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Chapter 5

Abstract
The tumor microenvironment is postulated to be the prime source for proliferation and survival of 
chronic lymphocytic leukemia (CLL) cells. Recent studies point to the TNF ligand family member 
APRIL (A Proliferation Inducing Ligand) to mediate key events in CLL survival via binding to its 
two TNF receptors: Transmembrane Activator and Cyclophilin ligand Interactor (TACI) and B 
Cell Maturation Antigen (BCMA). Nevertheless, clear evidence for a role on leukemogenesis and 
progression for APRIL in CLL is lacking. 
In order to study the impact of APRIL on CLL biology, we made use of the Eμ-TCL1-Tg mouse model 
for CLL. Similar to human CLL, we found strong expression of TACI and moderate expression of 
BCMA on TCL1-Tg derived CLL-like cells. APRIL significantly prolonged survival of these cells 
in vitro in a TACI dependent fashion. Next, the role of APRIL on CLL development was studied 
in vivo by crossing TCL1-Tg mice with mice over-expressing APRIL (TCL1-APRIL-Tg). Already at 
4 months of age a significant increase in CLL-like cells was observed both in blood and spleens of 
double-Tg mice and correlated with a significantly decreased life-span. Interestingly, sorted CLL cells 
of both mouse strains retained the same clonality at 4 months of age, suggesting that TCL1-induced 
leukemogenesis develops as an ‘MBL-like’ state (Monoclonal B-cell Lymphocytosis), which is enhanced 
in outgrowth, but not progression, by APRIL. 
These findings confirm a role of APRIL in CLL formation and underline the importance for 
pharmaceutical targeting of this pathway. 
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1. Introduction
Treatment regimens for chronic lymphocytic leukemia (CLL) patients have rapidly changed over 
the last years. Yet, despite increased response rates induced by combinations of chemotherapy 
and monoclonal antibody treatment, these regimens are not curative1. The microenvironment of 
secondary lymphoid tissue is thought to protect CLL cells from cytotoxic drugs serving as a protective 
niche from which relapse occurs. Interactions between malignant B cells and the microenvironment 
supposedly resemble the patterns that the normal counterpart B cells engage within their respective 
microenvironments. Consequently, this microenvironment leads to a proliferative drive as well as 
to survival of malignant B cells by yet ill-defined interactions not targeted by current “conventional” 
treatments. Based on this concept, microenvironment-directed treatment approaches are of particular 
promise for CLL-like diseases.  
Several kinds of non-mutually exclusive signals within the microenvironment, such as (auto) antigens, 
cytokines, and receptor/ligand interactions, can act as proliferative and anti-apoptotic drives for 
malignant B cells. Most of the evidence for the presence of such signals in CLL thus far has been 
obtained from correlative studies and artificial in vitro model systems (reviewed by Burger2). 
Direct comparison of gene and protein expression patterns of CLL cells residing in the LN versus 
circulating CLL cells3, pointed to activation of the nuclear factor-kappa B (NF-κB) transcription factor 
by external signals within the LN microenvironment. More recently Herishanu, et al confirmed strong 
NF-κB activation in the LN compartment by micro-array based profiling of LN-derived CLL cells4. 
Activation of NF-κB is mediated by the recruitment of a family of intracellular proteins designated as 
the TNF Receptor Associated Factors (TRAFs) which bind to membrane-bound TNF receptor family 
members following ligation with their cognate ligands. CLL cells indeed express TNF receptor family 
members including CD405;6, the receptor for CD40L, as well as B cell maturation antigen (BCMA), 
transmembrane activator and CALM interactor (TACI), and BAFF-receptor 3 (BR3)7;8, which are 
receptors for APRIL and BAFF. APRIL and BAFF are expressed by so called nurse-like cells (NLC) which 
are monocyte-derived cells found in the CLL microenvironment9-11. Although APRIL and BAFF share 
significant homology12 and both increase NF-κB mediated survival of CLL cells in vitro8;11, important 
differences with respect to their impact on both normal B cell development and function exist. BAFF 
serves as an important survival factor for immature B cells, while APRIL is dispensable for B-cell 
development13;14. In addition, APRIL appears to be a critical factor for long-term survival of activated B 
cells in bone marrow and mucosal-associated lymphoid tissue15. Moreover, APRIL is involved in driving 
antibody class switch recombination (CSR)16 towards IgA. Also in CLL biology these B-cell surviving 
factors differ. Whereas APRIL levels in serum are increased and correlate with prognosis, BAFF levels 
do not clearly associate with prognosis in CLL patients17;18. Furthermore, clear phenotypical differences 
occur in mouse models over-expressing these TNF receptor ligands. In contrast to overexpression of 
BAFF, which mainly results in the development of auto-immune phenomena 19, aging APRIL-Tg mice 
develop progressive CD5+ B cell hyperplasia in mesenteric LN and Peyer’s patches that eventually invade 
non-lymphoid tissues such as kidney and liver20. Further knowledge on the role of BAFF and APRIL in 
CLL biology becomes increasingly important since development of monoclonal antibodies against these 
ligands and/or their cognate receptors21;22 allow for specific targeting these ligand/receptor complexes.
There are important limitations to investigating interactions between CLL and micro-environmental 
stimuli in the human system. Access to tissue from lymph nodes or other lymphatic organs is restricted, 
and ex vivo stimulation remains artificial. Eμ-TCL1-Tg mice are characterized by a slow cell expansion 
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of CD5+ B cells that goes on to a lethal leukemia at around one year of age23. The TCL1-Tg model 
is the most widely validated murine CLL model to date. The model has been successfully used to 
establish the role of signaling pathways important for CLL development, in experiments using crosses 
with genetically modified mice24;25. We recently found that TCL1-Tg mice crossed with mice over-
expressing BAFF had accelerated rates of leukemogenesis because of reduced rates of spontaneous 
B-cell apoptosis relative to TCL1-Tg mice26. 
In the current study we address the role of APRIL in CLL leukemogenesis in the TCL1-Tg mouse 
model. 

