease con trol options. 
This under scores the urgent need for novel ther a peu tic strat e gies. Immunotherapy has emerged as a prom is ing approach 
to address this unmet need, offer ing the poten tial for dura ble remis sions and improved patient out comes. Historically, 
allo ge neic stem cell trans plan ta tion has been used for high-risk CLL patients, dem on strat ing prom is ing sur vival rates. 
However, its appli ca bil ity is lim ited by high treat ment-related mor tal ity and chronic graft-ver sus-host dis ease, espe-
cially in older and frail patients. Chimeric anti gen recep tor (CAR) T-cell ther apy is gaining atten tion for its poten tial in 
relapsed/refrac tory CLL. Early clin i cal tri als have shown that CAR T cells can induce dura ble remis sions, with encour ag ing 
over all response rates in heavily pretreated patients. Additionally, bispecifc antibodies are being explored as immu no-
ther a peu tic strat e gies, show ing prom is ing pre clin i cal and early clin i cal results in targeting CLL cells effec tively. One of 
the major chal lenges in CLL treat ment with T-cell–based ther a pies is the acquired T-cell dys func tion observed in patients. 
To over come these lim i ta tions, strat e gies such as com bin ing targeted agents with cel lu lar immunotherapies, mod i fy ing 
CAR designs, and incor po rat ing immu no mod u la tory com pounds into the manufactur ing pro cess are being inves ti gated. 
These inno va tive approaches aim to enhance T-cell engage ment and improve out comes for CLL patients, offer ing hope 
for more effec tive and sus tain able treat ments in the future.

LEARNING OBJEC TIVES
 • Understand ther a peu tic poten tial and toxicities of existing and emerg ing T-cell–based ther a pies in CLL
 • Understand the chal lenges of T-cell–based ther a pies in CLL and poten tial strat e gies to over come these

CLINICAL CASE
A 51-year-old man was diag nosed with chronic lym pho-
cytic leu ke mia (CLL) in late 2014, presenting with a white 
blood cell count of 13 000/µL, a plate let count of 40 
000/µL, a hemo glo bin level of 11  g/dL (110  g/L), hepato-
splenomegaly, dif fuse lymph ade nop a thy, and a genetic 
pro file show ing 11q dele tion, 13q dele tion, and unmu-
tated immu no glob u lin heavy chain var i able region. He 
received fludarabine, cyclo phos pha mide, and rituximab 
chemoimmunotherapy from Feb ru ary to July 2015, which 
ini tially improved his throm bo cy to pe nia but was followed 
by grad ual wors en ing. In Sep tem ber 2016 he enrolled in 
an acalabrutinib clin i cal trial, responding well for sev eral 
years before progressing and discontinuing the study in 
April 2020. Next-gen er a tion sequenc ing revealed a Bru-

ton’s tyro sine kinase (BTK) muta tion (C481S). He then 
started com mer cial venetoclax with rituximab on 22 April 
2020, con tinu ing 400  mg/d for 2 years. By 24 June 2024, 
he was progressing again, with wors en ing lym pho cy to-
sis (white blood cell count increased from 4840/µL on 
18 March 2024 to 29 220/µL on 24 June 2024), wors en ing 
throm bo cy to pe nia, lymph ade nop a thy, and spleno meg-
aly. To gain rapid con trol, he started pirtobrutinib in con-
junc tion with venetoclax. The med i cal team is cur rently 
eval u at ing options for venetoclax taper and lisocabta-
gene-maraleucel while also test ing for evo lu tion of muta-
tions in the CLL cells. This case high lights the chal lenges 
of man ag ing CLL with evolv ing genetic abnor mal i ties and 
dem on strates both the poten tial ben e fits and lim i ta tions 
of targeted ther a pies in treating this com plex dis ease.
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Introduction
Patients with CLL who are refrac tory to both BTK and BCL2 inhib i-
tors rep re sent a sig nifi  cant unmet clin i cal need. A wide search for 
alter na tive targeted ther a pies is ongo ing, includ ing noncovalent 
BTK inhib i tors (BTKis) like pirtobrutinib and BTK degrad ers for 
BTKi-refrac tory cases. However, for these agents resis tance due 
to novel muta tions remains a chal lenge.1,2 For BCL2 inhib i tor alter-
na tives, other BCL2 fam ily inhib i tors targeting mye loid cell leu ke-
mia-1 or BCL-extra large have been stud ied, but spe cific toxicities 
have ham pered prog ress.3,4 The effi cacy of T-cell–based ther a-
pies in relapsed/refrac tory CLL has been dem on strated through 
allo ge neic stem cell trans plan ta tion (alloSCT). To mit i gate trans-
plant-related toxicities, autol o gous T-cell approaches, such as 
chi me ric anti gen recep tor (CAR) T cells and bispecific antibodies 
(bsAbs), are under inves ti ga tion, with CAR T cells approved for 
use in the United States. However, T-cell dys func tion in CLL poses 
a major chal lenge to these strat e gies. This review exam ines the 
avail  able data on treat ment modal i ties aimed at directing T cells 

