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Abstract
The testis is the second most frequent extramedullary site of relapse in pediatric acute lymphoblastic leukemia (ALL).
The mechanism for B-cell (B) ALL cell migration towards and survival within the testis remains elusive. Here, we iden-
tified CXCL12–CXCR4 as the leading signaling axis for B-ALL cell migration and survival in the testicular leukemic
niche. We combined analysis of primary human ALL with a novel patient-derived xenograft (PDX)-ALL mouse model
with testicular involvement. Prerequisites for leukemic cell infiltration in the testis were prepubertal age of the recip-
ient mice, high surface expression of CXCR4 on PDX-ALL cells, and CXCL12 secretion from the testicular stroma.
Analysis of primary pediatric patient samples revealed that CXCR4 was the only chemokine receptor being robustly
expressed on B-ALL cells both at the time of diagnosis and relapse. In affected patient testes, leukemic cells localized
within the interstitial space in close proximity to testicular macrophages. Mouse macrophages isolated from affected
testes, in the PDX model, revealed a macrophage polarization towards a M2-like phenotype in the presence of ALL
cells. Therapeutically, blockade of CXCR4-mediated functions using an anti-CXCR4 antibody treatment completely
abolished testicular infiltration of PDX-ALL cells and strongly impaired the overall development of leukemia. Collec-
tively, we identified a prepubertal condition together with high CXCR4 expression as factors affecting the leukemia
permissive testicular microenvironment. We propose CXCR4 as a promising target for therapeutic prevention of tes-
ticular relapses in childhood B-ALL.
© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most com-
mon type of cancer in children. Although the majority
of patients achieve long-term remission due to modern
treatment protocols, relapsed ALL has poor prognosis
and is the leading cause of death in childhood cancer
[1,2]. Relapses usually develop in the bone marrow
(BM) (medullary), but nonhematopoietic extramedul-
lary relapses occur in about 40% of patients, most fre-
quently in the central nervous system (CNS) (60%) and
the testis (30%) [3]. Testicular relapses usually occur late

(>6 months after completion of frontline treatment)
[3,4], and boys belonging to the most frequent pediatric
genetic subtype (ETV6–RUNX1 fusion gene-positive)
have a higher risk of testicular relapses [5]. In adult
ALL, only about 1% of patients have a testicular relapse
[6]. Event-free survival ranges between 40–80%,
depending on the timing of relapse and involvement of
the contralateral testis and the BM [4]. Surgical removal
or local irradiation are the only treatment options for tes-
ticular relapses to achieve long-term event-free survival,
but both impact the fertility of the patients and thereby
the long-term quality of life [7]. The molecular
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mechanisms regulating leukemic cell migration, growth,
and survival in the testis have not been sufficiently
assessed.

The presumed benign counterparts of B-ALL cells are
precursor B cells that reside in the BM. Their maturation
is strongly dependent on the stromal microenvironment
in which CXCL12-secreting stroma becomes in contact
with CXCR4-expressing precursor B cells [8]. There-
fore, the CXCL12–CXCR4 signaling axis is viewed as
a key niche-associated pathway that is shared across var-
ious hematological malignancies such as ALL, acute
myeloid leukemia (AML), and chronic lymphocytic leu-
kemia (CLL) [9,10]. In pediatric ALL, increased
CXCR4 expression on leukemia cells is associated with
liver and spleen involvement [11]. Beyond its function
as a migration regulator, the CXCL12–CXCR4 axis pro-
vides paracrine growth and survival signals and proan-
giogenesis effects with the potential to sustain the
malignant process [12].

It is not known at what disease stage migration of leu-
kemic cells to the testis occurs, whether it is before, at
initial diagnosis, or during treatment. In the testis, the
CXCL12–CXCR4 axis is physiologically important in
utero for migration of primordial germ cells and after
birth to maintain the spermatogonial niche. CXCL12 is
expressed predominantly by Sertoli cells surrounding
the seminiferous tubuli [13–15]. The testis is an
immune-privileged site and the immunosuppressive
conditions might contribute to survival of leukemia cells
[16]. Testis-resident macrophages are the major testicu-
lar leukocyte type and contribute to the immunosuppres-
sive microenvironment beside their role in testis
development [17–19].

To dissect the cellular requirements and molecular
pathways contributing to testicular leukemic cell dis-
semination and survival, we: (i) analyzed chemokine
receptor expression profiles of pediatric B-ALL samples
from patients with different relapse sites, (ii) studied
crosstalk of leukemia cell-stroma in cocultures, and
(iii) established a B-ALL xenograft model with testicular
involvement. The CXCR4–CXCL12 axis was identified
as the driving force of B-ALL cell migration to the testic-
ular niche, and we identified different testicular stroma
cell subpopulations as a source for CXCL12. Impor-
tantly, we identified a prepubertal condition as a prereq-
uisite for testicular infiltration of leukemic cells. Within
the testicular microenvironment of tumor-challenged
mice, macrophages developed a protumorigenic
M2-like phenotype. Blocking the CXCL12–CXCR4
signaling axis completely abrogated testicular leukemic
cell dissemination in the PDX-ALLs.

