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ABSTRACT

Chronic lymphocytic leukemia (CLL) is a common and incurable B-cell malignancy. Recent therapeutic approaches that target the B-
cell receptor signaling pathway include inhibition of phosphatidylinositol-3-kinase (PISK). The PISK isoform delta is constitutively active
in CLL, making it an attractive therapeutic target. However, the expression of PI3K isoforms is not exclusive to leukemic cells, as other
immune cells in the tumor microenvironment also rely on PI3K activity. Subsequently, therapeutic inhibition of PI3K causes immune-re-
lated adverse events (rAEs). Here, we analyzed the impact of the clinically approved PI3K$ inhibitors idelalisib and umbralisib, the PI3Ky
inhibitor eganelisib, and the dual-y and -9 inhibitor duvelisib on the functional capacity of T cells. All investigated inhibitors reduced
T-cell activation and proliferation in vitro, which is in line with PI3K being a crucial signaling component of the T-cell receptor signaling.
Further, dual inhibition of PI3Ky and PI3Kd showed strong additive effects suggesting a role also for PI3Ky in T cells. Extrapolation of this
data to a clinical setting could provide an explanation for the observed irAEs in CLL patients undergoing treatment with PI3K inhibitors.
Consequently, this highlights the need for a close monitoring of patients treated with PISK inhibitors, and particularly duvelisib, due to

their potentially increased risk of T-cell deficiencies and associated infections.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most prevalent
form of leukemia in adults in the western hemisphere.! It is char-
acterized by the accumulation of mature B cells in lymphatic
organs and peripheral blood, expressing CD5, CD20, CD19,
and other B-cell antigens like CD23 and CD79b.> Although
early and indolent courses of the disease are mainly surveilled
using a “watch-and-wait“ strategy, chemo-immunotherapy or
targeted therapy-based regimens are common on progress or
the appearance of CLL-related symptoms such as anemia or
thrombocytopenia.?

To date there is no cure for this disease, but promis-
ing approaches combining targeted therapies are under
investigation.®* Among these novel treatment options, the
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phosphatidylinositol-3-kinase (PI3K) delta has served as a piv-
otal drug target, as this enzyme has been shown to be constitu-
tively active in CLL.** Coherently, clinical inhibition of PI3K&
using idelalisib or umbralisib, but also simultaneous inhibition
of PI3Ky and PI3K® by duvelisib has improved outcome for
CLL patients tremendously.!¢-

The PI3K enzyme family is grouped into 3 classes (I, II, and
1II) based on their subunits.”!' In mammals, PI3K class I con-
tains 4 isoforms, according to their catalytic p110a, p110p,
p110y, or p1108 subunit. Although the p110a and p110f iso-
forms are expressed in all cell types, the expression of p1108
is largely restricted to leukocytes, and genetically inactivated
PI3K®d results in dysfunctional B, T, and NK cells in mice.”'>!3 In
contrast, genetic modification of p110vy causes defective myeloid
cell function in mice.>™*

Two important drawbacks should be considered when treat-
ing patients with PI3K inhibitors: first, idelalisib, the pioneering
PI3K6 inhibitor, has been shown to inhibit other PI3K iso-
forms, which was improved by the development of umbralisib,
a more recent PI3KS inhibitor.!® Second, PI3K$ is not exclu-
sively expressed by CLL cells, but by all leukocytes, which
could explain the immune-related adverse events (irAEs) that
have been observed with these inhibitors: namely, transaminitis,
arthritis, pneumonitis, colitis, T-cell infiltration into inflamed tis-
sues, and opportunistic infections.”!5-22

These observations fueled investigations on the impact of
PI3Kd inhibitors on T cells, which are altered in their composi-
tion and function in CLL, as recently reviewed by us.? In brief,
the disease is characterized by both an expansion of regulatory
T-cell subsets (Tregs) as well as disease-controlling cytotoxic T
cells.”® There is strong evidence that PI3Kd is involved in the
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activation of T cells, resulting in their proliferation, differen-
tiation, and cytokine production, processes that are impeded
upon defective PI3Kd signaling. More specifically, dysfunctional
PI3K$ resulted in reduced cytokine production of T helper cell
subsets, reduced inhibitory function of Tregs, as well as dimin-
ished effector function of CD8* T cells.”?*** Of note, costimula-
tion via CD28 or inducible T-cell co-stimulator (ICOS) has been
shown to overcome the negative effect of PI3K$ inhibition.>!!