to CLL cells, their lim i ta tions, and future direc tions to enhance 
T-cell engage ment in CLL treat ment (Figure 1).

Allogeneic SCT
CLL typ i cally has an indo lent, chronic course over a patient’s 
life time, but it can behave more aggres sively if high-risk fea-
tures of the dis ease exist, like TP53 muta tion/del17p. Histor-
ically, chemoimmunotherapy (CIT) did not pro duce dura ble 
responses in patients with high-risk fea tures, and alloSCT was 
uti lized as a poten tially cura tive treat ment if an appro pri ate 
donor was found because the graft-ver sus-leu ke mia effect 
could out weigh the risks of graft-ver sus-host dis ease (GVHD) 
and life-threat en ing infec tions. Limited pro spec tive tri als have 
shown that alloSCT can achieve a dura ble remis sion in a sig nif-
i cant pro por tion of patients, includ ing those with high-risk, CIT 
refrac tory, and del(17p)/TP53-mutated dis ease, with reported 
5-year over all sur vival (OS) of about 60% to 65%.5,6 However, 
nonrelapse/treat ment-related mor tal ity can be up to 25% even 

Figure 1. Autologous T-cell-based therapies for CLL. Professional illustration by Somersault18.24.
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with reduced-inten sity con di tion ing reg i mens, and about 50% 
chronic exten sive GVHD inci dence can be seen.7-9 At the 10-year 
median fol low-up, 1 pro spec tive trial has reported, nonrelapse 
mor tal ity of 20% and OS of 52.10 In addi tion, data from the Euro-
pean Society for Blood and Marrow Transplantation reg is try 
showed that even after 10 years, life expec tancy remained lower 
than age-matched con trols due to trans plant-related mor bid-
ity.11 The risk: the ben e fit ratio of alloHCT has slowly been shift-
ing over the years, even for high-risk CLL patients, due to the 
avail abil ity of improved treat ment options, par tic u larly BTKis 
and BCL2is, either given as a con tin u ous sin gle-agent or a time-
lim ited treat ment in com bi na tion with each other or with CD20 
mono clo nal antibodies. However, if patients become refrac tory 
or relapse after BTKi and BCL2i and are con sid ered fit, achieve 
remis sion, and have a suit able donor iden ti fied, then a nonmy-
eloablative/reduced inten sity alloHSCT approach should be 
con sid ered. Novel schemes, includ ing “postallo” cyclo phos-
pha mide, and novel immu no sup pres sive agents have led to a 
wider avail abil ity of donors, includ ing matched unre lated and 
haplo-iden ti cal donors, with accept able tox ic ity.12 With CAR T 
cells now avail  able in the United States and more access to 
autol o gous cel lu lar ther apy tri als, the deci sion for alloSCT is 
com plex. However, it is impor tant to note that in most parts of 
the world, CAR-T ther apy is not yet avail  able for CLL, and clin i-
cal tri als are not eas ily acces si ble, par tic u larly in countries fac-
ing eco nomic chal lenges. This dis par ity in access to advanced 
ther a pies fur ther com pli cates treat ment deci sions glob ally.

Achieving a deep remis sion with man age able tox ic ity is cru-
cial for the suc cess of alloSCT. Therefore, the risks of alloSCT 
must be weighed against the patient’s health and comorbidities. 
If the like li hood of remis sion is high and the risks are accept able, 
con sol i da tion with alloSCT should be con sid ered, par tic u larly 
in youn ger, fit patients with high-risk dis ease. In regions where 
CAR-T ther apy is not an option, alloSCT may remain the pri mary 
cura tive approach for eli gi ble patients with high-risk CLL.

