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Abstract: Interleukin-34 (IL.-34) is a cytokine consisting of a 39kD homodimer, shown to be a ligand for both the Mac-
rophage Colony Stimulating Factor (M-CSF/CSF-1) receptor and the Receptor-like protein tyrosine phosphatase-zeta
(RPTP-3). IL-34 has been shown to promote monocyte viability and proliferation as well as the differentiation of bone
marrow cells into macrophage progenitors. Published work on IL-34 involves its effects on normal hematopoietic
and osteoclast progenitors. However, it is not known whether IL.-34 has biologic effects in cancer, including leuke-
mia. Here we report that the biological effects of I1L.-34 include induction of differential expression of Interleukins-
1a and -1 as well as induction of differentiation of U937, HL-60 and THP-1 leukemia cell lines demonstrating
monocyte-like characteristics. The ability of IL-34 to induce monocytic-like differentiation is supported by strong
morphological and functional evidence. Cell surface markers of myeloid lineage, CD64 and CD86, remain constant
while the levels of CD11b and CD71 decline with IL-34 treatment. IL-34 also induced increases in CD14 and CD68
expression, further supporting maturation toward monocytic character. IL-34-induced differentiated U937 and THP-
1 cell lines exhibited biological functions such as endocytosis and respiratory burst activities. Collectively, we con-
clude that while IL-34 does not induce cell growth or proliferation, it is able to induce differentiation of leukemia cell
lines from monoblastic precursor cells towards monocyte- and macrophage-like cells, mediated through the JAK/
STAT and PI3K/Akt pathways. To our knowledge, this is the first report that IL-34 induces differentiation in human
leukemic cells, let alone any cancer model.
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Introduction implicated as a pro-inflammatory cytokine [5,
8-10].

Interleukin-34 (IL-34) is a cytokine identified by

Lin et. al. in 2008 [1] as a 39kDA homodimer. It
is comprised of 241 amino acids and employs
the c-FMS receptor and Receptor-like protein
tyrosine phosphatase-zeta (RPTP-3) [1-3]. Since
then, a myriad of research and clinical studies
have characterized the biological effects as
well as associated diseases in which IL-34 is
suspected to play significant roles. IL-34 is
most abundantly expressed in the spleen. It is
also found in the heart, brain, liver, kidney, thy-
mus, testes, ovary, small intestine, prostate,
and colon [1, 2, 4, 5], which may provide insight
into its potential importance in immunity. [L.-34
has also been associated with a number of
inflammatory diseases including rheumatoid
arthritis [5], equine encephalitis [6], and
Sjogren’s syndrome [7]. Hence, it has been

While IL-34 shares a receptor and some func-
tional redundancy with M-CSF, Felix et al. has
shown that the IL-34 ligand interacts with the
c-FMS receptor differently than M-CSF, which
may influence some of the independent physio-
logical effects of IL-34 [1, 4, 8, 11].

Thus far the biologic effects of IL-34 on normal
hematopoietic cells and osteoclast progenitors
have been well characterized. However, it is
unknown whether IL-34 has biologic effects in
leukemia cells. Because of the known effects of
IL-34 on monocytes and macrophages as
reported by Lin et. al others [1, 2, 4, 5], IL-34 is
an attractive ligand to evaluate in U937, HL-60
and THP-1 cell lines, all of which are models of
acute myeloid leukemia. This prompted us to
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investigate its effects on cell proliferation and
differentiation. Here we report that IL-34 elicits
differentiation of U937, HL-60 and THP-1 cell
lines to morphological and functional charac-
teristics typically seen in monocytes while
inducing Interleukin-1 expression. We also pro-
vide evidence that these changes may be medi-
ated through the JAK/STAT and PI3K/Akt sig-
naling pathways. To our knowledge, this is the
first report demonstrating the biological effects
of IL-34 in human leukemia cells, suggesting
that IL-34 may have effects on other cancer
cells.