PI3KYy is a well-established signal transducer in myeloid cells
but its function in T cells is less thoroughly investigated.” PI3Ky
has been shown to be involved in the T-cell receptor (TCR)-
induced activation of T cells, as PI3Ky-deficiency resulted in
reduced proliferation and cytokine production upon aCD3
stimulation in vitro, which could be rescued by costimulation
using 0CD28 antibodies.?**’

As comprehensive analyses of the effect of clinically approved
PI3K inhibitors on both CD4* and CD8* T-cell subsets are
largely missing, we aimed at comparing effects of idelalisib,
umbralisib, duvelisib, and the highly selective PI3Ky inhibitor
eganelisib. Thereby, we intended to elucidate the contribution of
PI3Ky and PI3KS$ to the function of T-cell subsets from healthy
and leukemic individuals.

METHODS

Human blood samples

Patient samples were obtained after approval of study pro-
tocols by local ethics committees from the Department of
Internal Medicine IIT of the University Clinic Ulm according
to the declaration of Helsinki, and after obtaining informed
consent of patients, as previously described.?®?’ Patients met
standard diagnosis criteria for CLL, respectively. Patient char-
acteristics such as age, mutational state, and Binet stage are pro-
vided in Suppl. Table S1. Buffy coats of healthy donors were
obtained from the Institut fiir Klinische Transfusionsmedizin
und Zelltherapie (IKTZ) Heidelberg gemeinniitzige GmbH
(Heidelberg, Germany).

Murine splenocytes

All animal experiments were carried out according to insti-
tutional and governmental guidelines approved by the local
authorities (Regierungsprasidium Karlsruhe, permit numbers:
G39/19 and DKFZ337).

PI3K inhibitors

PI3K inhibitors (duvelisib, idelalisib, umbralisib, eganelisib
[all Sellekchem, Munich, Germany]) were reconstituted at a
concentration of 20mM (duvelisib, idelalisib, umbralisib) or
40mM (eganelisib) in dimethyl sulfoxide (DMSO, Genaxxon
Bioscience, Ulm, Germany) and all used at a final concentration
of 1 pM in complete medium according to literature.’%3!

Data acquisition and analysis

Fluorescently labeled single cell suspensions (for antibodies
list, see Suppl. Table S2) were analyzed using FACSDiva soft-
ware with a BD LSRFortessa flow cytometer (BD Biosciences,
Heidelberg, Germany). Analysis of data was performed using
Flow]Jo X software (version 10-07, Flow]Jo, Ashland, OR, USA).

Statistics

Sample size was determined based on expected variance of
readout. No samples or animals were excluded from the analy-
ses except when T-cell stimulation failed. For statistical analysis,
GraphPad Prism software (version 8, GraphPad Software, La
Jolla, CA, USA) or R studio (version 1.4.1717) was used. If data
passed Shapiro-Wilk normality test, parametric statistical test-
ing was applied. To compare data to DMSO control, fold change
data was log2-transformed and 1 sample T-test or Wilcoxon
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test with Benjamini-Hochberg correction for multiple testing
was applied. Comparison of 2 groups was performed using
paired T-test or nonparametric Wilcoxon test. Comparisons
of more than 2 paired groups were performed using repeated
measures 1-way analysis of variance test applying Sidak’s or
Tukey’s test for multiple comparisons. Nonparametric testing
was performed using Friedman’s test followed by Dunn’s test
for multiple comparisons. P values of <0.05 were considered
statistically significant. Experiments were at least performed in
2 technical replicates. All graphs show individual data points as
well as mean = 95% confidence intervals .

RESULTS

PI3K inhibition by umbralisib or idelalisib has a similar negative
impact on T-cell activity

Novel PI3K inhibitors specifically targeting p1109 are enter-
ing clinical trials, and a higher specificity of these compounds for
PI3K has been observed in comparison to idelalisib.!® Recently,
effects of umbralisib, a dual PI3K$ and casein kinase-1¢ (CK1¢g)
inhibitor, on T cells have been compared with idelalisib as well
as duvelisib. The authors of this study concluded that umbral-
isib showed a unique immunomodulatory effect on T cells, but
preserved number and immunosuppressive function of Tregs.?!
To comprehensively assess the effect of different PI3K inhibi-
tors, namely idelalisib, umbralisib, eganelisib, and duvelisib, T
cells of healthy donor-derived peripheral blood mononuclear
cells (PBMCs) or splenocytes of mice were stimulated in vitro
with soluble aCD3 or a combination of aCD3 and aCD28 anti-
bodies in the presence of PI3K inhibitors or DMSO as control.
Dose titrations revealed assay- and cell type-dependent IC con-
centrations for the 4 tested inhibitors, which were in general
above 1 pM (Suppl. Tables S3, S4), a commonly used concentra-
tion in published iz vitro studies.?®3!