The deci sion-mak ing pro cess should con sider not only the 
patient’s clin i cal sta tus and dis ease risk but also the avail abil ity 

of advanced ther a pies like CAR T cells in the patient’s loca tion. 
This global per spec tive is essen tial when con sid er ing treat ment 
options and poten tial out comes for CLL patients world wide.

In sum mary, alloSCT can pro vide long-term remis sions in 
patients with high-risk CLL, par tic u larly when dis ease con trol 
is achieved prior to trans plant. Patient selec tion remains chal-
leng ing due to immune-related toxicities such as infec tions and 
GVHD, mak ing older adult and frail patients, who com pose the 
major ity of CLL cases, poor can di dates for this pro ce dure. Alter-
native treat ments are urgently needed, espe cially for patients 
refrac tory to both BTKis and BCL2is.

CAR T-cell ther apy
The graft-ver sus-leu ke mia effects under ly ing the ther a peu tic 
activ ity of alloSCT imply that CLL can be effec tively targeted in 
a cel lu lar immune response. This has inspired the devel op ment 
of strat e gies to har ness autol o gous T cells against leu ke mia cells 
(Table 1). The proof of con cept that CD19 CAR T cells can pro duce 
dura ble remis sions, and even be poten tially cura tive, in mul ti ple 
relapsed CLL came from 2 University of Pennsylvania patients.13,14 
The per sis tence of CTL019 CAR T cells in com plete-responding 
patients at the last fol low-up more than 10 years after infu sion was 
reported.15 These patients were part of an early-phase study that 
included 14 CLL patients.14 The over all response rate (ORR) was 
57%, includ ing 4 com plete remis sions (CRs) and 4 par tial remis-
sions (PRs) with out an obvi ous rela tion ship between dose and 
response or tox ic ity. Achieving a CR was highly cor re lated with 
long-term pro gres sion-free sur vival (PFS). A fol low-up study of 
42 patients showed an ORR of 44% with a CR of 28%.16 Median 
PFS in the CR patients was 40.2 months, oth er wise only 1 month. 
Another phase 2 study at Memorial Sloan Kettering Cancer Center 
eval u ated a sec ond-gen er a tion anti-CD19 CAR T-cell con struct in 
8 relapsed CLL patients, with an ORR of 12% and no CRs.17 One 
PR last ing 6 months was reported. In a phase 1/2 clin i cal trial 
conducted by the Fred Hutchinson Cancer Research Center, 49 
patients with relapsed/refrac tory CLL and/or richter transforma-
tion (RT) after fail ing ibrutinib ther apy were treated with the CD19 

Table 1. CAR T-cell ther apy tri als in relapsed/refrac tory CLL

Study Product Sample size 
(enrolled/treated)

Median 
age 
(years)

Median 
prior lines 
of ther apy

ORR (%) CRR (%)
Median 
PFS 
(months)

mOS 
(months)

Grade 
3-5 CRS 
(%)

Grade 3-5 
neu ro tox ic ity 
(%)

Porter  
et al14

CTL019 
(tisagenlecleucel)

23/14 66 5 57 28 7 29 43 7

Frey  
et al16

CTL019 
(tisagenlecleucel)

42/38 62 3.5 44 28 1.8 64 24 8

Brentjens 
et al17

2nd-gen er a tion 
CD19 CAR T

8/8 68 2–3 12 0 Not 
reported

Not 
reported

50 Not reported

Siddiqi 
et al21

JCAR017 
(lisocabtagene-
maraleucel)

137/117 65 5 47 18 17.9 43.2 9 19

Liang  
et al20

JCAR014 49/49 (7 with  
prior Richter’s  
trans for ma tion, 2 
with cur rent RT; 30 
with out ibrutinib 
and 19 with  
con cur rent ibrutinib)

