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Acquired T-cell dysfunction is characteristic of chronic lymphocytic leukemia (CLL) and is

associated with reduced efficacy of T cell–based therapies. A recently described feature of

dysfunctional CLL-derived CD8 T cells is reduced metabolic plasticity. To what extend CD4

T cells are affected and whether CD4 T-cell metabolism and function can be restored upon

clinical depletion of CLL cells are currently unknown. We address these unresolved issues by

comprehensive phenotypic, metabolic, transcriptomic, and functional analysis of CD4 T cells

of untreated patients with CLL and by analysis of the effects of venetoclax plus obinutuzumab

on the CD4 population. Resting CD4 T cells derived from patients with CLL expressed lower

levels of GLUT-1 and displayed deteriorated oxidative phosphorylation (OXPHOS) and overall

reduced mitochondrial fitness. Upon T-cell stimulation, CLL T cells were unable to initiate

glycolysis. Transcriptome analysis revealed that depletion of CLL cells in vitro resulted in

upregulation of OXPHOS and glycolysis pathways and restored T-cell function in vitro.

Analysis of CD4 T cells from patients with CLL before and after venetoclax plus obinutuzumab

treatment, which led to effective clearance of CLL in blood and bonemarrow, revealed

recovery of T-cell activation and restoration of the switch to glycolysis, as well as improved

T-cell proliferation. Collectively, these data demonstrate that CLL cells impose metabolic

restrictions on CD4 T cells, which leads to reduced CD4 T-cell functionality. This trial was

registered in the Netherlands Trial Registry as #NTR6043.

Introduction

Acquired failure of the immune system is a common occurrence in patients with chronic lymphocytic leu-
kemia (CLL).1,2 Current literature suggests that interaction between CLL and T cells pushes CD81

T cells toward a dysfunctional phenotype, as indicated by increased expression of inhibitory molecules
CD244, CD160, and programmed death-1 (PD-1),3-6 failure of T-cell proliferation,5,7 and impaired forma-
tion of the immunologic synapse.8 T-cell function and metabolism are tightly connected. Resting T cells
primarily use oxidative phosphorylation (OXPHOS) to support the energy requirements.9 Upon activation,
T cells increase OXPHOS but even more dramatically enhance glycolysis activity, which then becomes
the dominant metabolic pathway. This switch to an anabolic metabolism is required to provide the cells
with a source of biomass that is essential for effector functions and proliferation.9,10 We have shown that
CD8 T cells in CLL have impaired glucose metabolism upon activation and decreased mitochondrial
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Key Points

� CLL-derived CD41

T cells have an
abnormal redox
balance, and glycolytic
switch is impaired,
which is restored upon
elimination of CLL
cells.

� CLL elimination in vivo
by venetoclax plus
obinutuzumab treat-
ment restores T-cell
activation and
proliferation.
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fitness in the resting state,7,11 both of which could contribute to the
low efficacy of T cell–based therapies in CLL.12 Although a clear
relation between metabolism and function was recently described in
CD8 T cells of patients with CLL,7 CD4 T-cell metabolism remains
an unexplored but important issue to address, because these cell
types can play distinct roles in CLL.

The role of CD4 T cells in CLL is ambiguous,13 because CD4 subsets
potentially have a tumor supportive role in CLL. T helper cells can pro-
vide survival signals to CLL cells in the lymph node environment, and
regulatory T cells (Tregs) mediate immune tolerance and are found in
higher frequency in patients with CLL.13-15 Upon treatment with Bruton
tyrosine kinase inhibitor ibrutinib and BCL-2 inhibitor venetoclax in
patients with CLL, numbers of Tregs are reduced and immune cell
recovery is observed.15-18 Effects of targeted CLL depletion by
venetoclax-based treatment on the CD4 compartment are currently
unknown. We address these unresolved issues by a comprehensive
phenotypic, metabolic, transcriptomic, and functional analysis of CD4
lymphocytes of untreated patients with CLL and by analysis of the
effects of CLL depletion by a venetoclax-based treatment regimen on
the CD4 population.

CD4 T cells had impaired glucose and mitochondrial metabolism,
which was restored upon removal of CLL cells. We also reveal that
in vivo depletion of CLL with 12 cycles of venetoclax with addition of
obinutuzumab (a glycoengineered humanized type 2 anti-CD20 mono-
clonal antibody inducing strong antibody-dependent cytotoxicity19)
during the first 6 cycles20 restored CD4 T-cell function; CD4 T cells
were efficiently activated and were able to switch to glycolysis after
T-cell stimulation, and T-cell proliferation was also improved. These
data indicate that CLL cells impose metabolic restrictions on CD4
T cells and that venetoclax plus obinutuzumab restores T-cell function
and metabolism by eliminating leukemic cells.