Materials and methods

Primary pediatric B-ALL patient samples and B-ALL
patient-derived xenografts (PDX)
The study was conducted according to the Declaration
of Helsinki and in accordance with local ethical

guidelines; written informed consent of all patients
was obtained. Use of primary tumor samples was
approved by the Ethics Committee Ethikausschuss
2 of Charité-Universitätsmedizin Berlin
(#EA2/056/17). B-ALL relapse and subtypes were
diagnosed by expert Charité-Universitätsmedizin
Berlin hematologists and pathologists.
Mononuclear cells isolated from 54 BM samples at

initial and/or relapse diagnosis from 29 pediatric
B-ALL patients were selected according to their relapse
sites with or without involvement of the testis or the
CNS. Representative paraffin-embedded testis sections
were selected for immunohistochemical staining
(n = 7). Patient-derived BM mesenchymal stem cells
(BM-MSCs, n = 11) and testis MSC-like cells/testicular
stroma (n = 9) isolated and characterized as described
[20] were used. Cocultures were performed using mono-
nuclear cells isolated from BM collected at relapse diag-
nosis (n = 13).
The mononuclear cells from two patients with a

relapse (PDX-ALL #1064 and #1476) were used, fol-
lowing a second passage of NOD scid gamma (NSG)
mice engraftment, for the leukemia xenotransplantation
model. Both patients had an early relapse (12 months
after initial diagnosis) of a B-ALL, showed morpholog-
ical nonresponse to relapse treatment, and their leuke-
mias were negative for frequent fusion genes or
aneuploidies in pediatric ALL (supplementary material,
Table S1).

Mice

All animal studies were performed according to institu-
tional and Berlin State guidelines (G0104/16;
G0331/19; G0279/19; G0088/20). NSG (NOD.Cg-
Prkdcscid Il2rg tm1 Wjl/SzJ; CD45.1) and C57BL/6N
mice were bred at the animal facility of the
Max-Delbrück-Center in a specific-pathogen-free
environment (temperature: 22 � 2 �C; humidity:
55 � 10%; 12 h light / 12 h dark cycle).

Leukemia xenotransplantation model

B-ALL xenografts #1064 and #1476 expressing firefly
luciferase and enhanced green fluorescent protein
(eGFP) were generated as described [21]. Cells were
injected intravenously (i.v.) into NSG mice. Tumor
growth was detected using luciferin intraperitoneal
(i.p.) application and IVIS Spectrum imaging (Perkin
Elmer, Waltham, MA, USA). Living Image Version
4.5 software (Perkin Elmer) was used to analyze the bio-
luminescence average radiance as photons/s per cm2 per
steradian. To block the CXCL12–CXCR4 axis, B-ALL
transplanted mice were treated i.p. twice weekly from
day 4 after transplantation with either antihuman
CXCR4 or anti-IgG2a antibody (Ab) (50 μg/mouse on
days 4, 7, and 11; 100 μg/mouse on days 14, 18, and
21). Body weight of mice varied between 13–15 g at
the beginning of the treatment and between 20–23 g at
the last treatment.
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Human cell lines and primary cells from healthy tissue

The B cell precursor leukemia cell lines Nalm6 and REH
were obtained from Dr. Stephan Mathas (MDC, Berlin,
Germany). The authenticity of cell lines was confirmed
by a multiplex cell line authentication test
(Multiplexion, Heidelberg, Germany).

In vitro coculture assays

Patient-derived stroma-tumor cell cocultures were per-
formed with primary human relapse ALL samples in a
ratio 1:10 in RPMI 1640/1% FCS/1% penicillin and
streptomycin stock solution for 48 h.

Mouse cell lines

The cell lines M210B4, TM4, and EL4 were obtained
from the American Type Culture Collection (ATCC,
Manassas, VA, USA).

Flow cytometry analysis

Blocking and specific staining were performed as
described in Supplementary materials and methods.

Statistical analysis

Results are expressed as arithmetic means � SEM
unless otherwise stated. Values of p < 0.05 were consid-
ered statistically significant, as determined using a two-
tailed unpaired Student’s t-test, unpaired multiple t test,
or the Mann–Whitney U test, as appropriate. The statis-
tic features of GraphPad Prism (San Diego, CA, USA)
data analysis software suites were used.
Please see Supplementary materials and methods for

details of reverse transcription (RT)-qPCR (with primers
listed in supplementary material, Table S2), Generation
of human stroma cultures from BM and testis were per-
formed with flow cytometry analysis and cell sorting,
transduction of PDX-ALL cells with Luciferase-GFP,
in vivo IVIS imaging, chemotaxis assays, cytokine
secretion assay, and immunohistology.

Results

The chemokine receptor CXCR4 is uniformly
expressed on pediatric patient ALL samples at initial
diagnosis and relapse
The mechanism of ALL cell homing and survival within
the testicular relapse site is still unclear. Because chemo-
kine receptors regulate migration of immune cells and
their malignant counterparts [22,23], we determined
their surface expression on primary BM-derived pediat-
ric patient samples subdivided according to the relapse
sites into three major groups: isolated BM relapse, com-
bined CNS relapse, and combined testicular relapse.
CXCR4 was always substantially expressed irrespective
of the relapsed site (Figure 1A,B, and supplementary
material, Table S3). CCR7 and CXCR3were moderately
expressed in a few samples of the isolated BM or

combined CNS relapse groups; other chemokine recep-
tors were not detectable (supplementary material,
Table S3). High surface expression of CXCR4 was also
confirmed on B-ALL-derived tumor cell lines represent-
ing different immune phenotypes and genetics such as
REH, Nalm6, and SEM (Figure 1C).