Materials and methods
Chemicals and reagents

Recombinant human Interleukin-34 (rhiL-34) of
70 kDa was purchased from R&D Systems
(Minneapolis, MN, USA). Trypan blue, MTT (3-
(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zoliumbromide), dimethyl sulfoxide (DMSO),
Dihydrorhodamine 123, Giemsa stain and pro-
tease inhibitors (leupeptin and aproteinin) were
purchased from Sigma Chemicals (St. Louis,
MO). CellTiter 96® AQ_ . One Solution Cell
Proliferation Assay (MTS) kit was purchased
from Promega Corporation (Madison, WiI).
Customized IL-1a/IL-13 ELISA Assay kit was
purchased from Qiagen (Valencia, CA). FITC-
Dextran was purchased from Molecular
Probes/Invitrogen (Carlsbad, CA). Phorbol 12-
myristate 13-acetate (PMA) was purchased
from Abcam Biochemicals (Cambridge, MA).
Specific antibodies to CD11b-PE, CD14-FITC,
CD64, CD71-FITC, control IG1 and FITC were
purchased from eBioscience (San Diego, CA).
CD68-FITC and CD86-Alexa Fluor antibodies
were also purchased from BiolLegend (San
Diego, CA). Bayer-18 was purchased from
B-Bridge International (Cupertino, CA). LY29-
4002 was purchased from SelleckChem
(Houston, TX). C-FMS/CSF-1R and GAPDH were
purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), and anti-RPTP-3 was pur-
chased from BD Transduction Laboratories
(San Jose, CA).

Culture of human myeloid leukemia U937, HL-
60 and THP-1 cells

The human acute myeloid leukemia U937 cell
line was obtained from ATCC and the THP-1
cells were a gift from Dr. Chandravanu Dash

originally obtained from ATCC. The HL-60 cells
were a gift from Dr. Ann Richmond, originally
obtained from ATCC. The cell lines were main-
tained at 37°C in a 95% air and 5% CO, incuba-
tor and were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS
(HyClone), 100 units/ml penicillin and 50 units/
ml streptomycin (GIBCO) unless otherwise
noted.

Trypan blue exclusion assay for cell viability

For Trypan Blue staining, 200 ul of U937 cells
were incubated for three minutes with an equal
volume of 0.4% (w/v) Trypan Blue solution pre-
pared in deionized water. Cells were then
counted in a dual chambered hemacytometer
on a light microscope. Viable and non-viable
cell counts were used to calculate percent via-
bility. The cell viability for all experiments was
95% or better.

Western blot analysis

Fresh or previously frozen cell pellet from
untreated or IL-34 treated U937 and THP-1
cells were thawed and lysed on ice in RIPA buf-
fer containing 50 mM Tris-HCI (pH 7.4), 1%
Nonidet P-40, 0.1% sodium deoxycholate, 150
mM NaCl and 1 mM EDTA. To inhibit endoge-
nous proteases and phosphatases, the RIPA
buffer was supplemented with P8340, a
cocktail of protease inhibitor (10 uM leupeptin)
and phosphatase inhibitors (20 mM sodium
fluoride, 50 mM B-glycerophosphate, and 1 mM
sodium orthovanadate), respectively. Throug-
hout the lysing process the lysates were main-
tained on ice with intermittent agitation by
pipetting. The total lysates were centrifuged at
13,300 rpm for 15 minutes at 4°C to eliminate
debris. The clear lysate supernatants were
assayed for protein level by the Bradford Protein
Assay (Bio-Rad). Next, 20 ug of cell lysate pro-
teins were separated by 4-12% SDS-PAGE
(Invitrogen) followed by transfer onto nitrocellu-
lose membranes (Southern Scientific), unless
otherwise noted. The efficiency of the transfer
was verified by Ponceau staining and destained
by extensive washing. To enhance specificity of
our western blotting, non-specific binding on
the membrane was blocked with 5% BSA
(Sigma) in Tris-Buffered Saline containing
Tween-20 (TBST). Blots were probed with the
¢c-FMS/CSF-1R or Receptor-like protein tyrosine
phosphatase-zeta primary antibody by over-
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night incubation at 4°C with rocking. Following
4 washes (7 minutes each) with TBST buffer
with agitation, the membranes were incubated
with HRP-conjugated secondary antibody for 2
hours at room temperature. Finally, the mem-
branes were washed 4 x (7 minutes each) with
agitation and protein bands detected using
chemiluminescence. The membranes were
exposed to film and developed or the bands
were analyzed by the Gel Logic docking system
and band intensity quantified using Image J
(NIH).