Methods

Patient and HD materials

Peripheral blood was obtained from patients with CLL and age-
matched healthy donors (HDs) after written informed consent.
Peripheral blood mononuclear cells (PBMCs) from patients with
CLL (supplemental Table 1) and age-matched HDs (supplemental
Table 2) were obtained and cryopreserved as previously
described.7,21 All HDs were age $60 years and were phenotypically
assessed to exclude cases with monoclonal B-cell lymphocytosis. In
addition, PBMCs were collected from patients with CLL enrolled in
the phase 2 HOVON 139/GIVE trial (supplemental Table 3) at base-
line and after 14 treatment cycles. The treatment regimen consisted
of preinduction with 2 cycles of obinutuzumab monotherapy (1000
mg daily after dose escalation), induction with combined venetoclax
(ramp-up to 400 mg) and obinutuzumab (1000 mg; cycles 3-8), and
venetoclax monotherapy (400 mg; cycles 9-14). The study was
approved by the Medical Ethical Committee of the Academic Medical
Center of Amsterdam and conducted according to the principles of
the Declaration of Helsinki.

Flow cytometry and cell culture

Cryopreserved PBMCs were thawed and adjusted to a concentration
of 3 3 106 cells per mL and cultured in RPMI 1640 medium (Gibco)
supplemented with 10% fetal calf serum, penicillin, and streptomycin
(15140-122; Thermo Fischer Scientific) at 37�C with 5% carbon

dioxide. T cells were stimulated using soluble CD3 (clone 1XE; San-
quin) and CD28 (clone 15E8; Sanquin) for up to 10 days. Proliferation
was determined by using 123count eBeads (01-1234-42; Thermo
Fischer Scientific) according to manufacturer instructions or CellTrace
Violet (C34557; Thermo Fischer Scientific). PBMCs were stained as
described previously.7 The following antibodies were used for flow
cytometry: CD3 (56-0038-82; eBioscience), CD4 (555349; BD Bio-
sciences and 317442; BioLegend), CD8 (580347 and 563823; BD
Biosciences), CD25 (340907 and 563701; BD Biosciences), CD27
(563816; BD Biosciences), CD45RA (563953; BD Biosciences
and 304135; BioLegend), CD71 (563768; BD Biosciences and
11-0719-41; eBioscience), PD-1 (561272; BD Biosciences), and
GLUT-1 (Glut1-G100; Metafora Biosystems). The following dyes
were used to measure metabolic parameters in live T cells (all from
Thermo Fischer Scientific): MitoSOX (M36008), MitoTracker Orange
(M7510), MitoTracker Green (M7514), and 2-NBDG (N13195). Cells
were incubated with metabolic dyes in Hanks balanced salt solution
for 15 minutes at 37�C at a final concentration of 3 3 106 cells per
mL. To measure intracellular proteins PGC1a (ab77210; Abcam),
SOD2 (13141S; Cell Signaling), NFR-2 (ab194984; Abcam), and
HO-1 (ADI-OSA-111PE-F; Enzo LifeSciences), T cells were fixed
using a fixation and permeabilization kit (554714; BD Biosciences).
T cells were measured on an LSR Fortessa (BD Biosciences) and
analyzed using FlowJo (version 10.7.1).

Extracellular flux analysis

Seahorse XF96 or XFp extracellular flux analyzers (Agilent) were
used to analyze isolated CD41 T cells as previously described.7,22

Spare respiratory capacity (SRC) was calculated as the ratio
between maximum and basal oxygen consumption rates (OCRs).
Results were analyzed using Seahorse Wave (version 2.4).