The interleukin7 receptor (IL7R) is described as
widely expressed in B-ALL, and high expression often
correlates with CNS involvement and relapse [24]. The
synergistic effects of IL7R with CXCR4 have been
shown to drive transformation and development of
ALL subtypes. We detected IL7R expression on pediat-
ric B-ALL already at the time of initial and at relapse
diagnosis (Figure 1D). Notably, B-ALL samples from
patients with a combined BM/testis relapse showed
increased IL7R expression compared to BM relapse only
(Figure 1E).

Testicular stroma cells and BM-derived MSCs
support ALL cell migration and survival
CXCR4-expressing Nalm6 cells exhibited strong
migration towards the respective chemokine ligand
CXCL12 in a migration assay (Figure 2A). When
CXCR4 was stably knocked out (supplementary
material, Figure S1A,B) Nalm6 cell migration was
profoundly impaired (Figure 2A). BM-derived mes-
enchymal stem cells (MSCs) secrete CXCL12 and
mediate migration as well as short- and long-term
maintenance of ALL cells in vitro [25,26]. Immunos-
taining of leukemia-cell affected and nonaffected tes-
tis revealed CXCL12 protein expression of Sertoli cells
and other yet unknown interstitial cells (Figure 2B).
Additionally, CXCL12 protein expression was detected
in stromal cells of a testis with massive leukemia
involvement (supplementary material, Figure S2).

To test whether testicular stroma may also support
recruitment and survival of ALL cells, we cultured
15 ALL patient-derived testicular and BM CD19�CD45�

stroma cell samples for 1 week and compared the expres-
sion of surfacemarkers characteristic ofMSCs. Expression
levels, in particular of CD29, CD90, and CD146, were
found to be higher on BM-derived compared to testis-
derived stroma cells (Figure 2C). Overall, BM and testis-
derived stroma cells exhibited MSC-like characteristics
and were further used for cocultures with Nalm6 or pri-
mary ALL cells. First, we demonstrated that CXCL12 is
secreted into the supernatant whenNalm6 cells were cocul-
tured for 48 h with either BM-MSCs or with testis-derived
stromal cells (Figure 2D). Coculture supernatants were
then introduced into a migration assay. To prove that
migration towards coculture supernatants is CXCL12–
CXCR4-specific, Nalm6 cells were also pretreated with
the CXCR4 antagonist AMD3100. Supernatants of both
BM-MSC- and testis-derived stromal cell cultures
induced strong Nalm6 cell migration, which was signifi-
cantly inhibited by pretreatment with AMD3100
(Figure 2E). We conclude that CXCL12 is secreted by
BM-MSC or testis-derived stromal cells and facilitates
migration of CXCR4-expressing Nalm6 cells. Next,
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13 primary ALL samples were cocultured for 48 or
72 h without or with 11 BM-MSC and nine testis
stroma cell preparations and then analyzed for the pro-
portion of viable (Annexin�7AAD�), and apoptotic
(Annexin+) tumor cells (Figure 2F). Both BM- and
testis-derived stroma reduced the apoptotic fraction
and increased the viable ALL proportion in the
tumor-stroma cocultures compared to tumor cells
alone. Taken together, these data show that testicular

stroma and BM-MSCs can secrete CXCL12 and sup-
port survival of primary ALL cells in cocultures.

Sertoli cells and peritubular myoid cells represent
part of seminiferous tubules and support ALL cell
survival
Sertoli cells and peritubular myoid cells (PTCs) consti-
tute the microenvironmental niche of testis, which is

Figure 1. CXCR4 is strongly expressed on primary B-ALL cells at the initial diagnosis as well as during relapse. (A) Primary B-ALL patient sam-
ples from bone marrow (BM) at initial diagnosis (n = 30) and during relapse (n = 25) analyzed for surface expression of various chemokine
receptors. Representative histograms show high CXCR4 expression (black line) compared to isotype controls (filled curve) on BM-derived
B-ALL samples from patients at initial diagnosis (ID) and at relapse diagnosis with testicular involvement. (B) CXCR4 expression on bone
marrow (BM)-derived B-ALL samples taken at ID and at isolated BM (n = 13–16), or combined CNS (n = 7–13), or testis relapse (n = 10)
quantitated as mean fluorescence intensity (MFI) normalized against an isotype control. (C) Representative histograms show high CXCR4
expression on three different B-ALL cell lines (REH, Nalm6, SEM; CXCR4, black line; isotype control, filled curve). IL7R expression depicted
in (D) representative histograms (black line) compared to isotype control (filled curve) on B-ALL samples at ID and at isolated BM (n = 12
in each group), or combined CNS (ID: n = 7, relapse: n = 6), or combined testis relapse (ID: n = 10, relapse: n = 7) and (E) quantitated
as MFI normalized to isotype control. Data are displayed as single cells and bars represent mean � SEM, P values were calculated using
the Mann–Whitney U test.
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essential for regulating normal spermatogenesis
[27–29]. Because the availability of fresh benign testicu-
lar tissue is limited and isolation of stroma cell

subpopulations therefore challenging, we isolated
Sertoli and PTC cells from mouse testis (supplementary
material Figure S3A). Sertoli and PTC cells were seeded,

