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Stromal cells engineered to express T cell factors induce robust
CLL cell proliferation in vitro and in PDX co-transplantations
allowing the identification of RAF inhibitors as
anti-proliferative drugs
Eva Hoferkova 1,2,3, Vaclav Seda 1,2, Sona Kadakova 1, Jan Verner2, Tomas Loja1, Kvetoslava Matulova4, Hana Skuhrova Francova2,
Eva Ondrouskova 2, Daniel Filip1,2, Nicolas Blavet 1, Miroslav Boudny1,2, Gabriela Mladonicka Pavlasova1, Josef Vecera1,
Laura Ondrisova1,2, Petra Pavelkova1, Krystof Hlavac1,2, Lenka Kostalova1,2, Androniki Michaelou1,3, Sarka Pospisilova 2,
Jana Dorazilova5, Vaclav Chochola 6, Josef Jaros6, Michael Doubek 2, Marie Jarosova2, Ales Hampl6, Lucy Vojtova 5, Leos Kren4,
Jiri Mayer 2 and Marek Mraz 1,2✉

© The Author(s) 2024

Several in vitro models have been developed to mimic chronic lymphocytic leukemia (CLL) proliferation in immune niches;
however, they typically do not induce robust proliferation. We prepared a novel model based on mimicking T-cell signals in vitro
and in patient-derived xenografts (PDXs). Six supportive cell lines were prepared by engineering HS5 stromal cells with stable
expression of human CD40L, IL4, IL21, and their combinations. Co-culture with HS5 expressing CD40L and IL4 in combination led to
mild CLL cell proliferation (median 7% at day 7), while the HS5 expressing CD40L, IL4, and IL21 led to unprecedented proliferation
rate (median 44%). The co-cultures mimicked the gene expression fingerprint of lymph node CLL cells (MYC, NFκB, and E2F
signatures) and revealed novel vulnerabilities in CLL-T-cell-induced proliferation. Drug testing in co-cultures revealed for the first
time that pan-RAF inhibitors fully block CLL proliferation. The co-culture model can be downscaled to five microliter volume for
large drug screening purposes or upscaled to CLL PDXs by HS5-CD40L-IL4 ± IL21 co-transplantation. Co-transplanting NSG mice
with purified CLL cells and HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells on collagen-based scaffold led to 47% or 82% engraftment
efficacy, respectively, with ~20% of PDXs being clonally related to CLL, potentially overcoming the need to co-transplant
autologous T-cells in PDXs.

Leukemia; https://doi.org/10.1038/s41375-024-02284-w

INTRODUCTION
Chronic lymphocytic leukemia (CLL) depends on microenviron-
ment interactions with lymph nodes being the primary site of CLL
cell proliferation [1, 2]. CLL cell birth rates in lymph nodes are
0.5–3% per day, and newborn CLL cells can exit the lymph nodes
to the peripheral blood [2, 3]. Lymph node niche is believed to
promote CLL proliferation via microenvironmental factors such as
the CD40, Toll-like receptors (TLR), and B-cell receptor (BCR)
activation [3, 4]. Notably, BCR crosslinking in vitro is insufficient to
induce CLL proliferation [5], suggesting other microenvironmental
interactions are needed to (co)drive proliferation. The prime
candidates for pro-proliferative signals are CLL-CD4+ T-cell
interactions, since in vitro CLL cells can be stimulated to proliferate

by CLL-T-cell contact [4–9]. Furthermore, in immunodeficient mice,
CLL cell engraftment depends on the co-transplantation of
activated T-cells [10, 11]. BCR inhibitors, such as ibrutinib targeting
BTK or the PI3K inhibitor idelalisib [12, 13] indirectly block T-cell
signals by removing CLL cells from immune niches by interfering
with their migration and adhesion [1, 14, 15]. Studies of normal
B-cells point to CD40 ligand’s (CD40L/CD154) crucial relevance in
normal B-cell proliferation and its synchronization with BCR
activation in germinal centers [16]. In CLL, CD40 stimulation alone
is not sufficient to drive proliferation and must be combined with
other factors, such as adding recombinant IL4, IL21, or CpG-ODN
[4, 5, 17]. This activates downstream signaling largely shared with
BCR, including NFκB, AKT, MYC, and MAPK/ERK (reviewed in [18]).
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The lack of primary CLL cell proliferation in vitro poses
challenges to studying this process, which is fundamental for
understanding disease progression and aggressiveness. Several
in vitro microenvironment model systems have been developed
to study CLL biology, perform in vitro screening of chemical
libraries for compounds with anti-CLL activity, and guide
therapeutic decisions [19–22]. Most such co-culture models
involve human or murine fibroblast-like stromal cells that provide
signals to overcome spontaneous CLL cell apoptosis and/or mimic
adhesion-mediated drug resistance, but these do not trigger
proliferation [4, 22–25]. To induce proliferation, co-culture models
typically utilize costly recombinant factors like IL4 or IL21 added to
co-cultures with CD40L-expressing stromal cells; however, in such
conditions, the CLL proliferation rate is relatively low and highly
variable [9, 26].
In this study, we prepared a CLL microenvironmental model

based on mimicking T-cell signals to induce CLL cell proliferation
without using recombinant factors. Co-culture with HS5 geneti-
cally engineered to simultaneously express CD40L and IL4 led to
mild CLL cell proliferation (~7%), while the HS5 expressing CD40L,
IL4, and IL21 led to a consistently high CLL proliferation rate
(~44% at day 7). These models mimic the gene expression
changes in CLL cells interacting in immune niches and can be
downscaled to microliter volumes. Using this model, we revealed
for the first time that pan-RAF inhibitors can potently block CLL
proliferation induced by T-cell factors, demonstrating the model’s
utility for screening anti-proliferative drugs. Additionally, HS5-
CD40L-IL4 ± IL21 supportive cells co-transplanted with primary
CLL cells into immunodeficient NSG mice lead to B-cell
lymphoproliferation and thus could simplify PDX model
generation.