Cellular growth and proliferation determination

U937 (1 x 10* in 100 ul) per well were either
untreated or treated with 10 ng/ml or 50 ng/ml
of IL.-34 for up to 48 hours. DMSO was used as
the vehicle control.

For the MTT assay, three hours before each
time point, 20 ul of MTT solution (5 mg/ml in
PBS) was added into each well and incubated
at 37°C. The media was removed and 100 pl of
DMSO was added into each well. The plate was
gently rotated on an orbital shaker for 10 min to
completely dissolve the precipitation. The
absorbance was detected at 570 nm with a
microplate reader. All experiments were repeat-
ed three times.

For the MTS assay, the CellTiter 96® AQ__ .
One Solution Cell Proliferation Assay kit was
used according to the manufacturer’s instruc-
tion. Three hours before each time point, 10 ul
of the MTS reagent was added into each well
and incubated at 37°C. The absorbance was
detected at 490 nm with a microplate reader.
All experiments were repeated three times.

Evaluation of IL-1a and IL-13 induction by
ELISA assay

Triplicate experiments in six-well plates were
set up in which each well contained U937 cells
(2 x 10°) in 2 ml of serum free media. The wells
were either untreated or treated with 50 ng/ml
of IL-34 and incubated in the incubator for 6,
12, 24, 48, or 144 hours, respectively. At the
end of each time point, the cells in each well
were harvested into a 2 ml Eppendorf tube and
placed on ice for 10 minutes. Following 2 min-
utes centrifugation at 4°C at 13, 300 rpm the
supernatants were carefully transferred into
new tubes. The supernatants were either imme-

diately used for ELISA analysis (according to
manufacturer’s instructions) of Interleukin-1a
and Interleukin-1B or stored at -20°C for 24
hours and then moved to -80°C for later evalu-
ation by ELISA.

Morphological analysis for evidence of differ-
entiation

U937, HL-60 and THP-1 cell lines (5 x 10%) were
suspended in 1 ml serum free media in six-well
plates. The wells were either untreated or treat-
ed with either 10 ng/ml or 50 ng/ml of IL-34 in
triplicate experiments and incubated for 6, 24,
48, or 96 hours, respectively. At the end of
each time point, cells were harvested and load-
ed into a Cytopro sample chamber for the
Cytocentrifuge (Wescor). The samples with
accompanying slides were centrifuged for 10
minutes at 700 rpm. Following centrifugation,
the slides were fixed in ice-cold 100% methanol
for 5 minutes and allowed to dry at room tem-
perature. The dried cell spots were stained with
Giemsa Stain (Sigma) at a 1:20 dilution in
deionized water. After staining, slides were
washed with deionized water and the stained
cells were examined on an Olympus CK2 micro-
scope (Olympus) with a Nikon 40 Ph3DL (Nikon)
objective for distinct staining. Pictures of cells
were taken using the Olympus CK2 microscope
with a DCM200 digital camera and the images
captured using the Scopephoto program.