RNA sequencing

For RNA sequencing, CLL PBMCs were activated with aCD3/
aCD28 in the original PBMC pool or after T-cell enrichment using a
negative T-cell selection kit following manufacturer protocol (17951;
StemCell); after 48 hours, viable CD4 T cells were sorted from both
conditions using fluorescence-activated cell sorting on the SH800
Cell Sorter (Sony). Cells were pelleted and lysed, and total RNA was
isolated using the RNeasy Micro Kit (Qiagen) according to the manu-
facturer protocol. RNA quality was assessed using a fragment ana-
lyzer, and libraries were generated using the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina. Samples were barcoded
and sequenced using a NovaSeq6000 (paired-end sequencing at
150 bp per read). Quality of the sequencing data was assessed using
FastQC. Raw FastQ files were aligned to the GRCh38 human
genome using STAR (version 2.7.9a),23 and the .transcriptome.out.-
bam files were used as input for RSEM-calculate-expression (version
1.3.3) to generate expected counts.24 Normalized counts were gener-
ated with DEseq225 and plotted with the gplots heatmap.2 function;
significant differential expression was determined at false-discovery
rate,0.05. Gene set enrichment analysis (GSEA) was performed on
a matrix of normalized counts using the GSEA desktop application
(version 4.1.0). Our data were compared against Hallmark Signatures
(h.all.v7.4) gene sets using 1000 permutations.

Data presentation and statistical analysis

Error bars are shown as standard errors of the mean. All data were
tested for normality using a D’Agostino-Pearson omnibus test.
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Figure 1. Impaired glycolytic switch in CLL-derived CD4 T cells. PBMCs from patients with CLL and HDs were thawed, and T cells were stimulated for 2 or 5 days

using either CD3, or CD3 plus CD28 antibodies. Subsequently, CD4 T cells were analyzed by flow cytometry for CD25, CD71, and 4-1BB expression after 2 days (A).

Proliferation (B) and PD-1 expression (C) of CD4 T cells were analyzed after 5 days of CD3 plus CD28 stimulation using CellTrace Violet. (D) Glucose transporter GLUT-1

was measured on resting and activated T cells derived from patients with CLL and HDs after 2 days of CD4 T-cell activation. GLUT-1 expression was measured on

activated (CD251) T cells (right). (E) Glucose uptake (2-NBDG) was measured in activated CD4 T cells after stimulation using CD3 or CD3 plus CD28 antibodies for

2 days. Mitochondrial membrane potential (MitoTracker Orange) (F) and mitochondrial reactive oxygen species (ROS; MitoSOX) (G) was measured in T cells activated for

2 days with CD3 plus CD28 antibodies. (H) Mitochondrial biogenesis (calculated as ratio of MitoTracker Green mean fluorescence intensity (MFI) in T cells 2 days

after activation over unstimulated T cells). Each dot represents a different HD or patient with CLL. Data are presented as mean 6 standard error of the mean. *P , .05,

**P , .005, ***P , .001, ****P , .0001. ns, not significant.

26 JULY 2022 • VOLUME 6, NUMBER 14 METABOLIC STRESS AND CD4 T-CELL DYSFUNCTION IN CLL 4187

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/6/14/4185/1907989/advancesadv2022007034.pdf by guest on 27 M

ay 2024



A C

B

G

8 15

10

5

0

6

4

2

0

40000

25000

20000

15000

10000

5000

0

300

200

100

0

30000

20000

10000

0

1500 800

600

400

200

0

1000

500

0

4 10

8

6

4

2

0

3

2

1

0

HD

HD CLL

Tn Te Tm Tn Te Tm

HD CLL

Tn Te Tm Tn Te Tm

CLL

HD CLL

HD CLL HD CLL

HD CLL

GL
UT

-1
 (r

el.
 M

FI
)

Mi
to

. o
ra

ng
e 

(M
FI

)

M
FI

 N
RF

-2

M
FI

 H
O-

1

Mi
to

SO
X 

(M
FI

)

*

*

***

****

*

ns
****

**

ns

p=0.05

***
*

**

ns

ns*

GL
UT

-1
 (r

el.
 M

FI
)

PG
C1

a 
(re

l. M
FI

)

SO
D2

 (r
el.

 M
FI

)

150

100

50

0
CLLHD

ns

OC
R 

(%
)

200

150

100

50

0
CLLHD

ns

EC
AR

 (%
)

CLLHD

p=0.07

150

100

50

0
SR

C 
(%

)

Mi
to

. g
re

en
 (M

FI
)

p=0.07

GLUT1

N
or

m
al

iz
ed

 to
 m

od
e

NRF-2 HO-1

MitoOrange

MitoSOX

N
or

m
al

iz
ed

 to
 m

od
e

N
or

m
al

iz
ed

 to
 m

od
e

N
or

m
al

iz
ed

 to
 m

od
e

N
or

m
al

iz
ed

 to
 m

od
e

HD
CLL

20000

15000

10000

5000

0
HD CLL

Mi
to

. g
re

en
 (M

FI
)

D ns

Mitotracker green

N
or

m
al

iz
ed

 to
 m

od
e HD

CLL

HD
CLL

HD
CLL

Isotype

3

2

1

0
HD CLL

PG
C1

a 
(re

l. M
FI

)

E ns

PGC1a

N
or

m
al

iz
ed

 to
 m

od
e

HD
CLL

Isotype

HD
CLL

Isotype
HD
CLL

Isotype

10

8

6

4

2

0
HD CLL

SO
D2

 (r
el.