61 5 70 17 8.9 25 14 27
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CAR T-cell ther apy JCAR014, either with or with out con cur rent 
ibrutinib.18,19 With a median fol low-up of 6.5 years, the ORR and 
CR were 70% and 17%, respec tively, and the median PFS was 8.9 
months. Factors asso ci ated with improved out comes included 
achiev ing CR by pos i tron emis sion tomog ra phy and com puted 
tomog ra phy and unde tect able MRD by mul ti pa ram e ter flow 
cytom e try and next-gen er a tion sequenc ing on day plus 28 post 
infu sion. A higher peak expan sion of CD8+ and CD4+ CAR T cells 
and lon ger CAR T-cell per sis tence were also cor re lated with lon-
ger PFS. The lon gest mea sured per sis tence of CAR T cells was 86 
months.20 The TRANSCEND CLL 004 trial eval u ated lisocabtagene-
 maraleucel (liso-cel) in 117 patients with relapsed/refrac tory CLL 
who had received at least 2 prior lines of ther apy, includ ing a 
BTKi.21 In the pri mary effi cacy anal y sis set of 49 patients who had 
progressed after a BTKi, failed a BCL2i, and been treated at the 
recommended phase 2 dose, the rate of CR was sta tis ti cally sig-
nifi  cant at 18% (n = 9; 95% CI, 9-32; P = .0006). The ORR was 43% 
while the unde tect able MRD rate (at a sen si tiv ity of <10−4) was 63% 
in blood and 59% in mar row. The median dura tion of response 
was 35.3 months in this sub set (not reached for CR patients), and 
the median PFS was 11.9 months (not reached for CR patients and 
26.2 months for PR patients) with a median OS of 30.3 months (not 
reached for CR and PR patients).

An impor tant ques tion is whether pre–CAR-T param e ters can 
be iden ti fied to pre dict ther a peu tic effi cacy. In a pre lim i nary 
explor atory anal y sis from TRANSCEND CLL 004, Wierda and col-
leagues recently showed that a lower dis ease bur den cor re lated 
with a higher chance of achiev ing a response and that lisocel 
was effec tive regard less of high-risk fea tures of CLL.22 Based on 
data from the orig i nal CTL019 trial, Fraietta et al revealed that 
clin i cal effi cacy was pri mar ily asso ci ated with T-cell char ac ter is-
tics rather than dis ease fac tors.23 Premanufacturing T cells from 
non re spond ers showed upregulation of exhaus tion, acti va tion, 
gly col y sis, T-mem ory stem cells and apo pto sis genes, while 
respond ers’ leukapheresis prod ucts contained more CD8+ cells. 
The infused CAR T cells’ func tion al ity, deter mined by in vivo 
expan sion and per sis tence, was cru cial for ther a peu tic effi cacy. 
Responding patients’ CAR T cells exhibited early mem ory dif fer-
en ti a tion pro files and decreased aer o bic gly col y sis depen dence. 
The expres sion of inhib i tory immune check points on infused CAR 
T cells also impacted out comes, with non re spond ers show ing 
higher lev els of CTLA-4, TIM-3, and LAG-3. Additionally, a higher 
mito chon drial mass in CAR T cells were found to cor re late with 
com plete responses.24

Common toxicities of CAR T-cell ther apy for CLL include 
cyto kine release syn drome (CRS) and neu ro log i cal events. CRS 
occurs in 63% to 85% of patients, with 9% to 24% expe ri enc-
ing severe (grade ≥3) events. Immune effec tor cell–asso ci ated 
neu ro tox ic ity syn drome (ICANS) affects around 20% to 21% of 
CLL patients, with severe cases (grade 3 or higher) occur ring in 
approx i ma tely 9% of patients.25

In sum mary, a one-time infu sion of CAR T cells shows prom ise 
in relapsed/refrac tory CLL. A CR and long-term CAR T-cell per-
sis tence are cru cial for dura ble remis sions, thus far achieved in a 
minor ity of patients. While effi cacy is encour ag ing in respond ers, 
CRS and ICANS remain sig nifi  cant chal lenges early post cells. The 
US Food and Drug Administration recently granted accel er ated 
approval to liso-cel for CLL patients who have relapsed after 2 or 
more lines of ther apy, includ ing BTKis and BCL2is.