Figure 2. BM- and testis-derived stroma cells support ALL cell survival and secrete CXCL12 that mediates chemotaxis of CXCR4-expressing
tumor cells. (A) Inhibition of CXCR4-mediated migration towards human CXCL12 by genetic knockout of CXCR4 in Nalm6 cells (n = 2).
(B) Microscopic analysis of CXCL12 expression (green) and TdT-expressing ALL cells (red) in sections of affected and nonaffected testis coun-
terstained with DAPI (blue). Representative sections of n = 3 analyzed testes are shown. White arrowheads depict CXCL12 expression by
Sertoli cells; white arrows depict CXCL12 expression by unknown stroma cells. Scale bar, 100 μm. (C) Expression of characteristic MSC surface
markers (as indicated in the figure) on cultured BM-MSC or testicular stroma cells. Expression was quantitated as mean fluorescence intensity
(MFI) normalized against a fluorescence minus one (FMO) (n = 14–15). (D) The supernatants of mono- or cocultured stroma cells analyzed
for CXCL12 secretion after 72 h by MSD U-Plex technology. CXCL12 levels were normalized to total protein measured by the Bradford assay
(BM-MSC n = 10, Testis n = 10). (E) Nalm6 cell migration towards medium supplemented with 100 nM CXCL12, and towards supernatant of
cultured BM-MSC or testicular stroma cells, pretreated without or with the CXCR4 inhibitor AMD3100 analyzed in a Transwell chemotaxis
assay (BM-MSC n = 11, Testis n = 11). (F) The frequency of viable (Annexin�7-AAD�), and apoptotic (Annexin+) primary patient ALL cells
(n = 13) cocultured without (monoculture; mono), with BM-MSCs, or with testicular stroma cells for 48 or 72 h determined with
Annexin/7-AAD staining. Single data points are shown; bars present mean � SEM; (day 0 n = 11, mono 48 h n = 18, BM-MSC 48 h
n = 68, testis 48 h n = 64, mono 72 h n = 11, BM-MSC 72 h n = 33, testis 72 h n = 33; primary ALL samples were employed several times,
but on different MSCs). P values were calculated using a Mann–Whitney U test. BM-MSC, bone marrow mesenchymal stem cells.
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and purity (>95%) was established by immunofluores-
cence staining for vimentin as a marker for Sertoli cells
and alpha-smooth muscle actin (SMA) as a marker for
PTCs 4 days postisolation (supplementary material,
Figure S3B).

Next, we measured expression of CXCL12 and IL7
by the primary mouse Sertoli cells and PTCs, the BM
stroma cell line M210B4, and the Sertoli cell line
TM4. The mouse leukemia cell line EL4 served as a
negative control. Strong expression of the mRNA
was detected in BM and testicular cell lines, in total
testis, in testis-isolated PTCs, and moderately in pri-
mary Sertoli cells. Interleukin (IL)7 expression was
detectable in total testis and testicular primary PTCs
and Sertoli cells, but negative or modestly expressed
in the cell lines, TM4 and M210B4, respectively
(Figure 3A). Immunofluorescence characterized
TM4 and primary Sertoli cells by costaining for
CXCL12 and SOX9, a transcription factor that differ-
entiates Sertoli from germ line cells [30] (Figure 3B,
C). CXCL12 protein expression in testicular sections
was detected by immunostaining (supplementary
material, Figure S3C). Also, human IL7 protein
expression was confirmed in the seminiferous tubules
of ALL relapse patient testis sections by immunofluores-
cence staining (supplementary material, Figure S3D).
Overall, the testicular microenvironment provides the
necessary factors to mediate leukemia cell recruitment
and survival via the CXCL12–CXCR4 and IL7–IL7R
signaling axes.

To support this notion, we prepared cocultures of
pediatric patient-derived ALL xenografts (PDX-
ALLs) with stromal cell lines or primary testicular
stromal cells. The PDX-ALL samples, #1064 and
#1476, expressed CXCR4 but no other chemokine
receptors (supplementary material, Table S4, and
Figure 3D). IL7R was strongly expressed on the
PDX-ALL #1064 but not on the #1476 sample
(Figure 3D). In a migration assay, #1064 cells showed
superior migratory capacity (Figure 3E), possibly due
to their higher CXCR4 expression compared to #1476
cells (Figure 3D). Cocultures of #1064 cells with stro-
mal cells revealed enhanced viability when cultured
with the BM stromal cell line M210B4 and with pri-
mary testicular PTCs, which was further increased by
adding IL7 to the cocultures. This effect could not be
seen for the PDX-ALL sample #1476, which only
exhibited minor IL7R expression. Here, only the
coculture with primary NSG PTCs led to an increased
survival but this effect was independent of IL7
(Figure 3F).

Development of an in vivo PDX-ALL mouse model
with testicular involvement
Mouse models of acute leukemia with testicular
involvement are rare and previous models have not
investigated the mechanism of testicular tumor cell
dissemination [31–33]. We established a PDX-ALL
mouse model with testicular involvement. For

noninvasive bioluminescence imaging, PDX-ALL
samples were transduced with a luciferase-GFP
(Luc+) construct. Two rounds of transfer in NSGmice
and subsequent FACS-sorting yielded Luc+ leukemic
cells with a purity of >98% (supplementary material,
Figure S4A,B). Six to 7 weeks after i.v. transfer of
1 � 106 Luc+ PDX-ALL cells, expansion and BM
dissemination of the PDX-ALL cell samples could
be monitored by IVIS imaging (supplementary mate-
rial, Figure S4C).
Because testicular infiltration is mainly observed in