METHODS
Engineering the HS5 cells with T-cell factors
The coding sequence for human IL4 and puromycin resistance was cloned
into the lentiviral pAIP (Addgene #74169), human CD40L and blasticidin
resistance was cloned into the lentiviral pEZ-Lv197 (Genecopoeia, #EX-
G0117-Lv197) and human IL21 was cloned in the retroviral pBMN-IRES-
LyT2 vector (gift from D. Hodson). For details on the constructs, viral
particles, and cell selection, see Supplementary Methods.

CLL cells and co-cultures
Primary CLL samples were collected in accordance with the Declaration of
Helsinki with written informed consent and the Institutional Ethical Review
Board approved the study (Masaryk University, No. EKV-2022-068). The
wild-type HS5 cell line was obtained from DSMZ. To co-culture CLL cells
(characteristics in Supplementary Table 1), engineered HS5 cells were
γ-irradiated (20 Gy), seeded 5 × 104 cells/cm2 on 0.1% gelatin-coated plates
(TPP), and kept in DMEM medium (1mL/well of a 6-well plate; Biosera) for
24 h (10% heat-inactivated FBS, 100 U/ml penicillin, 100 μg/ml streptomy-
cin) at 5% CO2 and 37 °C. The following day, purified CLL cells (RosseteSep,
StemCell Technologies; >98% CD19+ 5+) were added without removal of
DMEM media in a 20:1 (CLL:HS5) ratio in RPMI media (3–5mL) containing
20% heat-inactivated FBS, penicillin/streptomycin, 2 mM L-glutamine
(Biosera) and 70 nM β-mercaptoethanol (Sigma Aldrich), and RPMI media
was subsequently changed without removing cells. In long-term co-
cultures (>2 weeks), CLL cells were transferred to newly seeded HS5 cells
once per week. For details on microwell and other co-cultures,
see Supplementary Methods.

PDX models
NOD-scid IL2Rgnull (NSG) mice (6–8 weeks old, 1:1 ratio of males vs.
females) were transplanted (day 1) subcutaneously (s.c.) on the left flank
with a porous collagen scaffold (1% collagen+β-tricalcium phosphate in
mass ratio 7:3; freeze-dried, prepared by Dr. Vojtova [27]) preloaded with
2.5–4 × 106 HS5 cells. On day 7, the mice were injected with 5–10 × 106

HS5 cells intraperitoneally (i.p.) (for details see Supplementary Table 2). On
day 14, the mice were injected with 26–300 × 106 RosseteSep purified CLL
cells (>98% of CD5+19+ cells) and 5–10 × 106 HS5 cells i.p. and s.c. at the

scaffold site (for details see Supplementary Table 2). Control mice were
injected i.p. with an equal number of purified CLL cells (day 14). The mice
were sacrificed when signs of tumor growth were detected (apathy/weight
loss) or after >3 months post CLL transplantation. The spleen, scaffold,
liver, bone marrow, and tumor mass were analyzed by flow cytometry
(antibodies listed in Supplementary Table 3), immunohistochemistry, and
for clonality (see Supplementary Methods).

Statistical analysis
Apart from NGS analysis (Supplementary Methods), all statistical analyses
were performed with Prism v8.0.1 (GraphPad), and P-values < 0.05 were
considered significant (for details on statistical tests, see Supplementary
Methods).

RESULTS
Genetic engineering of supportive cell lines to express T-cell
factors
CXCR4 and CD5 cell-surface molecules can be used to distinguish CLL
cells that have recently exited immune niches (CXCR4dimCD5bright cells)
and harbor the fingerprint of the microenvironmental interactions
[2, 15, 24, 28–33]. To characterize CLL microenvironmental signaling,
we performed RNA profiling in sorted CXCR4dimCD5bright versus
CXCR4brightCD5dim cells (n= 10 pairs, purity >99%), revealing differ-
ential expression of 7393 mRNAs (Padj < 0.05). Ingenuity Pathway
Analysis (IPA) [34] of these gene expression differences indicated T-cell
factors, namely CD40L and several interleukins (IL4, IL2, IL15, IL21), as
key upstream gene expression regulators in immune niches (Table 1,
Supplementary Table 4). CD40L and interleukins’ importance was
further confirmed by IPA of transcriptomes from CLL lymph node
samples [35] and CLL cells exposed to T-cell contact in vitro [8]
(Table 1; Supplementary Tables 4–6). Overall, the 3 datasets
overlapped in 12 factors (Table 1), and we further selected to
engineer a co-culture model based on three such canonical T-cell
factors (CD40L, IL4, and IL21). We used the immortalized fibroblast-like
HS5 cell line [36] for genetic engineering because it protects CLL
lymphocytes from apoptosis in vitro, does not induce proliferation or
produce T-cell factors (Supplementary Table 7). We prepared six HS5-
derived cell lines with stable expression of human CD40L, IL4, IL21,
and their combinations, namely HS5-CD40L, HS5-IL4, HS5-IL21, HS5-
CD40L-IL4, HS5-CD40LLOW-IL4, and HS5-CD40L-IL4-IL21 cells (Supple-
mentary Table 8). The HS5-CD40LLOW-IL4 cell line was prepared to
have lower CD40L cell-surface levels due to its potentially different
effects on CLL activation (see below). IL4, IL21, and CD40L expression
by HS5 was verified by PCR and flow cytometry (Supplementary
Fig. 1A, B), and engineered HS5 produced 83 ng/mL of IL4 (standard
deviation 15.32 ng/mL) and 12 ng/mL of IL21 (standard deviation
0.55 ng/mL) in media (at 48 h). In CLL cells, this led to signaling
activation corresponding to each T-cell factor. Specifically, IL21 activity
led to the STAT1 and STAT3 phosphorylation, and IL4 and CD40L
activity induced STAT6 and IKKα/β phosphorylation in CLL cells,
respectively (Fig. 1A, B), confirming the expected biological activity of
engineered HS5 cells.