2. Material and methods
2.1 In vitro stimulation of TCL-1 derived Leukemic cells.
TCL-1-Tg derived CD5+CD19+B220dull cells were isolated from spleens of >11 month old mice with 
an overt leukemia phenotype characterized by marked lymphocytosis and splenomegaly. All mice 
presented >70% CD5+CD19+B220dull cells among the CD19+/CD3- splenic population (B cells). The 
TCL1-Tg mouse used in Suppl. Figure 1 was 6 months old with a CD5+CD19+B220dull percentage of 
around 30%. 
For in vitro stimulation, 2x105 cells were plated in a U shaped 96well plate in 100u μl of RPMI-1640 
complemented with 8% FCS, Glut and Pen/Strep. 100μl of APRIL, MOCK (empty vector) or APRIL-
R206E (a BCMA specific APRIL variant27) conditioned media were added on the plated cells and 
incubated at 37oC. For BAFF stimulation, 200 ng/ml of purified recombinant human BAFF (a kind 
gift from Dr G. Zhang, National Jewish Medical and Research Center, Denver, CO) was added to 
MOCK medium. Mouse #1 and #2 were stimulated with conditioned medium containing the APRIL 
receptor-dead mutant form (APRIL-R132A) as control showing no difference from untreated (MOCK) 
cells. At the indicated time points cells were harvested and viability assessed via cytofluorimetric 
exclusion of Propidium Iodide (PI) positive dead cells (FACScalibur, BD).

2.2 Mice
APRIL-Tg mice28 were bred in house. TCL1-Tg mice generated by Dr. C.M. Croce (OSU, Columbus, 
OH), were provided by Dr. T.J. Kipps (UCSD, La Jolla, CA). All mice were housed in our local animal 
facility. Survival data were obtained in a cohort of 40 mice with at least 8 mice per group.

2.3 Flow Cytometry
Surface markers were stained with anti-CD19 (FITC), anti-CD5 (PerCP-Cy5.5), anti-B220/CD45R 
(APC), anti-CD3 (PE-Cy7), anti-IgM (FITC), anti-CD43b (PE), CD23 (PE-Cy7), anti-CD138 (PE), 
anti-CD268/BAFF-R (APC) and anti-CD267/TACI (PE) which were purchased from eBioscience. 
Anti-BCMA (FITC) was purchased from R&D systems. All antibodies were used according to 
manufacturer’s specifications. Flow cytometry was performed on a FACSCalibur or FACSCanto II 
(Beckton Dickinson) and data analysed with FlowJo software (TriStar). 