Investigation of the affected signaling pathways after stim-
ulation with aCD3 or a combination of aCD3 and aCD28
revealed that all drugs negatively regulate the activation of the
AKT/MTOR pathway (Suppl. Figure STA-D), which is in line
with previous reports.”3!32 In contrast, no consistent alterations
of NF-kB signaling or between different inhibitors were noted
(Suppl. Figure STA-F).

By comparing the in vitro effects of umbralisib and idelal-
isib on murine CD4* and CD8* T cells, we observed no or only
minor differences in the expression of the activation markers
CD69 and CD2S5 (Figure 1A, Suppl. Figure S2A, B). However,
TCR activation measured as Nr4a1-GFP reporter gene expres-
sion after antibody-mediated stimulation of umbralisib-treated
T cells was higher, whereas cytokine production, measured as
tumor necrosis factor a (TNFa) production, was comparable to
idelalisib treatment (Suppl. Figure S2C, D). Ultimately, a higher
proliferation rate of umbralisib-treated CD8* T cells was noted,
whereas no difference in the proliferation of CD4* T cells was
observed in comparison to idelalisib (Figure 1B).

In contrast, human CD4+ T cells, but not CD8* T cells, retained
higher CD69 expression and proliferation upon umbralisib
treatment in comparison to idelalisib-treated cells (Figure 1C,
D), while no difference in CD25 expression was noted (Suppl.
Figure S2E).

To exclude an indirect effect of the inhibitors on T cells by
blocking of PI3K in myeloid cells, T cells were sorted from
murine splenocytes or human PBMCs and stimulated with
0o CD3- and aCD28-coated beads. Particularly the CD4* subset
retained a higher Nr4al-GFP expression, higher CD25 expres-
sion and proliferation rate upon umbralisib compared with
idelalisib treatment, while CD69 expression was not different
(Figure 1E, F; Suppl. Figure S2F-I), suggesting that idelalisib
affects the function of murine CD4* T cells more than that
of CD8* T cells. However, there was no differential effect of
umbralisib or idelalisib on isolated human T cells (Figure 1G),
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Figure 1. Dual PI3Kd and CK1e inhibitor umbralisib reduces T-cell function similar to idelalisib. (A and B) Murine splenocytes (m; circles) or (C and D)
human PBMGCs (h; rhombi) were stimulated with aCD3 (1 pug/mL) or a combination of aCD3 (1 pg/mL) and aCD28 (2 pg/mL) in the presence of DMSO control,
idelalisib, or umbralisib (both 1 uM). (A) Representative histograms and frequency of CD69* cells of CD4* (left) and CD8* T cells (right) after 6h of stimulation. (B)
Proportion of proviiferated T cells after 72 h of stimulation with aCD3 (n = 9) or aCD3 and aCD28 (n = 11) normalized to DMSO control. (C) Frequency of CD69*
cells of human CD4+ (left) and CD8* T cells (right) after 6 hrs of stimulation with aCD3 (n = 23) or aCD3 and aCD28 (n = 24) normalized to DMSO control. (D)
Proportion of proliferated T cells after 72 h of stimulation normalized to DMSO control (n = 16). (E-G) T cells were isolated using magnetic bead-based negative
enrichment and (E) frequency of murine CDB9* cells (n = 8) as well as (F) proliferated T cells were analyzed by flow cytometry. (G) Proliferation of human T cells
relative to DMSO control (n = 11). All graphs show mean + Cl. *P < 0.05; **P < 0.01; **P < 0.001. Cl = confidence interval; DMSO = dimethyl sulfoxide; PBMCs = peripheral

blood mononuclear cells; PI3K = phosphatidylinositol-3-kinase.

allowing the general conclusion that dual PI3K&/CK1eg inhibi-

tion by umbralisib has a similar impact on T-cell activation as
idelalisib.