 M
FI

)

F
**

N
or

m
al

iz
ed

 to
 m

od
e

SOD2

HD
CLL

Isotype

HD CLL

Tn Te Tm Tn Te Tm

HD CLL

Tn Te Tm Tn Te Tm

CLL

HD

Figure 2. Resting CLL T cells have an abnormal mitochondrial redox balance. (A) PBMCs from patients with CLL and HDs were thawed, fixed or not, and stained,

after which CD4 T cells were directly analyzed by flow cytometry for expression of total intracellular GLUT-1 storage in fixed CD4 T cells and subsets. Representative

histogram of 1 HD (black) and 1 patient with CLL (red), as well as an isotype control (gray), is shown. (B) Analysis of extracellular flux (extracellular acidification rate [ECAR],

OCR, and SRC) was performed by fluorescence-activated cell sorting of T cells first (purity .99%) and immediate measurement of the sorted cells for ECAR and OCR; the

SRC could be derived from the OCR afterward. (C) Resting CD4 T cells were measured for mitochondrial potential and ROS production. Representative histogram of 1 HD

(black), and 1 CLL patient (red) is shown, as well as an isotype control (gray). (D) Mitochondrial mass was analyzed in total resting CD4 T cells and subsets. A representative

histogram of 1 HD (black) and 1 patient with CLL (red), as well as an isotype control (gray), is shown. PCG1a (E) and SOD2 (F) were measured in resting total CD4 T cells and

subsets. Representative histogram of 1 HD (black) and 1 patient with CLL (red), as well as an isotype control (gray), is shown. (G) Expression of NRF-2 and HO-1 was

measured in resting CD4 T cells. Representative histogram of 1 HD (black) and 1 patient with CLL (red), as well as an isotype control (gray), is shown. Each point represents a

different HD or CLL patient. Data are presented as mean 6 standard error of the mean. *P , .05, **P , .005, ***P , .001, ****P , .0001. MFI, mean fluorescence intensity; ns,

not significant; Te (effector), CD272CD45RA1; Tm (memory), CD271CD45RA2; Tn (naive), CD271CD45RA1.
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Figure 3. ROS and hypoxia pathways are upregulated in activated CD4 T cells in presence of CLL, whereas OXPHOS and glycolysis are upregulated in

absence of CLL. PBMCs from patients with CLL and HDs were thawed, after which CD4 T cells from patients with CLL and HDs were cell sorted or not and subjected to

CD3 plus CD28 stimulation for 2 days. GSEA against MSigDB Hallmark gene sets (h.all.v7.4) of 4 patients with CLL resulted in several pathways significantly upregulated

in presence (A) and absence (B) of CLL cells. (C) Enrichment plots highlighting hypoxia, ROS, OXPHOS, and glycolysis pathways from analysis depicted in panels A and

B. Genes are ranked by differential expression in PBMCs vs isolated cells on the x-axis; red indicates upregulation in PBMCs, and blue indicates upregulation in isolated

cells. Curves (green) indicate cumulative enrichment quantified by enrichment score on the y-axis. Tick marks on the x-axis correspond to ranks of genes in the gene set.

(D) Heat map showing differentially expressed genes in CLL-derived CD4 T cells stimulated with CD3 plus CD28 antibodies in presence or absence of CLL cells. Genes
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Figure 3 (continued) correspond to hypoxia, ROS, OXPHOS, and glycolysis pathways. Sorted or unsorted CD4 T cells from patients with CLL and HDs were stimulated
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P values of nonparametric distributions were calculated using the
Mann-Whitney U test for unpaired data or Wilcoxon t test for paired
data. A t test with Welch correction was used to test significance of
differences between parametric and unpaired data sets, and an F
test was used on data sets with unequal variance. Significance of
parametric distributed paired data was calculated by using a paired
t test. All statistical tests were calculated using Graphpad PRISM
(version 9).