2.4 Histopathology and Immuno-histochemistry
Spleens were removed and fixed in 10% buffered formalin for 48h and embedded in paraffin. The 
intestines were then transferred to a tissue cassette and dehydrated by serial immersion into 70, 80, 90, 
96 and 100% EtOH for 1 hr each at RT. Excess ethanol was removed by incubation in xylene for 1 h at 
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RT. The cassettes were subsequently immersed in liquid paraffin (56⁰C) overnight and embedded in 
paraffin. Sections (4mm thick) were cut, deparaffinized and stained with hematoxylin and eosin (H&E) 
according to standard protocols and analyzed.  H&E and Immunohistochemistry were performed on 
consecutive sections. For the dewaxing step, the sections were heated for 15 m at 60°C, followed by 
rehydration steps through a graded ethanol series and PBS, the Antigen retrieval was perform with 
buffer citrate pH=6  for 15 min at 98°C. Endogenous peroxidase was blocked with 1% H2O2 in PBS 
for 15 min. In order to block non-specific staining we used Ultra-V block (TA-125-UB, Immunologic, 
Duiven, The Netherlands). We stained for CD3 (clone SP7, dilution 1:1000, Neomarkers, Fremont, CA, 
USA); B220 (MCA1258 GT/RAT9-6B2 dilution 1:7000, Serotec, Puchheim, Germany); CD5 (53-7,3, 
dilution 1:1000, BD, Breda, The Netherlands). CD3 Ab was detected with brightvision anti-rabbit 
HRP (DPVR110AP, Immunologic). B220 Ab was followed by rabbit-anti-rat (6130-01, 1:3000 diluted 
in 10% normal mouse serum, Southernbiotec, Uden, The Netherlands) for 30 min at RT. Followed 
by brightvision anti-rabbit HRP. CD5 Ab was followed by Rabbit-anti-FITC Ab (4510-7804, 1:1000, 
Bioconnect, TE Huissen, The Netherlands) 30 min at RT later brightvision anti-rabbit HRP.

2.5 Clonality analysis and spectratyping of B cell populations
B cell populations were obtained after sorting splenocytes from TCL1 and TCL1xAPRIL based on 
CD5 and B220 expression. Total RNA was extracted using the RNeasy isolation kit from QIAGEN. 
VH-DJH gene rearrangements from B cell populations were amplified using PCR primers specific for 
the J558 VH region gene together with a primer specific for the Cμ constant region gene. Using a 
FAM-conjugated Cμ constant region or a JH gene-specific primer in a run-off reaction, PCR products 
were labeled and subsequently analyzed on a capillary sequencer (ABI3100; Applied Biosystems) by 
fragment-length analysis. Sequences of primers used in29.