BsAbs and bispecific T-cell engager immu no ther apy
BsAbs and bispecific T-cell engagers (BiTEs) are emerg ing as 
prom is ing ther a peu tic strat e gies for B-cell malig nan cies. These 
agents func tion by simul ta neously bind ing to tumor-asso ci ated 
anti gens and T cells, thereby facil i tat ing T cell–medi ated cyto tox-
ic ity against can cer cells. Blinatumomab, a BiTE targeting CD19 
on B cells and CD3 on T cells, has dem on strated sig nifi  cant pre-
clin i cal effi cacy in CLL. Blinatumomab has exhibited cyto tox ic ity 
against CLL cells in vitro, effec tively induc ing autol o gous T-cell 
kill ing of CLL cells with sim i lar effi cacy in both treat ment-naive 
and relapsed/refrac tory CLL cell lines.26 Clinically, blinatumomab 
has shown effi cacy in a case of refrac tory RS as a bridge to allo-
SCT.27 This study dem on strated debulking of coexisting CLL with 
unde tect able min i mal resid ual dis ease (UMRD) in some patients 
among the Richter’s syn drome cohort treated with blinatum-
omab. While com pre hen sive clin i cal data on blinatumomab in 
CLL are still lim ited, these obser va tions strongly sug gest that 
CLL cells are indeed sen si tive to this ther apy.

Epcoritamab (GEN3013), a bsAb targeting CD3 on T cells and 
CD20 on B cells, has also shown prom is ing pre clin i cal and early 
clin i cal results in CLL. Epcoritamab forms a tri meric com plex with 
CD20 and CD3, lead ing to T-cell acti va tion, expan sion, and sub se-
quent kill ing of CD20+ B cells. In vitro stud ies have dem on strated 
epcoritamab’s sig nifi  cant cyto toxic activ ity against pri mary CLL 
cells from both treat ment-naive and BTKi-treated patients, with 
cyto toxic activ ity that is inde pen dent of CD20 expres sion lev-
els on CLL cells. Notably, the com bi na tion of epcoritamab with 
venetoclax induced supe rior kill ing of CLL cells com pared to 
either agent alone and was par tic u larly effec tive in sam ples from 
patients whose con di tion progressed while receiv ing BTKi ther-
apy.28 In an ongo ing phase 2 clin i cal trial, epcoritamab dem on-
strated an ORR of 62% in patients with relapsed/refrac tory CLL, 
with 33% obtaining a CR. Interestingly, response rates were sim i-
lar between patients with high-risk dis ease, includ ing TP53 aber-
ra tions, exposed dou ble-targeted agents, and immu no glob u lin 
heavy chain var i able region unmutated dis ease. The pri mary tox-
ic ity observed was low-grade recur rent CRS, with a small minor-
ity accom pa nied by low-grade ICANS.29 The pro to col has been 
amended to lower CRS risks and include an addi tional step-up 
dos ing.30 Table 2 pres ents a com pre hen sive list of cur rent multi-
specific antibodies under go ing clin i cal eval u a tion for CLL and/or 
small lym pho cytic lym phoma (SLL).

In con clu sion, bsAbs and BiTEs rep re sent a prom is ing class 
of immu no ther a peu tic agents for CLL. Preclinical stud ies have 
shown their poten tial to induce robust anti tu mor responses, 
while early clin i cal tri als have dem on strated their safety and effi-
cacy with repeat dos ing.

Limitations of autol o gous T-cell-based treat ments  
in CLL
Although ini tial CAR T-cell stud ies included CLL patients, the effi-
cacy of these ther a pies has lagged sig nifi  cantly com pared to 
their suc cess in aggres sive leu ke mias and other lym pho mas. Sim-
ilarly, while monotherapy with bsAbs has shown some effi cacy, 
most observed responses have been par tial. Low response rates 
have been attrib uted to acquired T-cell defects that accu mu late 
upon dis ease pro gres sion (Figure 2). T-cell abnor mal i ties include 
a skewed dis tri bu tion and func tional impair ments, includ ing a 
reduced capac ity to acti vate, pro lif er ate, and exert  cyto tox ic ity 
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Table 2. Multispecific T-cell engagers in clin i cal tri als for CLL and/or SLL

NCT num ber Multispecific 
T-cell engager Target Title Status Intervention

NCT04623541 Epcoritamab CD20 Safety and Efficacy Study of 
Epcoritamab in Subjects With 
Relapsed/Refractory Chronic 
Lymphocytic Leukemia and 
Richter’s Syndrome

Recruiting Monotherapy or
com bi na tion ther apy:
epcoritamab + venetoclax
epcoritamab + lenalidomide
epcoritamab + R-CHOP (ie, rituximab, 
cyclo phos pha mide, doxo ru bi cin 
hydro chlo ride, vin cris tine (Oncovin), 
and pred ni sone)