pediatric patients, we hypothesized that testicular infil-
tration might be dependent on a prepuberty state. We
transferred 1 � 106 or 1 � 104 PDX-ALL cells i.v. in
8–12 (postpuberty) or in 3–3.5 (prepuberty) week-old
mice and monitored leukemia development by IVIS
imaging over 5–8 weeks (Figure 4A). Mice that received
1 � 106 leukemic cells progressed faster than mice that
received 1 � 104 leukemic cells. Subsequently, they
had to be killed within 35-days, whereas mice that
received fewer cells were sacrificed at day 49–52 after
transfer (Figure 4A–C depicts mice that received
1 � 104 cells). The frequency of leukemic cells among
all hematopoietic cells was determined in testis, BM,
and spleen (Figure 4D). Testicular dissemination was
highest when a low number of #1064 leukemic cells
were transferred in prepuberty mice, whereas dissemina-
tion in BM and spleen was equally high regardless of the
cell numbers or the recipients age. Notably, the PDX-
ALL sample #1476, which exhibited reduced in vitro
migratory capability towards CXCL12 and weak IL7R
expression, showed only minor testicular dissemination
(Figure 4E).

Leukemic cells are localized within the interstitial
space of mouse and human testis in close contact
with interstitial testicular macrophages
Testicular tissue infiltration and distribution of leuke-
mic cells was determined by immunohistochemistry
on serial testis sections. As shown exemplarily in
Figure 5A, leukemic cells localized in the interstitial
space of the mouse testis, comparable to the localiza-
tion pattern shown for human testicular involvement
(Figures 2B and 5C). In human testis sections, we
observed leukemic cells in close proximity to
CD206+CD64+ macrophages (Figure 5C,D) The
infiltrated areas were assessed in serial sections of tes-
tes from pre- and postpuberty mice transplanted with
1 � 104 cells (Figure 5B). This analysis confirmed
the observation from the flow cytometry analysis
(Figure 4D) that only prepuberty mice show a signifi-
cant testicular involvement.
Next, we determined the impact of leukemic cell-

stroma crosstalk on the polarization of testicular mac-
rophages (TMs) and found that genes associated with
an M2 signature, Marco and Arg1, were significantly
upregulated, whereas genes characteristic for M1
macrophages, such as Cxcl10, were downregulated
in TMs isolated from PDX-ALL-challenged mice
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Figure 3. Primary Sertoli cells and murine stroma cell lines express CXCL12 and IL7 and support viability of PDX-ALL cells. (A) Primary mouse
Sertoli and PTC cells were generated from NSG mice as described in supplementary material, Figure S3. After culturing Sertoli cells (n = 2
independent experiments with cells from testis of 6–10 mice) for four and PTCs (n = 2 independent experiments with cells from testis of
6–10 mice) for 7 days, RNA was isolated and expression of CXCL12 and IL7 was determined; RNA from the BM cell line M210B4 (M2,
n = 1), the Sertoli cell line TM4 (n = 1), or from whole testis RNA (n = 3 mice) served as positive controls; the leukemia cell line EL4
(n = 1) as a negative control. Representative images of immunofluorescence showing CXCL12 (green) expression of (B) the Sox9+ Sertoli
cell line TM4 (red) and of (C) Sox9+ Sertoli cells (red) in NSG mouse testis sections (n = 2). DAPI (blue) was used for nuclear counterstaining.
Scale bar, 100 μm. (D) Representative histograms show surface expression of the chemokine receptor CXCR4 and the IL7 receptor IL7R on two
luciferized PDX-ALL cell samples (#1064, #1476). Black lined and filled curves represent MFIs of the isotype control and the red line MFIs of
the analyzed receptor or adhesion molecule. (E) Migration of CXCR4-expressing PDX-ALL cells towards murine CXCL12 was analyzed in a
Transwell chemotaxis assay (n = 2 for each PDX-ALL sample). (F) The viability (annexin�/7AAD�) of PDX-ALL samples #1064 and #1476
cocultured without (mono, n = 5), with the BM cell line M210B4 (n = 4), the Sertoli cell line TM4 (n = 2), and primary murine testicular
PTCs (n = 2) with or without addition of 10 ng/ml human IL7 was determined after 48 h. All data are displayed as individual points, bars
present mean � SEM.
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compared to untreated controls (supplementary mate-
rial, Figure S5A and Figure 5E). PDX-ALL cells, on
the other hand, expressed the TAM-inducing cytokine
mRNAs IL10 and MCSF (supplementary material,
Figure S5B).

In conclusion, a PDX-ALL mouse model with testic-
ular involvement was established that required the adop-
tive transfer of PDX-ALL cells in prepuberty mice to
allow a detectable testicular dissemination and intersti-
tial localization of leukemic cells.

Figure 4. Establishment of a PDX-ALL model with testicular involvement in prepuberty NSG mice. (A) Schematic of the experimental design
for the PDX-ALL xenotransplantation model. (B) Engraftment of 1 � 104 i.v. transplanted PDX-ALL was monitored by IVIS imaging and
images of serial IVIS-exposures of mice treated with PDX-ALL #1064 or #1476 (n = 3 for each group) are shown (exposure time 60 s).
(C) Mean � SEM of the signal intensities obtained from the entire body tumor burden are plotted for each PDX-ALL sample over time.
(D) Representative gating (single and 7-AAD� vital cells) and staining strategy (CD45+ CD19+ CD10+) to identify the percentage of
PDX-ALL cells (#1064) of all hematopoietic cells in BM, spleen. and testis. (E) Percentage of recovered PDX-ALL cells (#1064 and #1476)
of all cells in testis, BM, and spleen of xenotransplanted 3 month- (postpuberty) or 3 week-old (prepuberty) NSG mice with either
1 � 106 (n = 3 or 4 for 3-month-old; n = 3–7 for 3-week-old) or 1 � 104 (n = 3 or 4, 3-month-old; n = 3–8, 3-week-old) PDX-ALL cells.
Data are displayed as single cells and bars present mean � SEM, P values were calculated using a Mann–Whitney U test.
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Testicular leukemic cell engraftment could be
inhibited by blocking the CXCL12–CXCR4
signaling axis
CXCR4 is the only homing receptor uniformly and func-
tionally expressed on primary pediatric B-ALLs