Dual PI3Ky and PI3K$ inhibitor duvelisib strongly reduces T-cell
activation

A beneficial effect of duvelisib, a dual PI3Ky and PI3K$
inhibitor, on the tumor microenvironment has been assumed,

as PI3Ky inhibition has been shown to reverse the tumor-sup-
portive phenotype of myeloid cells without inducing cell death
of healthy donor-derived T cells.3%333* Apart from leukemia-sup-
portive T cells, we recently showed that cytotoxic T cells exist in
CLL that are able to control disease progression in mice.?32%3
These findings emphasize the need to analyze effects of duvelisib
on CD4* and CD8* T-cell activity, expanding the already exist-
ing data on regulatory T cells.*!
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Figure 2. The dual PI3Ky and PI3KS$ inhibitor duvelisib reduces T-cell activation more potently than single isoform inhibitors. (A and B) Murine
splenocytes (m; circles) or (C and D) human PBMCs (h; rhombi) were stimulated with aCD3 (1 pug/mL) or a combination of aCD3 (1 pg/mL) and aCD28 (2 pg/
mL) in the presence of DMSO control, umbralisib, eganelisib, or duvelisib (all 1 uM). (A) Representative histograms and frequency of CD69* cells of CD4+ (left)
and CD8* T cells (right) after 6 of stimulation with aCD3 (n = 9) or aCD3 and aCD28 (n = 11). (B) Proportion of proliferated T cells after 72h of stimulation with
aCD3 (n = 23) or aCD3 and aCD28 (n = 24) normalized to DMSO control. (C) Frequency of CD69* cells of human CD4+ (left) and CD8* T cells (right) after 6h of
stimulation normalized to DMSO control. (D) Proportion of proliferated T cells after 72 h of stimulation normalized to DMSO control (n = 16). (E-G) T cells were
isolated using magnetic bead-based negative enrichment and (E) frequency of murine CD69* cells (n = 8) as well as (F) proliferated T cells were analyzed by flow
cytometry. (G) Proliferation of human T cells relative to DMSO control (n = 11). All graphs show mean + Cl. *P < 0.05; **P < 0.01; **P < 0.001. Cl = confidence
interval; DMSO = dimethyl sulfoxide; PBMCs = peripheral blood mononuclear cells; PI3K = phosphatidylinositol-3-kinase.

Intriguingly, duvelisib reduced the expression of activation
markers CD69 and CD25 (Figure 2A; Suppl. Figure S3A,
B), TCR activity (Suppl. Figure S3C) and secretion of TNFa
(Suppl. Figure S3D) of murine CD4* as well as CD8* T-cell sub-
sets. These effects were more potent in comparison to umbral-
isib and the PI3Ky-specific inhibitor eganelisib, and could not
be completely overcome by co-stimulatory aCD28 antibodies.

Along this line, the proliferation rate of CD4* and CD8* T-cell
subsets was most strongly reduced in the presence of duvelisib
(Figure 2B).

Likewise, duvelisib was the most potent inhibitor for human
T-cell subsets, as shown by reduced CD69 and CD25 expres-
sion (Figure 2C; Suppl. Figure S3E) as well as lower prolifer-
ation rates (Figure 2D) of CD4* and CD8* T cells regardless
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of costimulation with aCD28. Intriguingly, single PI3Ky inhi-
bition using eganelisib decreased T-cell activity more strongly
than umbralisib (Figure 2C, D; Suppl. Figure S3E), which is in
contrast to the results observed with murine cells.

To exclude that duvelisib impacts on T cells via PI3Ky-
expressing myeloid cells which are present in the in vitro assays
of splenocytes or PBMCs, isolated T cells were investigated.
Since a similar trend of reduced activation and proliferation of
murine (Figure 2E, F; Suppl. Figure S3F-I) and human CD4*
and CD8* T cells (Figure 2G) was seen with sorted and unsorted
cells, a direct impact of PI3Ky inhibition on T-cell activity can
be suggested. In summary, these results uncover an unexpected
role of PI3Ky in activated human T cells iz vitro, which likely
explains the observed stronger effects of the dual inhibitor duv-
elisib compared with umbralisib on the activity of murine and
human T cells.