3. Results
3.1 CLL cells derived from TCL1-Tg mice respond to APRIL and BAFF in vitro
In contrast to normal B cells, leukemic cells which are present in aged TCL1-Tg mice, express low 
levels of B220 but are positive for the T-cell marker CD523 (Figure 1A). These features resemble 
expression patterns of CD5 in human CLL.  
To analyse potential susceptibility of these cells to APRIL stimulation we first characterized expression 
patterns of APRIL/BAFF receptors on CD5+ B splenocytes derived from aged TCL-1-Tg mice. As 
shown in Figure 1B, all spleens contained a B cell fraction with more than 70% leukemic cells. In 
all cases strong expression of TACI and BR-3 expression was observed, while expression levels of 
BCMA were weak or negative. 
Interestingly, comparison of TACI and BCMA expression levels between leukemic and normal B 
cells of TCL1-Tg mice, revealed a remarkably increased TACI expression in the CD5+ malignant B 
cell fraction (Suppl. Figure 1A and B). Detection of BCMA was almost absent in the leukemic cells. 
In agreement with APRIL/BAFF receptors expression, TCL1-Tg derived CD5+ splenocytes responded 
to APRIL and BAFF as shown by decreased spontaneous cell death over time (Figure 1C). We proved 
the APRIL-induced survival to be specific as addition of hA.01A (inhibitory anti-APRIL21) completely 
inhibited its effect (Figure 1D).
Importantly, in vitro CLL stimulation did not occur using a BCMA-selective APRIL variant (APRIL-
R206E27, Suppl. Figure 1C). 
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Figure 1. CLL cells derived from TCL1-Tg mice respond to APRIL and BAFF in vitro. A) CLL cells are 
clearly identified by FACS as B220low and CD5int in old TCL1-Tg mice B) Splenic CLL cells were isolated 
from TCL1-Tg mice with an overt CLL phenotype (>11months old), stained with anti-BCMA, -TACI and 
-BR-3 fluorescent-conjugated antibodies and analysed by FACS. Meshed spleens contained more than 70% 
leukemic cells (CD5+, B220-) among the B cell gate (CD3-, CD19+, left column). C) Effect of APRIL and 
BAFF on CLL viability over time. Dead cells were excluded via FACS analysis using PI staining. Error bars 
represent SEM among 6 different mice in duplicate. D) The anti-APRIL antagonistic antibody hA.01A fully 
prevents APRIL-mediated CLL stimulation.
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These results show that TCL-1-derived CLL can be stimulated by both APRIL and BAFF in vitro. 
Moreover, the observation that these cells mainly express TACI, combined with the fact that in vitro 
stimulation did not occur when BCMA was specifically activated by APRIL strongly suggests that 
TACI is the main APRIL receptor involved in CLL stimulation.

3.2 APRIL accelerates CLL onset in TCL1-Tg mice
In order to study the in vivo effect of APRIL on development of leukemia, we crossed TCL1-Tg mice 
with APRIL-Tg mice. The four offspring genotypes (WT, APRIL-Tg, TCL1-Tg and APRILxTCL1-
Tg (from now on called double-Tg) were monitored for leukemia development in peripheral blood 
over time. Different from TCL1-Tg mice, double-Tg animals developed a clear CD5+B220dull B cell 
population already at the fourth month of life (Figure 2A). Faster expansion of this population in 
double-Tg mice was evident in both relative and absolute cell amounts (Figure 2B) and was not 
dependent on the gender. Importantly, faster development also correlated with a shorter life-span 
(Figure 2C). While the average life-span of TCL1-Tg mice was 393 days, average life-span of double-Tg 
mice was 292 days (p=0.0011). 
Both WT and APRIL-Tg mice only showed very low levels of this cell population throughout their 
life-span and did not die of leukemia (Figure 2A-C). 
Taken together, these data show that ectopic APRIL expression accelerates the onset of TCL1-driven 
Leukemia formation shortening the mean life-span by around 100 days.

3.3 Double-Tg mice present an advanced disease progression
TCL1-Tg mice develop overt splenomegaly due to infiltration of leukemic cells23. In order to study the 
impact of APRIL on disease development in the spleen, we performed immuno-histological analysis 
on 4 month old mice from the four different genotypes (n=3). Haematoxylin-Eosin staining and CD3 
and B220 immuno-stainings were performed on consecutive slides to study splenic architecture. 
We observed a normal morphological architecture in WT and APRIL-Tg mice, with normal red/
white pulp discrimination and B/T cell regions (Figure 3A). At 4 months of age, TCL1-Tg mice 
did not dramatically differ from control mice in the overall spleen architecture but presented a 
mild enlargement of the marginal B cell zone (Suppl. Figure 2). This fitted the results observed in 
peripheral blood (PB), where at this time point, TCL1-Tg mice only contained very low malignant 
cell levels (Figure 2A).
In contrast, splenic sections of double-Tg mice showed a grossly distorted architecture (Figure 3A) 
where B and T cell areas were almost indistinguishable. This corresponded with an enlarged CD5+/
B220low cell populations in the spleen as determined by parallel FACS staining (Figure 3B). 
These results shows that the elevated amount of leukemic cells found in blood of double-Tg mice is 
paralleled by CLL accumulation in the spleen.