HS5 cells with T-cell factors induce robust CLL cell
proliferation
We co-cultured primary CLL cells (n= 16) with a panel of six HS5
cell lines to test for pro-proliferative effects (1:20 ratio of HS5:CLL;
Fig. 1C). This revealed a significant CLL cell proliferation of 7% cells
(on day 7) in HS5-CD40L-IL4 co-cultures (P= 0.019), and 44% in
HS5-CD40L-IL4-IL21 co-cultures (P < 0.001; Figure 1Di, Supplemen-
tary Fig. 1C). We used CFSE dilution to measure proliferation since,
in our experience, Ki67 positivity only indicated cell activation but
not CLL cell division (Fig. 1Dii, Supplementary Fig. 1C, D). Notably,
the proliferation in HS5-CD40L-IL4-IL21 co-cultures was more
prominent than using recombinant CD40L, IL4, and IL21 (Fig. 1E).
This is in line with observations in normal B-cells that CD40L
requires membrane presentation for optimal effect [37]. We did
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Fig. 1 The induction of CLL cell proliferation by engineered HS5 cell lines. A Primary CLL cells (CLL_091) were incubated for 1 h with
conditioned media from HS5-WT, HS5-IL21, HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells. Activation of IL21 signaling was detected by
phosphorylation of STAT1 and STAT3. GAPDH was used as a loading control. B Primary CLL cells (CLL_065) co-cultured (2 h) on HS5-WT, HS5-
IL4, HS5-CD40L, HS5-CD40LLOW-IL4 or HS5-CD40L-IL4 cells. Downstream effectors of the IL4 receptor (STAT6) and CD40L (IKKs) were detected
by immunoblotting. C Bright-field image of HS5-WT and HS5-CD40L-IL4-IL21 cells (upper part) and CLL cells co-cultured on indicated HS5 cells
(bottom part) for 3 days. Magnification 200×. D Primary CLL cells (n= 16, viably frozen) were labeled with CFSE after thawing and co-cultured
(7 days) on engineered HS5 cell lines (Di). Dii Representative examples of CFSE staining from HS5-CD40L-IL4-IL21 co-cultures. For sample
characteristics see Supplementary Table S1 (CLL No. 004, 005, 014, 018, 024, 033, 036, 037, 050, 051, 057, 072, 074, 083, 084, 091). E Primary CLL
cells (n= 4) were labeled with CFSE and cultured in the presence of indicated cytokines (7 days). F Viability (indicated as the percentage of
7-AAD negative cells) of CLL samples presented in panel D. G Viability of CLL cells (n= 15) co-cultured on HS5-WT or on HS5-CD40L-IL4-IL21
with or without 70 nM β-mercaptoethanol (β-ME) for 2, 5 and 7 days. H Scheme of inserts used for microwell co-culture of CLL with HS5 cell
lines. I Percentage of Ki67 positive CLL cells after 14 days of co-culture with HS5-CD40L-IL4 cells in microwells (MiW) or standard 12-well plate.
J Viability of CLL cells (n= 4) long-term co-cultured on mitotically inactivated HS5-CD40L-IL4 (dashed line) or HS5-CD40L-IL4-IL21 cells (solid
line). CLL cells were collected and plated on fresh layer of supportive cells every 7 days.
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not detect significant differences in proliferation between CLL
with unmutated or mutated IGHV (observed in co-cultures with
HS5, Supplementary Fig. 1E). IL21 as a single factor induced some
CLL cell apoptosis, while IL4 co-cultures (HS5-IL4) rescued
spontaneous apoptosis (Fig. 1F). Interestingly, IL21’s negative
effect on CLL viability is less pronounced in combination with
CD40L+ IL4 (median viability 32% in the HS5-IL21 co-culture vs.
48% in HS5-CD40L-IL4-IL21 co-culture, P= 0.002; Fig. 1F), allowing
us to use these three factors together. In general, viability was
negatively correlated with proliferation rate (Supplementary
Fig. 1F), likely due to the metabolic burden associated with cell
division. Indeed, CLL cell viability could be increased by
periodically changing the supportive cells from HS5-CD40L-IL4
(pro-proliferative stimulation) to HS5-WT or HS5-IL4 cells (non-
proliferative stimulation, P < 0.0001; Supplementary Fig. 1Gi-ii).
CLL survival in pro-proliferative co-cultures could also be increased
by adding β-mercaptoethanol to limit reactive oxygen species
(ROS) stress (Fig. 1G, Supplementary Fig. 1H). β-mercaptoethanol
had a variable effect on CLL proliferation in HS5-CD40L-IL4-IL21
co-cultures with some samples achieving a lower and some higher
proliferation rate (Supplementary Fig. 1I). Lower apoptosis was
also observed in co-cultures with HS5 cells having lower CD40L
expression (HS5-CD40LLOW-IL4; P= 0.0002 in media without β-
mercaptoethanol; Supplementary Fig. 1J). We did not observe any
substantial pro-survival effect from adding recombinant BAFF or
APRIL in the co-culture experiments (Supplementary Fig. 1K).
Collectively, co-culture with the HS5-CD40L-IL4 led to a repro-
ducible, mild CLL cell proliferation (median 7%), while the HS5-
CD40L-IL4-IL21 cell line led to a high proliferation of ~44%.