(Figure 1), and on PDX-ALL samples (Figure 3D).
Additionally, CXCL12 expression in testis derived from
ALL patients and mice was demonstrated (Figures 2B
and 3C). Hence, we envisaged that the CXCL12–
CXCR4 signaling axis is crucial for the testicular dis-
semination of leukemic cells and by that represents a

Figure 5. Leukemic cells colocalize with macrophages within the interstitial space of mouse and human testis. (A) Representative immunos-
taining for CD10+ PDX-ALL cells (in red) in serial testicular sections of mice (#1 and #2 out of n = 7 mice are shown, for #1 two testicular
sections and one enlarged image are shown) that received 1 � 104 PDX-ALL cells with 3 weeks of age and were analyzed 49 days after xeno-
transplantation. Scale bars, 50 μm. (B) Infiltrated areas were assessed for PDX-ALL cell infiltration in five sections per mice (n = 3 mice for
3-month-old and n = 7 for 3-week-old mice). (C,D) Microscopic analysis of (C) TdT-expressing ALL cells (red) in close proximity to CD64+

testicular macrophages (green) and (D) double-stained CD206+CD64+ (orange)-stained macrophages in sections of B-ALL testis counter-
stained with the nuclear dye DAPI (blue). Representative sections of n = 3 analyzed testes are shown. White arrows depict colocalization
of leukemic cells with macrophages and CD206+CD64+ double-positive macrophages, respectively. Scale bars, 100 μm. (E) Expression of
M1 or M2 surface markers on testicular macrophages isolated from untreated mice (control, n = 6) or mice challenged with PDX-ALL cells
(n = 6). Data are displayed as single cells, bars present mean � SEM, P values were calculated using a Mann–Whitney U test.
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potential therapeutic target. Because the CXCL12–
CXCR4 signaling axis is also facilitating dissemination
of leukemic cells to the BM, we transferred 1 � 104

PDX-ALL #1064 cells in prepuberty mice and started
systemic anti-CXCR4 treatment 4 days later to enable
initial leukemic cell engraftment to the BM. In two inde-
pendent experiments, NSG mice were treated from day
4 to day 21 with an anti-CXCR4 or an anti-IgG (isotype

control) Ab (Figure 6A and supplementary material,
Figure S6A). The inhibitory capability of the anti-
CXCR4 Ab was demonstrated by specific block of
Nalm6 and PDX-ALL cell migration towards CXCL12
(Figure 6B). Leukemic cell expansion was monitored
by IVIS imaging (Figure 6C,D and supplementary mate-
rial, Figure S6B) and the tumor load was measured on
day 46 or day 68 in testis, BM, and spleen (Figure 6A,

Figure 6. Treatment with an anti-CXCR4 antibody inhibits testicular infiltration of PDX-ALL cells. (A) Schematic of the experimental design
for the i.p. anti-CXCR4 treatment in the PDX-ALL xenotransplantation model. (B) Nalm6 or PDX-ALL cells, untreated (black bars), pretreated
with an anti-IgG isotype control (open bars) or with the anti-CXCR4 antibody (red bars), for 1 h, were tested in a Transwell chemotaxis assay
for their migratory capacity towards CXCL12. (C) The expansion of transplanted cells was monitored by IVIS imaging in anti-CXCR4-treated
compared to anti-IgG isotype-treated mice (n = 3 per group) over time starting from day 25 up to day 42 (exposure time 30 s).
(D) Mean � SEM of the signal intensities obtained from the entire body tumor burden are plotted for each group over time; P values were
calculated using an unpaired two-tailed multiple t test. At day 49 after transplantation, the percentages of CD19+CD45+ PDX-ALL cells
of all leukocytes in testis, BM, and spleen were determined in both groups, (E) displays representative dot plots of the anti-CXCR4-treated
group and (F) shows the percentages of these cells in anti-CXCR4-treated in comparison to anti-IgG isotype-treated mice with n = 5 mice
per group from two independent experiments. Data are displayed as single cells; bars present mean � SEM, P values were calculated using a
Mann–Whitney U test.
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E,F). Mice treated with the isotype control showed
increasing signals by IVIS imaging, whereas those trea-
ted with anti-CXCR4 exhibited no detectable signal dur-
ing the whole observation time. Small numbers of
leukemic cells were found in the BM and spleen of
anti-CXCR4-treated mice in contrast to the testes, where
no leukemic cells were detectable (Figure 6E,F). In the
isotype control group, leukemic cells were detectable
in all three organs and the frequencies were comparable
to those described in Figure 4E. Notably, total BM-
derived hematopoietic cell numbers were unchanged,
whereas total splenic cell counts were strongly decreased
upon anti-CXCR4 treatment (supplementary material,
Figure S6C). Also, CXCR4 expression levels on the
remaining tumor cells of BM and spleen were unaltered
(supplementary material, Figure S6D). To test if anti-
CXCR4 treatment could also prevent or reduce engraft-
ment in testes at a timepoint when leukemia has already
progressed, we started treatment 17 days after xeno-
transplantation when a profound signal in the BM was
detectable by IVIS imaging (supplementary material,
Figure S7A–C). Anti-CXCR4 Ab treatment was able to
abrogate tumor expansion, including dissemination into
testes in two out of five mice also at this later timepoint
(supplementary material, Figure S7D). However, if the
tumor load was too high before starting the treatment,
leukemia could no longer be controlled by CXCR4
blockade alone (supplementary material, Figure S7D).
In conclusion, interfering specifically with the