3.4 TCL1 and double-Tg leukemic cells are characterized by the same B cell receptor clonality 
In order to study the CLL clonal dynamics in TCL1-Tg and double-Tg mice we compared the 
development of B cell clonality at four and eight months of age. Both TCL1 and double-Tg mice derived 
splenocytes were sorted for normal B cell (CD5- B220high) and leukemic (CD5+ B220low) cell fractions. 
Subsequently RNA was screened for B cell receptor clonality by analysis of CDR3-family VDJ genes.
As expected normal B cells presented a normally distributed polyclonal BCR composition in both 
time points and for both genotypes analysed (Figure 4A and B). 
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Figure 2. APRIL accelerates CLL onset in TCL1-Tg mice. A) Detection of peripheral blood CLL cells in 4, 
6 and 8 months old mice belonging to the 4 different genotypes. CD5+/B220- CLL cells were discriminated 
on CD19+ gated B cells. B) Histograms representing %CLL cells (top) or CLL absolute numbers (bottom). 
C) Kaplan-Meier survival curve for the 4 different genotypes. Average life-span (days) in indicated on the 
TCL1-Tg and double-Tg survival curves. 

CD5+ B220low leukemic cells instead, followed a clonal selection process that surprisingly did not 
present differences between the two animal strains. CLL cells appeared to be, first oligoclonal (4 
months of age) and thereafter presented a highly restricted clonality (8 months old mice, Figure 4B)
This indicates that APRIL is enhancing the accumulation of CLL cells without affecting the conversion 
towards a restricted leukemic clonality. In other words it is suggested to promote differential CLL 
outgrowth without being involved in the malignant clonal selection process.
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4. Discussion
As growing evidence points to an important survival role for APRIL in CLL, we sought to test whether 
exogenous APRIL production would influence the leukemic growth in a well established in vivo 
model for CLL, the TCL1-Tg mouse. We recently found that BAFF, closely related to APRIL, clearly 
influenced TCL1-driven leukemogenesis. Different from APRIL, which binds TACI and BCMA, BAFF 
can also bind its unique receptor BR-3, and therefore exogenous APRIL expression has a potentially 
distinct effect in TCL-1 mice.
As a matter of fact we detected high expression of murine TACI and BR-3 on the surface of the TCL1-
driven leukemic population (CD5+ B220low) (Figure 1). BCMA, on the other hand, was found to be 
weakly expressed and only in one donor mouse. This situation is very similar to human CLL cells, 
shown by independent groups to highly express TACI, BR-3 and lower BCMA8.
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Fig. 3. TCL1‐APRIL‐Tg mice present an advanced disease progression
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Figure 3. Double-Tg mice present an advanced disease progression. A) Consecutive spleen sections stained 
for H&E, CD3 and B220. Spleens from TCL1-TgxAPRIL-Tg report a grossly disturbed architecture with 
indistinguishable B and T-cell areas, a hallmark of an advanced disease stage. 4X magnification. B) FACS plot 
belonging to the indicated genotypes representing splenic CLL amounts (blue gate) detected as CD5int and B220low.
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Figure 4. TCL1 and double-Tg leukemic cells are characterized by the same B cell receptor clonality. RNA 
from sorted normal B (B220high/CD5-) and leukemic cells (B220dull/CD5+) was used to assess B cell receptor 
clonality by analysis of CDR3-family VDJ genes. Representative spectra of 4 months (A) and 8 months old 
mice (B) showing an oligoclonal arising leukemic population in both genotypes.  

In accordance with this distinctive receptor expression, in vitro stimulation using recombinant APRIL, 
led to enhanced CLL survival. Recombinant BAFF was also able to increase CLL viability in vitro and 
produced an effect comparable to APRIL.
Since BCMA expression was mostly absent, and APRIL can not bind BR-3, these data suggest 
that engagement of TACI is mainly responsible for the observed in vitro stimulation (Figure 1C). 
Interestingly, TACI but not BCMA, was also found to be extremely up-regulated in TCL1-derived CLL 
cells compared to normal B cells (Suppl. Figure 1A and B). This means that CLL could be particularly 
responsive to APRIL/BAFF stimulation compared to normal B cells. Moreover, we found the APRIL-
induced viability to mainly rely on TACI, as CLL cells could not be stimulated with an APRIL form 
able to specifically bind BCMA27 (Suppl. Figure 1C).
As expected from our in vitro data, CLL expansion was also affected by APRIL in vivo comparing CLL 
establishment in double-Tg mice versus TCL1-Tg alone. Remarkable levels of CLL cells were detected 
in peripheral blood of double-Tg mice already at 4 months of age (Figure 2A-B) and spleens had 
already largely lost their normal tissue organisation due to CLL accumulation (Figure 3). However, 
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Figure 5. APRIL enhances TCL1-Tg dependent CLL outgrowth: model. Following our data we can envision 
that in vivo CLL formation is purely TCL1 dependent (first time point, same number of Leukemic clones in 
both genotypes). High APRIL systemic levels (blue trimer) via CLL specific up-regulation of TACI (small 
red circles) preferentially enhance CLL outgrowth. Accordingly, at 120 days, both genotypes still present the 
same number of malignant Clones and the difference only rely in their absolute amounts. Double transgenic 
animals die with an average of 100 days earlier than TCL1-Tg mice (300 days time points) due to the 
enhanced APRIL-induced outgrowth of the same number of pre-selected CLL clones. Monoclonality occurs 
in a later stage, is not associated with CD5 expression and is not enhanced by APRIL.