Proliferative co-cultures in microliter volumes and long-term
co-culture
To test the models’ applicability for large drug screenings, we
performed co-culture downscaling to microliter volumes. We
prepared custom poly(dimethylsiloxane)-based inserts (Fig. 1H)
with a 5 ul volume (8 mm2 surface), seeded with ~250 HS5-CD40L-
IL4 cells and ~2500 CLL cells per microwell (~12,000× lower cell
numbers than in a 3.8 cm2 well of a 12-well plate). The CLL cells in
microwells had a proliferation rate and viability identical to
standard co-cultures (Fig. 1I, Supplementary Fig. 1L, M), showing
similar signs of CD40L/IL4 interaction: elevated surface FAS
expression induced by CD40L, down-modulated CXCR4 surface
levels by IL4, and increased cell size (Supplementary Fig. 1N–P).
Altogether, the co-culture system is robust enough to be
downscaled to microliter formats, potentially allowing large-scale
chemical library screening. We further tested CLL cells’ long-term
(70 days) survival in the co-culture with HS5-CD40L-IL4 ± IL21 cells.
CLL cells in HS5-CD40L-IL4 co-cultures achieved significantly
better long-term survival than HS5-CD40L-IL4-IL21 co-cultures
(P= 0.03 at 1 month; Fig. 1J, Supplementary Fig. 1Q), despite the
higher proliferation rate induced by HS5-CD40L-IL4-IL21 cells
(Supplementary Fig. 1R). Co-cultured CLL cells maintained CD5
and CD19 expression, became FAS positive, and had decreased
CXCR4 cell-surface levels (Supplementary Fig. 1S). The culture
models allowed CLL cells to proliferate and survive for >2 months,
but we could not significantly expand CLL cell numbers,
demonstrating an ongoing proliferation and apoptosis balance.

Co-cultures induce gene expression changes similar to lymph
node interactions
Next, we tested whether co-cultures resemble the interactions in
immune niches. We performed transcriptional profiling of
FACS-sorted primary CLL cells (n= 4) cultured on plastic
(gelatin-coated) or co-cultured with HS5-WT or HS5-CD40L-IL4
cells (3 days). Co-culture with HS5-WT cells had a surprisingly
minor effect on gene expression, with only 94 differentially
expressed mRNAs detected (Padj < 0.05) compared to CLL
culture on plastic (Fig. 2A; CLL-HS5 interaction verification in

Supplementary Fig. 2A). However, we identified 3833 differentially
expressed mRNAs (Padj < 0.05) between CLL cells co-cultured with
HS5-WT versus HS5-CD40L-IL4 cells (Fig. 2A, Supplementary
Table 9). This included MYC, NFκB and E2F signatures defined
previously [3] from lymph node CLL samples (Fig. 2B). MYC
induction by co-culture was verified at the protein level by
immunoblotting and flow cytometry (Fig. 2C, Supplementary
Fig. 2B, C). Moreover, this also included a part of the BCR signaling
signature (Fig. 2B), despite our co-culture model lacking any
antigen (HS5-WT co-culture did not induce BCR signature).
However, we noticed that IL4 in our co-culture led to cell-
surface BCR induction (4.2-fold change, P= 0.009; Fig. 2D), and
thus potentially increased “tonic” BCR signaling [38]. In a
subsequent experiment, we compared CLL cells co-cultured on
HS5-CD40L-IL4 vs. HS5-CD40L-IL4-IL21 cells (n= 4 CLL), revealing
2057 significantly changed mRNAs (Padj < 0.05; Fig. 2E, Supple-
mentary Tables 9 and 10) including genes associated with
interleukin signaling (Supplementary Fig. 2D). Analysis of BCL2
family members revealed complex changes in their expression,
including induction of anti-apoptotic BCL-XL, BCL2 and MCL1 in
CLL cells co-cultured with HS5-CD40L-IL4 and their relative
repression in HS5-CD40L-IL4-IL21 co-cultures (Supplementary
Fig. 2Ei). Major changes in the expression of the BCL2 family
members, have also been observed on protein level when CLL
cells were cultured (7 days, n= 3) on plastic or HS5-CD40L-IL4-IL21
cells, including a ~80% repression of BCL2 (P= 0.007; Supple-
mentary Fig. S2Eii). This might be linked to the higher
spontaneous CLL cell apoptosis observed in HS5-CD40L-IL4-IL21
co-cultures (Fig. 1F). Altogether, HS5-CD40L-IL4 ± IL21 co-cultures
induced a transcriptional program significantly resembling
CXCR4dimCD5bright CLL cells (P < 0.0001) from immune niches
(Fig. 2F). Co-cultured CLL cells exhibited lower CXCR4 levels,
increased cell size - typical features of CXCR4dimCD5bright cells [15]
(Supplementary Fig. 2F, G), and formed clusters of proliferating
cells (Fig. 1C). The cell size increment is mainly induced by CD40L
(Supplementary Fig. 2G) and is likely related to the proliferative
anabolic metabolism. Altogether, the HS5-CD40L-IL4 ± IL21 co-
culture model partially mimics the proliferative CLL cell phenotype
in immune niches.