Duvelisib impairs the activity and leukemic cell death of
antigen-specific T cells

To assess the effect of PI3K inhibitors on the activity of anti-
gen-specific T cells and their induction of leukemia cell death,
a cytotoxic T-cell assay was performed. In brief, antigen-spe-
cific murine CD8* T cells of P14-transgenic mice were treated
for 1 hour with PI3K inhibitors and subsequently, cocultured
with a cognate antigen-primed TCL1 leukemia cell line.*® In line
with results described above, idelalisib-treated T cells showed a
slightly lower activity in comparison to umbralisib-treated cells,
as evidenced by a lower proportion of degranulation measured
as CD107a* cells, and a lower expression of TNFa (Figure 3A,
B; Suppl. Figure S4A, B). Despite the slightly lower T-cell activ-
ity, no differences in leukemia cell death were observed between
these 2 drugs (Figure 3C, D; Suppl. Figure S4C).

In contrast, the dual inhibitor duvelisib reduced the activity
of antibody-activated Tcells more severely. This was supported
by duvelisib showing a remarkable reduction of CD107a- and
TNFa-expressing T cells in comparison to umbralisib- and
eganelisib-treated T cells (Figure 3A, B; Suppl. Figure S4A, B).
Of note, even though eganelisib did not reduce the percent-
age of CD107a or TNFa-expressing T cells, it reduced TNFa-
expression per T cell, similarly as idelalisib (Suppl. Figure
S4B). Importantly, reduced activity of duvelisib-treated T cells
also resulted in a reduced leukemia cell death in comparison
to umbralisib and eganelisib (Figure 3D). These data underline
the detrimental effects of duvelisib on T-cell activity and anti-
gen-specific tumor cell killing.

PI3Ky and PI3Kd additively control T-cell activity

As our data showed that PI3Ky inhibition reduced T-cell activ-
ity, we further investigated whether PI3Ky and PI3K® additively
influence T-cell activity. Thus, murine splenocytes as well as human
PBMCs were treated simultaneously with the PI3Ky inhibitor
eganelisib and one of the PI3K$ inhibitors idelalisib or umbral-
isib. Expression of the early activation marker CD69 as well as
TCR activation were more strongly reduced in murine T cells upon
simultaneous PI3Ky and PI3K$ inhibition compared with single
treatments (Figure 4A, B). Similar effects were seen when target-
ing both PI3K isoforms in human T cells (Figure 4C; Suppl. Figure
S5A). The effect of a combination of PI3Ky- and PI3K&-specific
inhibitors was comparable to the effect of the dual inhibitor duv-
elisib (Figure 4A-C). These results highlight an additive impact of
PI3Ky and PI3K® on T-cell activation, which is in line with the data
obtained with the dual inhibitor duvelisib, thus demonstrating the
need for PI3Ky signaling in T cells for complete functionality.

Dual PI3Ky and PI3K? inhibitor duvelisib decreases the activity of
CLL patient-derived T cells

While above-mentioned findings highlight the role of PI3Ky
and PI3K$ in leukemia-naive T cells, it is essential to translate

Effect of PI3K Inhibition on T Cells

these findings to CLL-experienced T cells, as the composition of
T-cell subsets is substantially altered by this disease.?® Therefore,
we investigated the in vitro effect of PI3K inhibitors on the
activity of T cells derived from splenocytes of the Ep-TCL1
(TCL1) mouse model of CLL which mimics alterations of the
T-cell compartment in CLL patients, as well as of T cells from
treatment-naive CLL patients.?>* In contrast to T cells from
healthy mice, PI3K inhibition of TCL1-derived T cells showed
only a modest negative impact on the expression of the activa-
tion markers CD69 and CD25 in comparison to DMSO con-
trol, which was more pronounced in CD8* T cells (Suppl. Figure
S6A, B). Interestingly, applying co-stimulatory signals combin-
ing aCD3 and aCD28 antibodies showed that the effect of the
inhibitors could be mostly overcome (Suppl. Figure S6A, B). The
lack of strong inhibitory effects of the drugs in TCL1 T cells
could be due to their prior i1 vivo activation in the CLL micro-
environment, which results in high basal expression of activa-
tion markers leaving only a small window for further in vitro
stimulation and therefore, inhibition of activation.’ The minor
impact of PI3K inhibition on TCL1-experienced T cells led to no
consistent differences between the investigated inhibitors, sug-
gesting neither idelalisib nor duvelisib as being more effective
than any investigated inhibitor.