Flow cytometry

FACS analysis of the cell surface expression of
monocyte, macrophage, myeloid maturity and
myeloid lineage markers, CD11b, CD14, CD64,
CD68, CD71 and CD86 was performed in both
untreated and IL-34 treated U937, HL-60 and
THP-1 cell lines. For this analysis U937, HL-60
and THP-1 cell lines were either untreated or
treated with IL-34 (50 ng/ml) for up to 96 hours
in serum-free RPMI 1640 supplemented with
1% BSA. As a positive control for differentia-
tion, U937 cells were treated with PMA (50 ng/
ml) for 48 hours under same conditions. After
incubation, the cells were pelleted, washed and
labeled with conjugated antibodies at optimal
concentrations as determined by prior titration
studies. The expression of the various cell sur-
face markers was analyzed with a Guava easy-
Cyte flow cytometer (Millipore) and analyzed by
FlowJo 10 software (Tree Star, Ashland, OR).
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Figure 1. Detection of the c-FMS and RPTP-3 receptors and identification of biological effects of IL-34. Both THP-1
and U937 cells express ¢-FMS receptor. In order to detect c-FMS 10 ug of lysate proteins from THP-1 and 60 ug of
lysate proteins from U937 cells were analyzed for c-FMS protein expression by western blotting using monoclonal
antibody to ¢c-FMS (A). THP-1 cells express RPTP-3 after IL-34 treatment. 20 ug of lysate proteins from both THP-1
and U937 cells were analyzed for RPTP-3 by western blotting using monoclonal antibody to RPTP-3 (B). IL-34 fails to
promote cell growth and proliferation in U937 cells. Using the Trypan blue exclusion assay we assessed cell viability.
We also used MTS and MTT assays for cell growth and proliferation to monitor cell proliferation in untreated cells
and cells treated with IL-34 for 48 h (C). IL-34 induces differential expression of IL-1« (red) and IL-13 (blue) in U937
cells. IL-1 protein expression was assessed by ELISA using 500 ul of culture media from either untreated or cells
treated with IL-:34 (50 ng/ml) for different time points (D). Each experiment was performed in triplicate.
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Endocytosis determination assay

In order to assess whether the IL-34 treated
cells exhibit endocytic functions compared to
untreated cells, U937 and THP-1 cell lines were
either untreated or treated with IL-34 (50 ng/
ml) for 24 hours. At the end of the time point
the cells were incubated with 1 mg/ml FITC-
dextran for 60 min at 37°C. Cellular uptake of
FITC-dextran was monitored by flow cytometry.
A negative control was performed in parallel by
incubating cells with FITC-dextran at 4°C. Flow
cytometric data was analyzed as indicated
above.

Respiratory burst activity detection

Respiratory burst activity detection was per-
formed using the reactive oxygen intermediate-
sensitive probe dihydrorhodamine 123. For this
assay, U937 and THP-1 cell lines were either
untreated or treated with IL-34 (50 ng/ml) in
serum-free RPMI medium supplemented with
1% BSA for 24 hours. U937 cells treated with
PMA (50 ng/ml) in serum free medium contain-
ing 1% BSA for 48 hours were used as positive
control for differentiation. After incubation,
cells were pelleted, washed and pre-stimulated
for 45 min with 100 ng/ml PMA (an agent com-
monly used to trigger oxidative burst activity in
phagocytic cells) to trigger oxidative burst. After
washing, cells were incubated with 5 ug/mi
dihydrorhodamine 123 for 45 min at 37°C.
Rhodamine 123 fluorescence in intact cells is
formed by the action of reactive oxygen inter-
mediates such as hydrogen peroxide, was then
measured by flow cytometry. Data were
expressed as fluorescence arbitrary units, or
percentage fluorescent cells, as appropriate for
comparison.

Evaluation of JAK/STAT and PI3K/Akt signaling

Triplicate experiments in six-well plates were
set up in which each well contained U937
cells (5 x 10%) in 2 ml of serum free media. The
wells were either untreated or pretreated for
at least one hour with 2.5 uM LY294002 or
100 nM Bayer-18 prior to be treated with 50
ng/ml of IL-34 and incubated as previously
described for up to 96 hours. The cells were
then harvested and prepared for slides as pre-
viously described for differentiated cell count
analysis and observation of morphological
changes.

Statistical analysis

Data was expressed as means + SEM or 95%
confidence interval (95% CI) and was analyzed
with GraphPad Prism version 6.0 (GraphPad
Software, San Diego, CA) and comparisons
were made by Student’s t test (two-tailed), one-
way analysis of variance or two-way analysis of
variance, as appropriate. A probability of p <
0.05 indicated statistical significance.