Pan-RAF inhibition blocks CLL cell proliferation
The absence of CLL proliferation in vitro prevents the testing of
anti-proliferative drugs, but our models could potentially over-
come this obstacle. To test this, we selected microenvironment-
targeting inhibitors, namely ibrutinib (BTK inhibitor), idelalisib
(PI3K inhibitor), and eight other inhibitors. Ibrutinib indirectly
decreases the CD40L responsiveness [10], and idelalisib reduces
IL4 responsiveness [33], both factors included in our co-cultures
(Fig. 3A). We also included eight inhibitors targeting the RAF/
MAPK/ERK pathway (pan-RAF inhibitors LY3009120 and napor-
afenib, MEK inhibitor PD184352, ERK inhibitor LY3214996 and four
P38 inhibitors; Supplementary Table 11). We selected these
because RNA profiling and immunoblotting from our co-culture
models demonstrated significant ERK pathway activation (Fig. 3B,
Supplementary Table 12), and CD40L is known to induce MAPK/
ERK signaling [39]. Surprisingly, the BTK/PI3K inhibitors had a mild
effect on CLL cell proliferation in HS5-CD40L-IL4-IL21 co-cultures
(limited to some samples), while inhibitors of wild-type RAF
(LY3009120 and naporafenib) inhibited proliferation in all cases
(≥50% proliferation reduction, P < 0.001; Fig. 3C). The anti-
proliferative effect could be monitored by flow cytometry as a
CLL cell size decrease (Supplementary Fig. 3A), which might be
useful for drug screening using automated FACS or image
analysis. RAF inhibitors did not affect CLL cell viability (Fig. 3D,
Supplementary Fig. 3B), and their activity would be missed in
classical cytotoxicity screens. To further reveal the mechanism(s)
of action of the two structurally different RAF inhibitors, we
performed a gene expression analysis of CLL cells co-cultured on
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HS5-CD40L-IL4-IL21 in the pan-RAF inhibitors’ presence or
absence. We found 647 and 604 mRNAs whose expression was
significantly changed in CLL cells by LY3009120 or naporafenib
treatment in co-cultures, respectively (Padj < 0.05; Supplementary
Tables 13 and 14). The two RAF inhibitors had largely overlapping
effects on gene expression (n= 359 identical mRNAs changed
with both inhibitors; Fig. 3E) and only 15 mRNAs were
differentially expressed between the two RAF inhibitor treatments.
Gene set enrichment analysis (GSEA) revealed that both RAF

inhibitors lead to changes in GSK3, mTOR, EIF4, TOLL and AKT
pathways (Supplementary Fig. 3C, D). The largely overlapping
effects of both structurally different RAF inhibitors on gene
expression suggests an on-target activity. However, MEK and ERK
inhibitors did not affect CLL proliferation despite theoretically
acting mainly within the same pathway (Fig. 3A). RAF inhibitors,
unlike MEK/ERK inhibitors, very potently reduce AKT phosphoryla-
tion (Fig. 3F), which is notable since the AKT pathway is activated
in co-cultures (RNAseq above). Moreover, LY3009120 affects P38

Fig. 2 Co-culture with HS5-CD40L-IL4 and HS5-CD40L-IL4-IL21 cells induces a gene profile similar to lymph node CLL cells. A Heatmap of
differentially expressed mRNAs (Padj < 0.05) in CLL cells cultured (3 days, n= 4) on plastic or co-cultured on HS5-WT or HS5-CD40L-IL4. One
sample cultured on plastic was excluded due to RNA/library preparation failure. For sample characteristics see Supplementary Table S1 (CLL
No. 042, 054, 073, 067). B MYC, NFκB, E2F, and BCR gene expression signatures in CLL cells co-cultured (3 days) on HS5-WT or HS5-CD40L-IL4
cells (samples from panel [A], mRNAs with base mean ≥10). The signature genes were adopted from Herishanu et al. [3]. C Representative
immunoblot of CLL cells co-cultured (40 h) with various engineered HS5 cell or their combinations (1:1 ratio). D Cell-surface IgM level in CLL
cells co-cultured (48 h) on HS5-WT or HS5-CD40L-IL4 cells. E Heatmap of differentially expressed mRNAs (Padj < 0.05) in CLL cells co-cultured
(n= 4, 3 days) on HS5-WT, HS5-CD40L-IL4, or HS5-CD40L-IL4-IL21 cells. One sample co-cultured on HS5-CD40L-IL4 was excluded due to RNA/
library preparation failure. For sample characteristics see Supplementary Table S1 (CLL No. 089, 047, 043, 044; different samples from those in
panel A). F Overlap of differentially expressed mRNAs (Padj < 0.05) in CXCR4dimCD5bright CLL subpopulation and in CLL cells co-cultured
(3 days) on HS5-WT vs. HS5-CD40L-IL4 (i) or HS5-WT vs. HS5-CD40L-IL4-IL21 cells (ii). Gene expression of CXCR4dimCD5bright cells vs. co-
cultured CLL cells had a significant overlap (P < 0.0001, Fisher exact test) for all 4 comparisons.
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phosphorylation (Fig. 3G, Supplementary Fig. 3C), a mitogen-
activated kinase involved in normal B-cell proliferation after BCR,
IL4 and CD40 stimulation [40, 41]. In line with this, P38 inhibitors
impaired CLL proliferation in co-cultures to some extent but less
potently than RAF inhibition (Fig. 3H). Altogether, HS5-CD40L-
IL4± IL21 co-culture allows the identification of drugs interfering
with CLL cell proliferation induced by T-cell factors, and the

obtained data show two chemically different pan-RAF inhibitors’
potent cytostatic effect.

Generating PDX using supportive cells providing T-cell signals
We hypothesized engineered HS5 cells could replace activated
primary T-cell co-transplantation and simplify CLL PDX generation
[10, 11]. To transfer this co-culture model into NSG mice, we