Results

Impaired glycolytic switch in CLL-derived CD4 T cells

PBMCs from patients with CLL and age-matched HDs were stimu-
lated for 2 days and analyzed for T-cell activation, glycolytic switch,
and mitochondrial health. CLL CD4 T cells expressed reduced lev-
els of CD25, CD71, and 4-1BB upon CD3 or CD3 plus CD28
stimulation compared with HD cells (Figure 1A; supplemental
Figure 1A). Prolonged stimulation revealed impaired proliferation of
CLL-derived CD4 T cells (Figure 1B), as well as upregulation of
PD-1 (Figure 1C; supplemental Figure 1A). We then analyzed
expression of glucose transporter GLUT-1, because it is essential
for CD4 T-cell function.26 After 2 days of CD3 plus CD28

stimulation, a small population of CD4 T cells expressed GLUT-1
in samples from patients with CLL (Figure 1D; supplemental
Figure 1A). Furthermore, GLUT-1 expression was lower in CLL T
cells, even within activated T cells (gated on CD25-high CD4 T
cells; supplemental Figure 1A), indicating impaired GLUT-1 traffick-
ing to the cell surface, low GLUT-1 storages before T-cell activation,
or reduced de novo GLUT-1 synthesis (Figure 1D). In accordance
with low GLUT-1 expression, uptake of glucose was reduced in
CLL CD4 T cells after both CD3 and CD3 plus CD28 stimulation
compared with in HD cells (Figure 1E). Analysis of extracellular
flux revealed a lower extracellular acidification rate (an indicator of
glycolysis) but not OCR (indicator of OXPHOS) directly after CD3
plus CD28 stimulation of CLL CD4 T cells compared with HD cells
(supplemental Figure 1B). Analysis of mitochondrial fitness revealed
significantly elevated mitochondrial potential in CLL T cells, which
was further enhanced after T-cell activation (Figure 1F; supplemental
Figure 1C). Similarly, ROS produced by mitochondria were highly
elevated in CLL T cells and also further increased after T-cell activa-
tion (Figure 1G; supplemental Figure 1C). Both elevated mitochon-
drial potential and ROS have been indicated as markers of
exhausted T cells.27 Mitochondrial biogenesis was not different
between CLL and HD T cells (Figure 1H). These results show that
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CD4 T cells have impaired T-cell activation, coinciding with low
expression of GLUT-1 and glucose uptake and decreased mito-
chondrial fitness.

Resting CLL CD4 T cells have abnormal

mitochondrial redox balance

CLL CD4 T cells displayed impaired activation and glycolytic switch
and impaired mitochondrial health after activation, which raised the
question of whether differences could already be observed in the rest-
ing state before activation. We observed no difference in surface
GLUT-1 expression in unstimulated CD4 T cells between samples
from patients with CLL and those from HDs (Figure 1D). Analysis of
total intracellular GLUT-1 stores revealed that CLL CD4 T cells had
lower expression of GLUT-1 compared with HD cells (Figure 2A). This
was not restricted to a specific T-cell subset (naïve, CD271CD451;
effector, CD272CD452/1; memory, CD271CD452; supplemental
Figure 2A), because GLUT-1 expression was decreased across naïve,
effector, and memory subsets in CLL (Figure 2A). Analysis of extracel-
lular flux showed no difference in basal extracellular acidification rate
or basal OCR in resting T cells derived from patients with CLL and
HDs, but a trend toward decreased SRC was observed, which
reflects the capacity of a cell to deal with increased cellular bioener-
getic demands such as T-cell activation28 (Figure 2B; supplemental
Figure 2B). Analysis of mitochondrial potential and ROS revealed sub-
stantial elevated levels of both mitochondrial potential and ROS in
resting CD4 CLL T cells (Figure 2C). Mitochondrial mass was similar
between HD and CLL cells, but analysis of mitochondrial mass of
T-cell subsets revealed impaired mitochondrial biogenesis in antigen-
experienced CD4 T cells (Figure 2D). These results prompted us to
investigate drivers of mitochondrial biogenesis, as well as ROS scav-
engers responsible for mitigating ROS produced by mitochondria.
Expression of PGC1a, the master regulator of mitochondrial biogene-
sis, was decreased in antigen-experienced CD4 T cells from patients
with CLL (Figure 2E). In addition, ROS scavenger superoxide dismut-
ase 2, which is regulated by PGC1a, was similarly reduced in expres-
sion (Figure 2F). In line with this, HO-1, a potent ROS scavenger,
showed decreased expression in T cells in CLL (Figure 2G). Because
NRF-2 was not different, downregulation of HO-1 likely occurs via an
alternative route. Together, these results demonstrate that metabolic
alterations are already visible in resting CD4 T cells. ROS balance in
CLL CD4 T cells was particularly abrogated, indicating an impaired
redox balance.