CXCL12–CXCR4 signaling axis can prevent testicular
dissemination of PDX-ALL cells in a mouse model of
B-ALL.

Discussion

Systemic spreading of leukemic cells throughout the
organism is tightly regulated by the chemokine/
chemokine receptor system.Microenvironmental factors
foster the crosstalk between ALL cells and tissue-
resident cells, enabling their dissemination and survival
at extramedullary sites [22,34].
However, little is known about the mechanisms that

causes testis relapse in pediatric B-ALL. We propose
that the testis is a frequent site of extramedullary relapse
because of the physiologically strong CXCL12 gradient,
which is crucial for testis development and spermatogen-
esis [35,10,11]. We hypothesize that circulating leuke-
mic cells colonize the testes before puberty, and the
special immunosuppressive testicular microenvironment
at this developmental stage may foster longer periods of
dormancy and survival.
We compared the expression of numerous chemokine

receptors in a cohort of BM-derived ALL patient sam-
ples from initial diagnosis and from different relapse
sites: isolated BM relapse, combined BM/CNS relapse,
and combined BM/testis relapse. We found that CXCR4
was the only chemokine receptor that was abundantly
expressed at the initial diagnosis, as well as at relapse,

irrespective of the relapsed site. A synergistic effect
between CXCR4 and another surface receptor, IL7R,
was reported to regulate not only migration but also
malignant transformation [36]. CXCR4 and IL7R inter-
act on the cell surface to recruit BCR-ABL1 and JAK
kinases in close proximity, thereby inducing transforma-
tion and development of Philadelphia chromosome-
positive ALL [36]. Here, we detected increased IL7R
expression on B-ALL samples from patients with a com-
bined BM/testis relapse compared to BM relapse only,
which points toward a potential link of IL7R expression
and testis infiltration. High-level IL7R expression has
already been associated with CNS involvement at initial
diagnosis and was suggested as a predictor for CNS
relapse in pediatric B-ALL [24]. Also, IL7R supported
leukemic engraftment and its target inhibition impaired
CNS leukemic infiltration in an in vivo xenograft model
[24]. Taken together, the CXCL12/CXCR4 and the
IL7/IL7R axes may jointly facilitate leukemic cell
migration and survival to and within the testis niche in
pediatric B-ALL.

Testicular relapses occur frequently in boys but not in
adult patients, which raises the questionwhether testicular
infiltration by leukemic cells is favored by the prepubertal
testicular microenvironment. Testicular macrophages
(TMs) support the testis immune-privileged state under
developmental and homeostatic conditions. In mice,
TMs are subdivided predominantly into MHClo intersti-
tial (i)TMs and MHChi peritubular (p)TMs. Specifically,
iTMs express immunosuppressive genes and represent
the predominant subpopulation in prepuberty mice
[37–39]. A suppressed inflammatory environment favors
leukemic cell survival and might be further corrupted by
leukemic cell interactions with the surrounding testis
microenvironment.

A microenvironmental suppressor of an antitumor
immune responses are tumor-associated macrophages,
TAMs, that can polarize towards a tumor-favorable M2
phenotype not only in solid tumors, but also in B-ALL
[40,41]. In line with this, PDX-ALL cells in this study
expressed the TAM-inducing cytokines MCSF and
IL10. Overall, this strongly suggests that the testis
microenvironment during prepuberty is particularly
leukemia-permissive and supportive.

Next, we compared CXCL12 provision by BM- and
testis-derived stroma cells. CXCL12 is a crucial chemo-
kine within the BM stem cell niche and produced by
BM-MSCs [42,43]. In human testis, CXCL12 is pre-
dominantly expressed by Sertoli cells, and it facilitates
spermatogonial stem cell migration during spermatogen-
esis [44]. Here, tumor cell-affected and nonaffected
patient testis tissues revealed CXCL12 protein expres-
sion in Sertoli cells and other yet undefined interstitial
cells. In mouse testis sections, we confirmed strong
CXCL12 expression by Sertoli cells. In isolated stromal
cell subpopulations, CXCL12 expression was detected
by Sertoli cells and PTCs. In line with this, we addition-
ally detected CXCL12 expression in undefined tumor
stromal cells from human testis with substantial leuke-
mia involvement. Recent publications have suggested
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that under pathological conditions CXCL12 expression
is not restricted to Sertoli cells, i.e. CXCL12 is expressed
by tumor stroma of seminoma samples [14,45]. In vitro,
we found enhanced CXCL12 secretion in the superna-
tant of BM-MSC and testis stroma cultures upon cocul-
ture with the B-ALL cell line Nalm6. Both
supernatants conferred chemotactic activity to leukemic
cells, which was blocked by the specific CXCR4 inhibi-
tor AMD3100 [35]. Moreover, primary B-ALL samples
profited from coculturing them with BM-MSC or testis-
derived stroma demonstrated by a significant decrease in
apoptotic cells compared to the monoculture. Our data
show that different testicular cells can provide CXCL12
and that the CXCL12–CXCR4 signaling axis is crucial
for recruitment of leukemic cells to the testicular niche.
Cells in the interstitial space that potentially provide
CXCL12 are Leydig cells and endothelial cells, as
shown by Green et al [46].