Fig. 3 Effect of selected pan-RAF inhibitors on CLL proliferation in co-culture model. A Schematic overview of the RAF/MAPK/ERK pathway.
B Representative immunoblot of CLL cells co-cultured (2 h) with various engineered HS5 cells or their combinations (1:1 ratio). C CLL cells
(FarRed labeled) were pre-treated with respective inhibitors for 2 h and then co-cultured in the presence of the inhibitors (7 days) on HS5-
CD40L-IL4-IL21 cells. IBRU, 2 µM ibrutinib; IDEL, 2 µM idelalisib; LY30, 2 µM LY3009120; NAPO, 10 µM naporafenib; MEKi, 2 µM PD184352; ERKi,
2 µM LY3214996. D The viability of CLL samples presented in panel [C] after 7 days of the co-culture on HS5-CD40L-IL4-IL21 cells in the
presence of the indicated inhibitors (data after 2 or 5 days are in Supplementary Fig. 3B). E Heatmap of differentially expressed mRNAs
(Padj < 0.05) in CLL cells co-cultured (3 days, n= 4) on HS5-WT, HS5-CD40L-IL4, HS5-CD40L-IL4-IL21, or on HS5-CD40L-IL4-IL21 in the presence
of one of the RAF inhibitors (LY30, 1 µM LY3009120; NAPO, 10 µM naporafenib). One sample cultured on HS5-CD40L-IL4 (same as in Fig. 2E)
was excluded due to RNA/library preparation failure. For sample characteristics see Supplementary Table S1 (CLL No. 089, 047, 043, 044).
F Representative immunoblot of CLL cells treated (17 h) with inhibitors (as in [C]) and then stimulated with anti-IgM (40 µg/ml, 10min).
G Quantification of phopho-P38 signal from CLL cells cultured (48 h) with LY3009120 (2 µM) or vehicle (DMSO). H CLL cells were co-cultured
(48 h; n= 4) on HS5-CD40L-IL4-IL21 cells in the presence of indicated inhibitors (LY30, 1 µM LY3009120; P38inh-1, 2 µM SB202; P38inh-2, 2 µM
SB203; P38inh-3, 2 µM SB239; P38inh-4, 2 µM BIRB776.). Cell were harvested after 48 h, and the percentage of cells in the G1 phase of the cell
cycle was quantified.
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Fig. 4 CLL cell engraftment in NSG mice conditioned with HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells. A A scheme of the transplantation
approach. The scaffold was incubated with HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells in vitro and transplanted s.c. on the left flank of NSG
mice (6–8 weeks old). After 7 days, each mouse was injected with HS5-CD40L-IL4 ± IL21 cells i.p.. At 14 days, CLL cells (purity >98%
CD5+CD19+ cells) were mixed with HS5 cells and injected s.c. and i.p.. Control mice were injected with purified CLL cells only (day 14, not
shown). B Human CD20 staining of tumor B cells in mice co-transplanted with CLL and HS5-CD40L-IL4 cells. Magnification 200×. C Spleen
weight of control mice and mice co-transplanted with HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells with or without detectable tumor growth.
D Representative images of the spleen of control mice (left) and mice with engrafted tumors (right). E CD20 staining of tumor B cells in mice
co-transplanted with HS5-CD40L-IL4 or HS5-CD40L-IL4-IL21 cells (control stands for mice transplanted with CLL cells only, no HS5 cells co-
transplanted). F Spleen (i) and tumor (ii) weight and relationship to the mice’s time to death. Mice that died spontaneously are not included
due to missing spleen weight values. G Time from CLL cell transplantation into NSG mice conditioned with HS5-CD40L-IL4 (n= 10) or HS5-
CD40L-IL4-IL21 (n= 5) cells to euthanasia due to extensive tumor growth. Mice with no tumor growth are not included in the graph. H FISH
detection of 13q14 deletion in spleen sections from M20 and M29 mice with engrafted human B cells. Red dot, 13q14 probe; blue dot, 13q34
probe for control region; green dot, CEP12 control probe.
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generated a custom 3D collagen scaffold with β-tricalcium
phosphate (experimental scheme in Fig. 4A). The scaffolds
(cylinders ~6 × 4mm) were loaded with 3 × 106 HS5-CD40L-
IL4 ± IL21 cells, and CLL cells loaded to the scaffold grew both
on the surface and inside the scaffolds in vitro (Supplementary
Fig. 4A). The scaffolds (with supportive cells) were subcutaneously
(s.c.) implanted in NSG mice in combination with intraperitoneal
(i.p.) application of up to 1 × 107 HS5-CD40L-IL4 or HS5-CD40L-IL4-
IL21 cells (not mitotically inactivated) to create two niches for CLL
engraftment, i.e., intra-scaffold and in peritoneal cavity. HS5 cells
alone did not negatively affect mouse fitness for up to six months
and continued to grow slowly in the scaffold in vivo (Supplemen-
tary Fig. 4B). After the 7 days allowed for scaffold engraftment,
purified peripheral blood CLL cells (26–300 × 106; >98%
CD5+CD19+ cells) were transplanted i.p. and s.c. at the site of
the scaffold. First, we transplanted purified CLL cells from 20
different patients into 30 mice conditioned with HS5-CD40L-IL4
cells (21 mice with 1 scaffold, 4 mice with 2 scaffolds-both flanks, 5
mice with only i.p. HS5-CD40L-IL4 [no scaffold]) (Supplementary
Table 2). Control animals received the same amount of purified
CLL cells i.p. (n= 26 animals). We detected tumor growth in 14
HS5-CD40L-IL4-conditioned mice (11 out of 20 unique patients).
None of the control animals developed a tumor, except for one
that had a concurrent growth of human T-cells due to insufficient
purification (mouse M28, see below) and one animal where no
reason for tumor growth was found (mouse M10). Tumors in HS5-
CD40L-IL4-containing mice formed a solid mass intraperitoneally
and/or subcutaneously at the scaffold site (Supplementary Fig. 4C),
and malignant B-cells infiltrated the spleen and blood, and less
the bone marrow (Fig. 4B–D). Engrafted cells were large B cells,
positive for human CD45, FAS, and CD20, but negative for CD5,
resembling the phenotype observed in some Richter transforma-
tions [42] (Fig. 4B, E, Supplementary Fig. 4D). Next, we performed
identical CLL cell transplantations from 10 CLL patients (7 identical
samples used with HS5-CD40L-IL4; Supplementary Table S2) into
11 NSG mice conditioned with HS5-CD40L-IL4-IL21. These
transplantations resulted in more rapid and prominent engraft-
ment and tumor formation in 82% of transplantations (9 out of 11
mice; Fig. 4F, Supplementary Fig. 4E, Supplementary Table 15),
and shorter animal survival than mice with HS5-CD40L-IL4 cells
(Fig. 4G). Only one CLL sample (CLL_085) did not engraft in the
HS5-CD40L-IL4-IL21 conditioned mice despite using 2 samples
from different blood sampling dates (Supplementary Table 2). We
have also serially i.p. transplanted 12 engrafted tumors (spleno-
cytes from HS5-CD40L-IL4 [n= 7] and HS5-CD40L-IL4-IL21 [n= 5]
co-transplantations) into new recipient NSG mice conditioned i.p.
with corresponding HS5-CD40L-IL4 cells (n= 7), HS5-CD40L-IL4-
IL21 (n= 2) cells or without conditioning (n= 3) resulting in
engraftment in 11 cases (1 mice conditioned with HS5-CD40L-IL4
did not have engraftment). Overall, co-transplanting mice with
HS5-CD40L-IL4 led to 47% engraftment efficacy compared to 82%
with HS5-CD40L-IL4-IL21.