ROS and hypoxia pathways are upregulated in

activated CD4 T cells in presence of CLL, whereas

OXPHOS and glycolysis are upregulated in absence

of CLL

It has been demonstrated that CLL cells are able to directly
impair T-cell function.29 To assess whether CLL cells can induce
transcriptional differences in metabolic genes, RNA sequencing
was performed to define changes in metabolic pathways in an
unbiased manner. For this experiment, CD4 T cells from patients
with CLL were activated in the presence or absence of their
autologous CLL cells; the paired design of this experiment elimi-
nated possible confounding effects of T-cell subset composition.
GSEA revealed differential regulation of numerous metabolic
pathways (Figure 3A-B). For example, hypoxia and ROS were
upregulated in the presence of CLL cells (Figure 3A,C), whereas
OXHPOS and glycolysis were upregulated in the absence of

CLL cells (Figure 3B-C). A full list of significantly different genes
within the 4 highlighted pathways is available in supplemental
Table 4.

Key regulators of hypoxia such as HIF-1a (HIF1A) and hypoxia-
inducing factors (EGLN1, EGLN2, and EGLN3) were not signifi-
cantly upregulated. However, hypoxia-associated genes such as
IGFBP3, BTG1, CDKN1A, CDKN1B, and ZFP36 were upregulated
in the presence of CLL cells, indicating cell-cycle arrest and suppres-
sion of T-cell activation. Important ROS scavengers were downregu-
lated in CD4 T cells activated in the presence of CLL cells: glutathione
peroxidase 4 (GPX4) and peroxiredoxin 2 (PRDX2; Figure 3D).
Conversely, NAD(P)H:quinone oxidoreductase 1 (NQO1), activity of
which produces high levels of ROS, was upregulated in CD4 T cells
activated in presence of CLL cells (Figure 3D). These results demon-
strate that the redox balance in CD4 T cells in the presence of CLL
cells is dysregulated.

In the absence of CLL cells, activated CD4 T cells significantly
upregulated genes related to OXPHOS and glycolysis pathways,
indicating that CD4 T-cell activation was normalized (Figure 3D).
CD4 T cells activated in the absence of CLL cells upregulated
genes involved in fatty acid b-oxidation (ECI1 and ECH1) and
genes related to complexes of the electron transport chain
(complex 1, NDUFB7 and NDUFS1; complex 3, UQCRC1 and
CYC1; complex 4, COX6B1; and complex 5, ATP5F1D,
ATP5F1B, and ATP5F1A). Additionally, upregulation of ADP/
ATP carrier genes (SLC25A3 and SLC25A5), genes involved in
the TCA cycle (MDH2 and CS), and genes comprising the
malate/aspartate shuttle (MDH1 and GOT2) were also observed
in CD4 T cells activated in the absence of CLL cells (Figure 3D).
Whereas the glycolysis pathway as a whole was not significantly
different between CD4 T cells stimulated in the presence and
absence of CLL cells, a clear upregulation in genes involved in
glycolysis was observed in CD4 T cells activated in the absence
of CLL cells (HK1, GPI, PFK-1, ALDOA, TPI1, PGAM1, ENO1,
and ENO2, the protein products of which all work together to
transform glucose into pyruvate). In addition, the rate-limiting
enzyme of the pentose phosphate pathway G6PD was also upre-
gulated (Figure 3D). These results imply that the presence of
CLL cells restricts CD4 T cells to upregulate OXPHOS, engage
the pentose phosphate pathway, and efficiently switch to glycoly-
sis after T-cell activation to ensure that their energy demands are
met.