To address the mechanism of testicular involvement
in vivo, we developed a PDX B-ALL mouse model. To
date, only a few B-ALL mouse models with testicular
infiltration have been reported. The majority fails to
recover a reliable number of testicular leukemic cells
and none of them succeeded to demonstrate leukemic
cells in situ [31–33]. We observed significant testicular
infiltration only when xenografts were transferred into
prepuberty mice, which strongly indicates that the testic-
ular environment before puberty enables infiltration and
survival of leukemic cells. Also, transplanting only
1 � 104 cells instead of 1 � 106 cells led to an increased
testicular infiltration, possibly due to the slower tumor
progression that allows the cells that initially seeded into
the testis to proliferate. Leukemic cell expansion in BM
and spleen was indistinguishable in prepuberty and post-
puberty recipients, regardless of the numbers of cells that
were transplanted. The prepuberty condition was not the
only prerequisite for testicular infiltration; the surface
expression levels of CXCR4, and potentially of IL7R,
on PDX ALL cells were similarly required. When we
compared testicular infiltration of xenografts with high
CXCR4 and IL7R surface levels (#1064) to xenografts
with median CXCR4 and low IL7R levels (#1476), only
cells with high CXCR4 and IL7R expression signifi-
cantly infiltrated testis. An impact of the CXCL12/
CXCR4 signaling axis on testicular engraftment has also
been suggested by Arnaud et al [33]. The tetraspanin
CD9, which is overexpressed in ETV6–RUNX1 fusion
gene-positive pediatric B-ALL [47], was shown to sup-
port testicular leukemic cell homing through the
CXCL12–CXCR4 signaling axis. However, recovered
testicular leukemic cell numbers were low and repre-
sented only 0.04% of all testis cells. In contrast, our
PDX-ALL model showed a robust testicular infiltration
of PDX-ALL cells between 1–4% recovered tumor cells.
Most important, we demonstrated in situ localization of
disseminated leukemic cells in the interstitial testicular
space, comparable to the localization pattern described
for B-ALL patients with testis relapse.

Testicular involvement only occurs in about 30% of
the patients, although the CXCL12–CXCR4 signaling

axis is physiologically present in testis and ALL blasts
widely express CXCR4 regardless of the site of
relapse. Most likely, other factors also, such as the
expression of the cofactor CD9 and an adapted protu-
morigenic TME, supports the infiltration and survival
of and in the testis.
In line with this suggestion, we have been able to

show a functional impact of infiltrated leukemic cells
on the polarization of TMs. Five weeks after transfer of
PDX-ALL cells, genes associated with an M2 signature,
i.e. Marco and Arg11 [48], were upregulated, whereas
Cxcl10, a gene characteristic for M1 macrophages, was
downregulated in TMs of PDX-ALL- challenged mice.
This is in line with our published data in which we char-
acterized skewed differentiation of splenic myeloid
immune cells in a mouse model of indolent CLL [49].
The importance of the CXCL12–CXCR4 axis for the

pathogenesis of leukemia and BM homing has been
studied extensively. Disruption of this signaling axis
mobilized leukemia cells from their protective BM
microenvironment and enhanced susceptibility towards
chemotherapy [35]. In pediatric B-cell Precursor
(BCP)-ALL patients high CXCR4 protein expression
was correlated with an increased risk for relapse and
poor overall survival [43]. Numerous CXCR4 antago-
nists have been developed and tested in combination
with chemotherapy or molecular-targeted drugs in clini-
cal trials for acute leukemias, especially in AML and
MM [35,50–52].
To investigate whether inhibition of CXCR4 signal-

ing can also interfere with testicular engraftment of
PDX-ALL cells in our model, we transferred the
CXCR4 high-expressing xenograft #1064 into NSG
mice followed by anti-CXCR4 treatment. CXCR4 anti-
body treatment strongly reduced leukemic infiltration
in BM and spleen, and completely abrogated dissemina-
tion into the testis. However, when CXCR4 antibody
treatment was applied to mice with advanced leukemia,
tumor progression was only abrogated in two out of five
animals, dependent on the degree of tumor load before
treatment.
The present xenotransplantation PDX-ALL model

allowed us to apply a systemic blockade of the
CXCL12–CXCR4 signaling axis. A limitation of this
study is that after an initial seeding of tumor cells, we
could not separately block the CXCR4-dependent hom-
ing and/or survival of ALL cells to and within BM and
testis. Thus, testicular leukemic cell dissemination can-
not be separated from the overall progression of leuke-
mia in the BM. Considering this limitation, future
dissection of the CXCL12–CXCR4 signaling for testic-
ular relapses will profit from a genetically engineered
mouse model in which the CXCL12–CXCR4 axis can
be induced and regulated selectively in the testicular
tissue.
In summary, we provide some mechanistic insight

into how the CXCL12–CXCR4 signaling axis promotes
B-ALL cell dissemination and survival under prepuber-
tal microenvironmental conditions at the testis
relapse site.
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