Twenty-percent of generated PDX models are clonally related
To verify PDX tumor clonality, we performed IGHV analysis in 23
mouse tumors with material available (DNA/RNA isolated from
murine spleens), but only succeeded in obtaining an evaluable
PCR product in 14 cases. Two cases (out of 14) had a monoclonal
IGHV rearrangement identical to the primary CLL sample and two
samples had 2–3 detectable clones, with one being identical to
the original CLL sample (mice M20, M29, M68, M71; Supplemen-
tary Table 16). The other 10 samples had a different monoclonal
and/or polyclonal IGHV (Supplementary Table 16). We speculate
that these changes in immunoglobulin structure and the lack of
CD5 expression (see above) could result from reactivating the Ig
rearrangement machinery, as noted previously [11]. To further
validate the clonal relationship, we tested the presence of 13q14
deletion originally identified in six patients’ samples. In two cases

(out of 6 tested), we detected del(13q14) in the CLL-engrafted
mouse spleen sections (Fig. 4H, Supplementary Table 17). These
two engrafted tumors (mice M20 and M29; Supplementary
Table 2) also had the same IGHV rearrangement (see above).
However, after a detailed analysis of mouse M29, we found human
CD3+ T-cells in the tumor (6.8% of human cells) resulting from
insufficient sample purification before transplantation (the only
case from all transplantations). This also corresponded to the
observed tumor growth in the control mouse transplanted with
CLL cells from the same patient (M28; CLL contaminated by T-
cells) and no supportive cells. We conclude that in mice M28 and
M29, CLL clone growth was supported by autologous T-cells, but
notably, it led to the clonally related engraftment in mice with
HS5-CD40L-IL4 co-transplantation (M29) and clonally unrelated
engraftment in control mice (M28, Supplementary Table 16).
Altogether, our model can led to clonally related CLL cell
engraftment in 20% of cases (3/14 analyzed), but often the
B-cells were not clonally related, suggesting either engraftment of
a minor CLL cell subclone or an outgrowth of other B-cells.
Notably, we detected EBNA1 in B-cell engrafted mouse spleens
(Supplementary Fig. 4F), suggesting a role for EBV in lymphopro-
liferation growth. Next, we transplanted B-cells from healthy
donors (n= 4) into mice pre-conditioned with HS5-CD40L-IL4-
IL21, resulting in the formation of CD20+ EBNA1+ masses
(Supplementary Fig. 4F–H). This shows that extensive B-cell
stimulation in our model could result in EBV reactivation and
potentially (pre)malignant lymphoproliferations.

DISCUSSION
CLL- T helper cell interactions seem to support CLL proliferation
in vivo [7, 43], and in vitro CLL cells divide after stimulation with
T-cell factors, such as CD40L or IL21 [6, 8]. Indeed, RNA profiling of
CXCR4/CD5 CLL intraclonal subpopulations and CLL lymph node
samples confirmed a gene expression fingerprint of CD40L, IL4,
and IL21 activation. To develop a co-culture model, we transduced
HS5 cells with viral vectors to stably introduce human CD40L, IL4,
and IL21 expression individually or in double or triple combina-
tions. Single T-cell factor engineered HS5 cell were not sufficient
to induce CLL cell proliferation, but co-culture with HS5-CD40L-IL4
led to a reproducible mild CLL cell proliferation (median 7% on
day 7), while the HS5-CD40L-IL4-IL21 cells led to a proliferation of
~44%. This does not require supplementing costly recombinant
factors, can be downscaled to microliter formats and provides
more consistent CLL proliferation induction (>20% in all samples)
than other systems [4, 9, 44]. IL21 or CD40L alone causes
substantial CLL cell apoptosis in our experiments and reports by
others [45, 46], but this was rescued in the triple combination
(CD40L+ IL4+ IL21) allowing us to use these factors together. In
our co-cultures, higher CLL cell proliferation was associated with
lower cell viability, which could be caused by oxidative stress after
strong anabolic activation [47]. Indeed, ROS-reducing agent β-
mercaptoethanol or lower CD40L levels on HS5 increased CLL
viability in co-cultures. Overall, there is a balance between
proliferation and CLL survival, a phenomenon noted by others
[9, 48], and it is plausible that avoiding extensive proliferative
stimulation drives CLL cells to exit from immune niches to
peripheral blood. We did not observe any pro-survival effect of
supplementing other factors such as BAFF or APRIL [49, 50].
Interestingly, CD40 ligation with IL4 is a highly effective inducer of
normal B-cell proliferation [51], but in CLL this requires co-
stimulation by IL21. This could be related to (epi)genetic
differences in CLL and normal mature B-cells [52]. Considering
that in vivo there are 0.5 to 3% newly born CLL cells per day [2]
and 2–7% Ki67+ CLL cells in lymph node biopsies [3], it is
plausible that co-culture with HS5-CD40L-IL4 might more closely
resemble the moderate in vivo CLL cell proliferation rate, while the
triple combination (HS5-CD40L-IL4-IL21) could technically be a
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more robust model useful in identifying anti-proliferative drugs
(see below). The HS5-CD40L-IL4 ± IL21 co-cultures might be useful
to induce proliferation in other ”mature” B cell malignancies such
as follicular lymphoma (FL), marginal zone lymphoma (MZL) or
DLBCL that depend on T-cell factors [53–55]. However, this will
require further testing, including the possibility of using engi-
neered supportive cells in 3D models [19, 56]. The data herein also
indicate that blocking the interleukin 21/4 and/or CD40L might be
of therapeutic interest in CLL, especially in the light of the minimal
toxicity of such approaches in type 1 diabetes, asthma and
multiple sclerosis therapy trials, respectively [57–59].
Notably, the HS5-CD40L-IL4 ± IL21 co-culture system induces