To confirm that upregulation of OXPHOS and glycolysis genes in
CD4 T cells leads to restored activation, CD4 T cells were ana-
lyzed for expression of CD25 and CD71, which revealed com-
plete reversal of impaired CD4 T-cell activation in the absence of
CLL cells (Figure 3E). Concurrently, upregulation of GLUT-1 was
observed (Figure 3F), which coincided with increased uptake of
glucose in CD4 T cells in the absence of CLL cells (Figure 3F).
Although PD-1 expression was not significantly decreased in
sorted CLL-derived CD4 T cells after activation, a downward
trend was observed, and PD-1 expression was reduced to levels
similar to those in HD cells (supplemental Figure 3A). Collec-
tively, these data demonstrate that metabolism of CD4 T cells is
vastly influenced by the presence of CLL cells. Eliminating CLL
cells before activation restored CD4 T-cell activation to levels
observed in HD.
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Glycolytic switch and proliferation in CD4 T cells is

restored after CLL depletion by

venetoclax treatment

Because elimination of CLL cells restored T-cell function in vitro,
we next wanted to identify whether metabolism and function of CD4
T cells would be restored after in vivo elimination of CLL after vene-
toclax treatment. Biobanked samples from the randomized phase 2
HOVON 139 trial30 from baseline, before start of treatment, and
after 1 year of treatment were used to study the impact of venetoclax
plus obinutuzumab treatment on CD4 T-cell function and metabo-
lism. In the intention-to-treat population, undetectable minimal resid-
ual disease level (defined by flow cytometry as ,1 CLL cell
detected on 10 000 leukocytes [,1024]) in PB and bone marrow
was reached in 88% and 79% of patients, respectively, by the end
of the planned 12 induction cycles.20 Characteristics of 6 patients
enrolled in the study are summarized in supplemental Table 3. For
each patient, PBMCs were collected before therapy and at treatment
cessation after 12 treatment cycles. T cells from both these samples
were then stimulated and analyzed; CD4 T cells isolated before
treatment showed impaired T-cell activation, whereas CD4 T cells
isolated after venetoclax plus obinutuzumab treatment were activated
and expressed CD25 and GLUT-1 at similar levels compared
with HD CD4 T cells (Figure 4A). In accordance with upregulated
GLUT-1, glucose uptake as shown by increased levels of 2-NBDG
was also normalized to HD levels after venetoclax plus obinutuzumab
treatment (Figure 4B). Presence of Tregs has often been described
as a marker of clinical significance in CLL because of their immuno-
suppressive effect, increasing with disease progression.31-33 The
proportion of Tregs was reduced after venetoclax plus obinutuzumab
treatment (Figure 4C; supplemental Figure 3B). In addition, dynamic
analysis of CD4 T-cell activation of both CD4 T cells isolated before
therapy and after 12 cycles demonstrated enhanced expression of
CD25 in venetoclax plus obinutuzumab–treated patients over time,
similar to levels in HDs (Figure 4D). Moreover, venetoclax plus obinu-
tuzumab treatment enhanced proliferation of T cells from patients
with CLL compared with untreated matched baseline samples, simi-
lar to age-matched healthy controls (Figure 4E). Thus, T cells derived
from patients with CLL showed a high degree of plasticity after elimi-
nation of CLL cells by treatment with venetoclax long term, and
when activating posttreatment T cells in vitro, activation and prolifera-
tion was fully restored. In addition, venetoclax plus obinutuzumab
treatment normalized Treg proportions in CLL.

Discussion

Our study describes impaired activation of CLL-derived CD4 T
cells, which coincided with decreased mitochondrial fitness and
failure to switch to glycolysis, an essential feature for CD4
T-cell effector function and ability to proliferate.26 In addition,
recovery of T-cell function was possible by either in vitro deple-
tion of CLL cells before stimulation or in vivo depletion by treat-
ment, together indicating that CLL CD4 T cells demonstrate
plasticity that can be exploited for autologous T cell–based
treatment regimes.

Previous studies have demonstrated that CLL cells impose functional
defects on T cells, a phenotype that could be replicated in HD
T cells.8,29 Because T-cell metabolism drives T-cell fate and function,9

we hypothesized that CLL cells interfere with CD4 T cells to induce
an immunosuppressive environment. We show that elimination of CLL