analysis of leukemic clonal evolution dynamics, revealed the same numbers of clonal CLL precursors 
in both genotypes at 4 and 8 months of age (Figure. 4A and B).
This indicates that APRIL does not affect CLL progression (progressive clonal selection) but its effect 
is confined in supporting the growth of independently-formed malignant clones.
Importantly, our BCR clonality screening allowed us to identify a pre-CLL condition in mice that 
resemble a distinct haematological situation in humans called Monoclonal B cell Lymphocytosis 
(MBL). MBL has a phenotypic resemblance to CLL (expression of CD5, CD20 and CD23) and is 
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considered as a preclinical haematological syndrome found in a large proportion of older healthy 
volunteers. Studies revealed that all CLL cases appeared to be preceded by an MBL situation but 
only a small fraction of MBL cases progresses to CLL.  MBL can be characterised by mono, poly- or 
oligoclonal clones31. This pre-CLL like phenotype appears to occur in young TCL1-Tg mice (4 months 
old) where we found small oligoclonal CLL-like populations.
In our in vivo model, we envision that the high TACI up-regulation on CLL cells, or in the initial 
MBL-like status, is the leading cause for the enhanced APRIL mediated CLL outgrowth (model Figure 5). 
Accordingly, almost all the analysed TCL1 derived CLL cells, did not present membrane expressed BCMA 
and did not increase their survival capacity when stimulated with a BCMA-specific APRIL variant 
(Suppl. Figure 1C). The APRIL/BAFF receptors profile found in TCL1 derived leukemic cells can be 
compared to human CLL cells where expression of BR-3 and TACI is found to be higher than BCMA8.
Taken together, our data underline APRIL as an important factor for the in vivo outgrowth of TCL1 
derived CLL cells and suggest TACI as the principal mediator of the APRIL survival effect. 
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Chapter 5

Suppl. Fig.2. Four months old TCL1‐Tg mice present an enlargment of MZ B 
cells
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Suppl. Fig.1. TACI is up‐regulated in TCL1‐Tg derived Leukemic cells and is 
the main receptor for APRIL mediated in vitro CLL survival
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Supplementary Figure 1. TACI is up-regulated in TCL1-Tg derived Leukemic cells and is the main 
receptor for APRIL mediated in vitro CLL survival. A) TCL1-Tg mouse (6 months old) was stained for CLL 
markers (B220 and CD5) and APRIL/BAFF receptors (-TACI, -BCMA and –BR-3). Gray histograms depict 
receptor expression on non-leukemic B cells while black histograms on Leukemic cells. B) TACI and BCMA 
expression represented as Δ geometric mean (geom. mean staining minus geom. mean isotype control). n=3. 
C) TCL1-Tg derived CLL were stimulated with APRIL-WT (black), APRIL-R206E (a BCMA specific APRIL 
ligand, green) and control (gray). Error bars represent SEM among 5 different mice stimulated in duplicate.
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Supplementary Figure 2. TCL1-Tg mice present an enlargement of MZ B cells. Spleen of a TCL1-Tg mouse 
(4 months old) presenting an enlarged follicular marginal zone. Pictures show highly compact cell areas which 
lack of B220 expression, indicating an abnormal expansion of the marginal zone cells. 10X magnification.
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