NCT06564038 AZD0486 CD19 A Study of AZD0486 Monotherapy 
or in Combination With Other  
Anti-Cancer Agents for Mature  
B-Cell Malignancies

Not yet recruiting AZD0486 + acalabrutinib,  
pred ni sone, rituximab

NCT04763083 NVG-111 ROR1 First in Human Study of NVG-111 
in Relapsed/Refractory ROR1+ 
Malignancies
Conditions

Recruiting Monotherapy

NCT00889408 DT2219ARL CD19 and 
CD22

DT2219ARL for Relapsed or 
Refractory CD19 (+), CD 22 (+)  
B-Lineage Leukemia or Lymphoma

Completed Monotherapy

NCT02568553 CD19 Lenalidomide and Blinatumomab 
for the Treatment of Relapsed  
Non-Hodgkin Lymphoma

Not yet recruiting Blinatumumab + lenalidomide

Figure 2. Acquired changes in T cells of patients with CLL that affect their function. Professional ilustration by Somersault18:24.
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upon T-cell recep tor (TCR) or CAR stim u la tion.31-36 While some 
of these dif fer ences may be related to the nat u ral aging pro-
cess of the immune sys tem, exac er bated dys func tion is also 
con sis tently observed when com pared to age-matched healthy 
indi vid u als.24,32,37 As a con se quence of skewing toward effec tor 
cells, the increased expres sion of inhib i tory recep tors such as 
PD-1, CD244, LAG-3, and CD160 on T cells from CLL patients have 
been found. Blocking these recep tors in vitro improves T-cell 
func tion,38 but clin i cal stud ies with immune check point inhib i-
tors have been very dis ap point ing, as remis sions were not seen 
in CLL as they were in patients with RS.39

One of the ear li est indi ca tions of defec tive T-cell acti va-
tion was the dis cov ery of defec tive immune syn apse for ma-
tion between CLL cells and T cells, a defect that can also be 
rep li cated in healthy donor T cells cocultured with CLL cells.31 
Costimulatory and adhe sion mol e cules, crit i cal for proper IS 
for ma tion and intra cel lu lar sig nal ing upon TCR liga tion, are 
poorly expressed by cir cu lat ing CLL cells com pared to nor mal 
B cells, con trib ut ing to their poor anti gen-presenting func tion.32 
Another expla na tion for poor T-cell acti va tion in CLL patients 
fol low ing TCR liga tion is an imbal ance between acti vat ing 
and inhib i tory sig nals, poten tially involv ing the phos pha tase 
SIGLEC-10.40 Metabolic plas tic ity is essen tial for T-cell func tion, 
as cells need to adjust their energy con sump tion to meet cel lu-
lar demands and nutri ent avail abil ity. T cells from CLL patients 
fail to upregulate gly col y sis upon acti va tion, which is nec es-
sary for effec tive acti va tion, dif fer en ti a tion, and pro lif er a tion. 
The PI3K-Akt-mTOR axis, cru cial for T-cell sur vival and met a-
bolic reprogramming, appears dysregulated in CLL,35 con trib-
ut ing to an imbal ance favor ing effec tor T cells over naive and 
mem ory T cells. This over all T-cell dys func tion might also explain 
the higher CAR-T manufactur ing fail ure rates of around 20% to 
25% in CLL. The excep tion has been liso-cel, which has a 96% 
manufactur ing suc cess.41-43

Future per spec tives
Modifications in CAR design and plat forms
Modifications to CAR T-cell con structs to enhance their effi cacy 
in CLL and other dis eases where sec ond-gen er a tion CAR T cells 
have shown sub op ti mal results due to immu no com pro mised 
states are actively being explored.44 These mod i fi ca tions aim 
to improve T-cell expan sion, cyto kine pro duc tion, per sis tence, 
and anti tu mor activ ity by incor po rat ing addi tional costimula-
tory domains or transgenes. Third-gen er a tion CAR T cells, which 
include mul ti ple costimulatory domains like CD28 and 4-1BB, 
have shown prom is ing safety pro files in pre lim i nary stud ies, but 
effi cacy data in CLL remain lim ited.45,46 Fourth-gen er a tion CAR T 
cells, also known as TRUCKs, incor po rate addi tional transgenes 
to enhance effec tor func tions or coun ter act immu no sup pres sive 
sig nals from the tumor micro en vi ron ment. Early results from a 
study using CD28-costimulated CAR T cells expressing 4-1BB- 
ligand reported encour ag ing CR rates in CLL and RS patients.47 
Early work in direct vec tor injec tion/infu sion into patients is just 
begin ning, and this could pro duce in vivo CAR T cells quickly, 
thereby sav ing time, money and resources.48