Opposite of what we observed in TCL1 T cells, the activity
of T cells derived from treatment-naive patients with CLL was
deteriorated by all investigated inhibitors both for aCD3 stim-
ulation and the combination with aCD28 antibodies (Suppl.
Figure S7A). When comparing idelalisib and the dual PI3K&/
CK1e inhibitor umbralisib, the latter preserved the function of
CD4* T cells better (Figure 5A), which is in line with the results
of T cells from healthy donors (Figure 1C). Furthermore, inhibi-
tion of PI3Ky by eganelisib or dual PI3Ky and PI3K$ inhibition
by duvelisib strongly attenuated T-cell activation in comparison
to PI3Kd-specific inhibition by umbralisib (Figure 5B, C), which
is again in line with the results obtained with healthy donor-de-
rived T cells (Figure 2C).

DISCUSSION

PI3K is an interesting therapeutic target in CLL, as indicated
by the approval of several drugs inhibiting this enzyme.!° But as
PI3K family members are also expressed in T cells, these inhib-
itors may have clinically relevant effects on their function. To
decipher these effects, we performed in vitro treatment studies
using healthy as well as CLL-derived T cells and analyzed their
function.

We observed that all investigated PI3K inhibitors had an
impact on the activation and proliferation of both CD4* and
CD8* T cells, which confirms previous literature.?"*” This effect
seemed to be independent of antigen-presenting cells, as a com-
parable inhibition of T-cell proliferation was seen upon treat-
ment of unsorted and isolated T cells. Interestingly, not only
inhibition of PI3Kd but also PI3Ky reduced T-cell activation
and proliferation, suggesting that both isoforms are crucial for
T-cell function. Although the contribution of PI3K$ to physi-
ological T-cell function is broadly accepted, the role of PI3Ky
is less known.”!® Here, we show that eganelisib, a very specific
but not exclusive inhibitor of PI3Ky, reduced murine T-cell
function similarly as the PI3K9 inhibitor umbralisib, while in
human T cells, an even more potent effect of eganelisib was
observed. This is in line with data showing a reduced in vitro
proliferation of T cells derived from PI3Ky”- compared with
wild-type mice, which was dependent on TCR signaling and
functional PI3K downstream of CD3.?” Collectively, these data
suggest that murine and human CD4* as well as CD8* T cells
require both functional PI3K$ and PI3Ky for their activation
and proliferation.

Since the first approval of the PI3Kd inhibitor idelalisib,
further drugs with improved specificity for PI3K9, including
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Figure 3. Duvelisib reduces the activity of antigen-specific T cells. Splenic P14 CD8* T cells were incubated for 1h with respective PI3K inhibitors and
cocultured with cognate antigen-pulsed TCL1 leukemic cells (n = 9). (A and B) Degranulation and cytokine production and T cells after 6h and (C and D) leuke-
mia cell death after 24 h were analyzed. (A) Frequency of CD107a* and (B) TNFa* cells depicted as representative histograms and quantification. (C) Frequency
of early apoptotic (Annexin V* 7AAD"), and all dead cells (Annexin V- 7AAD") depicted as representative graphs and (D) quantification relative to DMSO control.
All graphs show mean + Cl. *P < 0.05; **P < 0.01; ***P < 0.001. CI = confidence interval; DMSO = dimethyl sulfoxide; PI3K = phosphatidylinositol-3-kinase.

umbralisib which also targets CK1g, have entered clinical tri-
als.’® Recently, it has been described that umbralisib treatment
exhibits unique immunomodulatory effects on CLL T cells, but
exerts less effects on reducing Treg activity and immunosuppres-
sive function compared with idelalisib or duvelisib.’! Our study
showed no consistent differences in the activation and prolifera-
tion of CD4* or CD8* T cells in vitro by umbralisib in compari-
son to idelalisib. Even though we did not investigate the specific

effect of umbralisib treatment on Tregs, secondary effects medi-
ated by improved Treg function due to umbralisib treatment?!
are most likely not sufficient to overcome the direct and imped-
ing effects of PI3K inhibition on CD4* and CD8* T cells.