cells not only improved CD4 T-cell activation but also resulted in tran-
scriptional changes in ROS and hypoxia pathways toward OXPHOS
and glycolysis. This implies that CLL cells actively suppress CD4
T-cell metabolism. An important feature of T-cell activation is expres-
sion of GLUT-1 to enable glucose uptake, which is essential for CD4
T-cell effector function.9,26,34 This is further reflected in murine GLUT-
1 knockout models. Resting GLUT-1 knockout CD4 T cells could sur-
vive but had impaired proliferation and low expression of CD71 after
activation,26 which is in line with our results. In fact, low intracellular
GLUT-1 in CLL-derived T cells may have a causal role in dysfunction,
because it is essential to increase the glycolytic flux required for T-cell
effector function and creation of cellular biomass required for cellular
division.34 In addition, our results show that mitochondrial
potential and ROS were elevated in resting T cells in CLL, indic-
ative of cellular stress, reduced mitochondrial fitness, and dimin-
ished effector function.27 Indeed, adoptive transfer of murine
glycoprotein 100 peptide–specific T cells sorted based on high
or low mitochondrial potential showed increased persistence
and proliferative capacity of T cells, which were sorted based on
low mitochondrial potential after a recall response with glyco-
protein 100 vaccinia virus.27 Furthermore, T cells with high mito-
chondrial potential displayed an effector phenotype with low
proliferative potential and high levels of ROS coinciding with
lower expression of antioxidant genes.27 These and our results
confirm that T-cell dysfunction is characterized by deteriorated
mitochondrial fitness, which coincides with a failure to switch to
glycolysis. We previously found indications of a soluble factor
responsible for CLL-mediated CD8 T-cell dysfunction.7 Another
explanation might be that T-cell function is actively repressed by
expression of CD24 and CD52 on CLL cells suppressing T-cell
activation via Siglec-10.35 However, more investigation on
this subject is required to define the exact mechanism of T-cell
dysfunction in T cells in CLL and how it subsequently affects
T-cell metabolism.

Currently available targeted therapies have the capacity to efficiently
eliminate CLL cells in patients, especially in the early treatment
period when resistance hardly occurs.36,37 Our laboratory previously
demonstrated reconstitution of immune cell composition in patients
with CLL after venetoclax plus obinutuzumab treatment.15 Treatment
with venetoclax plus obinutuzumab resulted in reduction of protu-
moral CD4 T-cell subsets, such as T follicular helper cells and
Tregs, and resulted in improvement of T-cell effector function.15

Direct effects of venetoclax on metabolism of cancer cells have
been observed as well, including inhibition of mitochondrial respira-
tion.38,39 Our current results demonstrate that treatment with vene-
toclax does not necessarily result in defective T-cell responses,
similar to previous observations.15,40 In accordance with this, vene-
toclax treatment combined with PD-1–blocking antibodies resulted
in superior antitumor efficacy over treatment with PD-1 antibodies
alone in a mouse colon adenocarcinoma model, indicating that ven-
etoclax does not antagonize T-cell function.40 Whether venetoclax
also inhibits mitochondrial respiration in CD4 T cells, as has been
described for cancer cells,38,39 remains to be determined. If so,
other effects of venetoclax (eg, CLL elimination) or the addition of
other treatment regimens (obinutuzumab or PD-1–blocking antibod-
ies) could overrule this potential negative effect. Our observations
indicate that T-cell function is indirectly improved by venetoclax as a
result of elimination of CLL cells. Therefore, we hypothesize that
similar effects may be achieved by treatment regimens that result in

26 JULY 2022 • VOLUME 6, NUMBER 14 METABOLIC STRESS AND CD4 T-CELL DYSFUNCTION IN CLL 4193

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/6/14/4185/1907989/advancesadv2022007034.pdf by guest on 27 M

ay 2024



the elimination of CLL cells. Indeed, treatment of CLL with both ven-
etoclax and ibrutinib resulted in overall improvements in the immune
cell compartment.15 Our results incentivize investigation of whether
the efficacy of alternative autologous-based therapies, such as chi-
meric antigen receptor (CAR) T-cell therapy, can be similarly
improved in vivo after venetoclax treatment or by adapting the CAR
T cells to restore redox balance. This has yet to be described in
CLL but could possibly be achieved by designing a CAR that allows
expression of the CAR itself and expression of a gene essential for
achieving redox balance in tandem. Obinutuzumab has been
reported to moderately deplete CD4 and CD8 T cells in patients
with CLL. However, our results show that this does not affect T-cell
function.41 In conclusion, our results demonstrate that CLL cells
impose metabolic alterations on CD4 T cells. Because T-cell metab-
olism is intricately linked to function and development, the current
hypothesis is that CD4 T-cell fate is directly altered by CLL cells
through metabolism. Future experimental models will need to define
how to pharmacologically intervene in this process. This may lead to
improvements in future T cell–based therapies.
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