Combining autol o gous T-cell-based strat e gies  
with targeted agents
Ibrutinib, a BTKi with anti tu mor and immu no mod u la tory effects, 
has been shown to improve CAR T-cell expan sion, phe no type, 

and func tion al ity when admin is tered before or con cur rently 
with CAR T-cell ther apy. A phase 1/2 trial com bin ing JCAR014 
with ibrutinib in relapsed/refrac tory CLL patients reported an 
83% ORR, with 22% CR,18 while another study using CTL119 with 
ibrutinib achieved a 69% ORR and a 44% CR rate.49 While these 
results are prom is ing, it remains unclear whether the com bi na-
tion of CAR T and ibrutinib pro vi des a sig nifi  cant over all improve-
ment in effi cacy com pared to CAR-T ther apy alone. The poten tial 
ben e fits of adding ibrutinib must be care fully weighed against its 
asso ci ated side effects.50 The ongo ing TRANSCEND-CLL-004 trial 
includes an ibrutinib-lisocel cohort, and its lon ger-term results 
will be of sig nifi  cant inter est to the field.

Other poten tial com bi na tion strat e gies include PD-1/PD-L1 
inhib i tors and lenalidomide, which have shown prom ise in 
enhanc ing T-cell func tion in pre clin i cal mod els,31,38,51 though clin-
i cal data in CLL are pend ing.

Additionally, the incor po ra tion of PI3K inhib i tors (such as 
idelalisib and duvelisib) into the CAR-T manufactur ing pro cess 
shows prom ise for enhanc ing the final prod uct.52 When used 
ex vivo dur ing manufactur ing, an increase in the fre quency 
of naive and cen tral mem ory T cells and the enhance ment of 
cyto toxic poten tial occurs. Also, ex vivo cocul ture with these 
agents improves CAR T-cell expan sion and per sis tence with-
out the sys temic toxicities asso ci ated with in vivo admin is tra-
tion.53,54 Based on pre clin i cal data, the opti mal tim ing for PI3K 
inhib i tor  admin is tra tion is dur ing the ex vivo expan sion phase, 
allowing the mod u la tion of T-cell dif fer en ti a tion and func tion in 
a con trolled envi ron ment.

The in vivo use of PI3K inhib i tors poses sig nifi  cant risks due 
to their effects on T cells and other immune cells. While some 
stud ies have explored short courses of PI3K inhi bi tion post CAR-
T infu sion, the ben e fits must be care fully weighed against poten-
tial toxicities.55 Currently, lim it ing PI3K inhib i tor use to ex vivo 
manufactur ing appears to be the saf est and most effec tive strat-
egy for opti miz ing CAR-T ther apy.

Furthermore, the use of bromodomain and extraterminal 
inhib i tors dur ing CAR T-cell pro duc tion has led to improved 
phe no typ i cal char ac ter is tics and enhanced met a bolic fit ness.56 
These com bi na tion approaches aim to over come CLL’s immu no-
sup pres sive nature and improve (CAR) T-cell effi cacy.

Conclusions
The treat ment land scape for CLL has evolved sig nifi  cantly, with 
targeted ther a pies largely replacing CIT. However, resis tance or 
intol er ance to these drugs leaves lim ited options for patients. 
CAR T-cell ther apy has shown prom ise as a sin gle infu sion treat-
ment, but ini tial clin i cal trial results have been dis ap point ing, 
high light ing the need to bet ter under stand the fac tors affect ing 
treat ment suc cess. A sig nifi  cant chal lenge in CLL treat ment is 
the acquired T-cell dys func tion in patients, and under stand ing 
its mech a nism is cru cial for over com ing this issue and improv-
ing out comes. Current research focuses on design ing enhanced 
CAR con structs and plat forms, incor po rat ing immu no mod u la-
tory com pounds into the manufactur ing pro cess, and com bin ing 
targeted treat ments with CAR T-cell ther apy and/or bsAbs for a 
con sol i da tion strat egy.
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