As inhibition of PI3Ky in myeloid cells was shown to reverse
the protumoral phenotype of these cells in solid tumors,** one
might speculate that dual PI3Ky and PI3K$ inhibition would
improve control of CLL. The PI3Kv/8 inhibitor duvelisib has also
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Figure 5. Duvelisib, a dual PI3Ky and PI3K3 inhibitor potently reduces activity of CLL patient-derived T cells. PBMCs of CLL patients were stimu-
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been shown to overcome the protective effect of stromal cells for
CLL cells and their migration and adhesion in co-cultures.’®*’
A direct cytotoxic effect of duvelisib has neither been observed
for healthy donor-derived T cells nor for CLL patient-derived
T cells.?*3! Nevertheless, chemotaxis of T cells has been repeat-
edly found to be reduced by duvelisib in vitro and in vivo.3**
Here, we show that duvelisib strongly affects T cells in vitro,
as it dampens the activation, proliferation, and antigen-spe-
cific cytotoxicity of T cells of healthy donors and CLL patients.
Intriguingly, this effect is not mediated by bystander myeloid
cells, as similar effects were observed in monocultures of puri-
fied T cells. In functional assays, impaired in vitro cytotoxicity
and cytokine production by duvelisib could be observed, while
by combining specific inhibitors of PI3Ky and PI3K9, an addi-
tive inhibition of T cells was seen. These findings support our
conclusion that dual PI3Ky and PI3K® inhibitors will have det-
rimental effects on T-cell function.

Using a stimulation cocktail that combines aCD3- and
0aCD28-coated beads with interleukin-2 (IL-2), which is a con-
siderably stronger stimulus as the regimens used in this manu-
script, a reduced proliferation of CD4* but not CD8* T cells of
CLL patients has been shown after duvelisib treatment in vitro.*
Of note, IL-2 signaling has distinct functions in CD4* and CD8*
T-cell subsets,*' and IL-2-induced expansion of cytotoxic CD8*
T cells was found to be independent of functional PI3K®, which
might be one possible explanation for the divergent results.*
Similarly, treatment of CLL patients for 1 week with duvelisib
resulted in the relative loss of CD4* T cells and an accumulation
of CD8* T cells in blood.? Interestingly, genetically engineered
PI3Ky- and PI3Kd-deficient mice showed severely impaired thy-
mic development, resulting in reduced CD4* and CD8* T-cell
counts in spleen as well as lymph nodes,* which is in line with
our conclusion that both PI3Ky and PI3Kd are important for
T-cell function.

In summary, our study clearly shows that the PI3Ky and
PI3K$ inhibitor duvelisib and dual inhibition of PI3Ky and
PI3K® are potent inhibitors of T-cell activation and prolifera-
tion in vitro, and that umbralisib does not preserve T-cell activ-
ity in comparison to idelalisib, which contrasts with published
literature.>!

Given our observations in vitro, one might speculate that
they can serve as an explanation for the observed irAEs in CLL
patients treated with PI3K inhibitors. T cells are a very hetero-
geneous group of cells that harbor distinct, often counteracting
functions, highlighting the complexity of their systemic activity.®
Immunosuppressive Tregs are enriched in CLL, and strong evi-
dence exists that PI3Kd inhibition reduces the number, activity,
and function of Tregs in this disease.”****! The effect of PI3K
inhibition on CD8* T cells in the same context is more contro-
versial, as both a beneficial effect on their function due to the
alleviation of inhibitory activity of Tregs, and a negative impact
due to direct inhibition of CD8* T-cell function have to be con-
sidered.”%?425 Although an enhanced anti-tumor control of CD8*
T cells was observed in many cancer entities due to a reduced
Treg function caused by inhibition of PI3K,*!%* there are still no
such results in the context of CLL. Immunophenotyping of blood
T cells from duvelisib-treated CLL patients by mass cytometry
recently revealed that the onset of duvelisib-associated irAEs cor-
related with a decrease in naive CD4* and CD8* T-cell subsets,
and with the accumulation of activated CD8* as well as Th17
T cells.?? Alternatively, intermittent (3 days on, 2 days off drug)
dosing of PI3K® inhibitor treatment in murine models did not
impact on tumor control, but remarkably reduced the generation
of irAE-causing T cells within the tumor microenvironment in
comparison to continuous drug dosing,* which could also pro-
vide an alternative treatment schedule for reintroduction of PI3K
inhibition in CLL. Here, we provide evidence for healthy donor-
as well as CLL patient-derived CD8* T cells that pharmacologi-
cal inhibition of PI3K®, PI3Ky as well as dual PI3Ky and PI3Kd
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inhibition iz vitro limits the activation and proliferation of this
cell type. Follow-up studies in mouse models as well as relevant
analysis of CD4* and CD8* T-cell populations in CLL patients
under treatment with PI3K inhibitors would be ultimately needed
to prove a connection between PI3K inhibition and irAEs.
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