gene expression profiles including MYC, NFκB, E2F and BCR
signatures defined previously [3] from lymph node CLL samples.
We further tested several inhibitors targeting microenvironment-
associated kinases (BTK, PI3K, RAF, P38, MEK, ERK), revealing that
CLL proliferation is highly sensitive to RAF inhibitors. Interestingly,
pan-RAF inhibitors are not cytotoxic to CLL cells, and thus would
be missed in any assays with only purified CLL cells or in co-
cultures that do not induce a high proliferation. RAF is required for
normal B-cell survival and BCR signaling, and RAF-MAPK activation
leads to BCR inhibitor resistance [24, 39, 60–63]. RAF inhibitors
have not been used in CLL yet, but notably, mutations in the RAS-
RAF-MAPK/ERK pathway define a subgroup of CLL patients with
adverse clinical characteristics [64]. Our data underscore the
rationale for further testing pan-RAF inhibitors in CLL, and this
might be especially relevant in combination with venetoclax since
T-cell interactions provide resistance to this drug [65]. BRAF
mutations were shown to lead to venetoclax resistance [66], and
CLL patients with BRAF mutations have a lower incidence of
undetectable MRD after venetoclax plus rituximab therapy [67].
The use of pan-RAF inhibitors should be further tested in CLL
animal/PDX models, and occasional naporafenib therapy of
melanoma in rare patients with concurrent CLL might provide
an opportunity to observe the effects on CLL cell biology. Overall,
we demonstrated that the developed co-culture models are
versatile and could be used to study pro-proliferative CLL-T-cell
interactions and identify novel anti-proliferative inhibitors. In the
future, they could be, for example, utilized for CRISPR screenings
of proliferation-regulating genes using primary CLL cells for the
first time.

Finally, we demonstrate that CLL cell engraftment in NSG
mice can be supported by genetically engineered HS5 cells, thus
bypassing the need to use activated primary T-cells [10, 11]. In
some cases, conditioning NSG mice with HS5-CD40L-IL4 ± IL21
using a subcutaneous scaffold and intraperitoneal injection
allowed clonally related CLL cell engraftment. Our custom-made
scaffold loaded with supportive cells provides an artificial site
mimicking the lymph node niche, similar to AML studies using
scaffolds to mimic bone marrow [68, 69]. However, only about
~20% of the engrafted tumors showed evidence of a direct
clonal relationship to the original major CLL clone, suggesting
that often either minor CLL subclones are engrafted or normal
EBV+ B-cells can outcompete CLL cells in their engraftment.
Indeed, the engrafted B-cells were EBV positive, likely due to
CD40L reactivating EBV, a phenomenon typical for healthy
B-cells and rare in CLL cells [70], representing a major limitation
in this PDX model. However, this could be useful to study
aggressive CLL cells in EBV+ Richter transformation [71–73] or
other EBV-(co)driven lymphoproliferations. EBV-infected healthy
peripheral blood B-cells typically does not lead to B lympho-
blastoid tumors in immunodeficient mice or their onset requires
a much longer time ( ~ 200 population doublings) [74, 75] than
observed in our model. This suggests that supraphysiological
stimulation by HS5 engineered with T-cell factors contributes to
the (pre)malignant transformation of B-cells, but this will require
further investigation.
In summary, we engineered a co-culture model that induces

robust CLL cell proliferation via supportive cells expressing T-cell
factors CD40L, IL4, and IL21 (summarized in Fig. 5). This co-culture
system can be downscaled to microliter volumes for drug
screening purposes or upscaled to a PDX model. This is the first
CLL xenograft model where a genetically engineered cell line is
used to replace primary T-cells. We also show for the first time that
RAF inhibitors can disturb T-cell factor-induced CLL proliferation.

DATA AVAILABILITY
The results of the RNAseq analysis can be found in a data supplement available with
the online version of this article. For other original data, engineered HS5 cell lines or
detailed protocols, please contact the corresponding author.

Fig. 5 Summary of the effects and utility of the CLL co-culture model with engineered HS5-CD40L-IL4 ± IL21 cells. Co-culture with HS5
concurrently expressing CD40L and IL4 led to mild CLL cell proliferation (median 7% at day 7), while the HS5 concurrently expressing CD40L,
IL4, and IL21 led to a high proliferation rate (median 44%). Pan-RAF inhibitors block CLL cell proliferation in co-cultures. The co-cultures
mimicked the gene expression fingerprint of lymph node CLL cells (MYC, NFκB, and E2F signatures). Co-transplantation of HS5-CD40L-
IL4±IL21 supportive cells on 3D collagen scaffold with primary CLL cells into immunodeficient NSG mice leads to B cell lymphoproliferative.
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