Results

U937 and THP-1 cell lines express both recep-
tors for interleukin-34

In order to examine the potential biologic
effects of IL-34 on U937 and THP-1 cell lines, it
was important to verify the presence of the pur-
ported receptors of IL-34, c-FMS and RPTP-3.
We conducted western blot analysis for the
presence of the c-FMS receptor in both the
U937 and THP-1 cell lines, using THP-1 as a
known reference for c-FMS for comparison [12,
13]. As shown in Figure 1A, the c-FMS receptor,
is present in U937 cells though the c-FMS
expression level is lower than in THP-1 cells. In
Figure 1B, we note that as compared to THP-1
cells the U937 cells do not express the RPTP-3
receptor. This data also indicates that the
RPTP-3 receptor may be inducible, as shown
with THP-1 cells treated with IL-34. These
results suggest that perhaps both the c-FMS
receptor and RPTP-3 could bind to IL-34 and
mediate the effects of IL-34 in the U937 and
THP-1 cell lines.

IL-34 does not promote growth and prolifera-
tion

Previous research has demonstrated that [L.-34
promotes growth and proliferation in mono-
cytes [6, 14]. Therefore, we evaluated whether
IL-34 has the potential to induce similar effects
in U937 cells. As seen in Figure 1C, IL-34 failed
to promote growth or proliferation in U937 cells
during a 48 hour treatment. Likewise, U937 cell
viability remained unchanged during the 48
hour treatment, suggesting that IL-34 does not
induce cell death in these cells.

IL-34 induces differential expression of IL-1a
and IL-1[3

Next, we evaluated the biochemical and physi-
ological effects of IL-34. In Figure 1D, we noted
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Figure 2. Interleukin-34 induces morphological
changes. U937 (2 x 10°) cells were either untreated
or treated with different concentration of 1L.-34 (10
to 50 ng/ml) for up to 96 hours (A). THP-1 (2 x 10°)
cells were either untreated or treated with 50 ng/
ml of IL-34 or 10 mM of PMA for 96 hours (B). HL-60

IL-34 (50ng/mL) (2 x 10°) cells were either untreated or treated with
50 ng/ml of IL-34 for 96 hours (C). For all figures
the cells were concentrated by centrifugation on
cytospin slides and stained with Giemsa. Morpho-
logical changes were observed as described under

PMA (10mM)

that treatment with 50 ng/ml of IL-34 over a
144 hour time course resulted in induction of
differential expression of IL-1a and IL-1B.
Clearly, there was an initial increase in IL-13
expression over a 24 hour period, which
reached a maximum level by 48 hours followed
by a decline. In contrast, IL.-34 induced a steady
increase in expression of IL-1a over the entire
144 hour time course. The data strongly sug-
gests that IL-34 is capable of inducing differen-
tial expression of IL-1a and IL-13. These obser-
vations are of interest because there are a
myriad of implications related to the differential
expression of IL-1a and IL-1B in the myeloid dif-
ferentiation pathway. For example, it has been
reported that transition from IL-1 to IL-1a syn-
thesis is associated with differentiation of
recruited monocytes into inflammatory macro-

the Methods Sections.

phages [12, 15]. Thus, it should be expected
that an intermediate cell type is able to co-pro-
duce both forms of IL-1.

Together, as compared to untreated (control),
there is a marked increase in both IL-1a and
IL-1B expression over a 144 hour time course.
This data raises an important possibility re-
garding whether IL-34 could serve as regula-
tory cytokine on the myeloid differentiation
cascade.

IL-34 alters the morphology of U937, HL-60
and THP-1 cell lines

After noting the differential induction of IL-1a

and IL-1B in response to IL-34 treatment we
next examined if IL-34 induces morphological
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Figure 3. IL-34 induces marked changes in CD11b and CD14 expression in U937 and THP-1 cell lines. Amongst
the cell surface markers with the most significant changes are CD11b induction over 144 hour time course
(A), Representative histogram of induction of CD11b between U937 cells untreated or treated with IL-34 at 24 hours
(B), CD14 induction over 144 hour time course (C), Representative histogram of induction of CD14 between U937
cells untreated or treated with IL-34 at 144 hours (D). The mean + SD for each time point are shown (n = 6), *p <

0.0001.

changes in U937, HL-60 and THP-1 cell lines
associated with monocytic differentiation.
While the untreated U937, HL-60 and THP-1
cell lines did not exhibit any morphological
changes, IL-34 treated cells exhibited marked
morphological changes within 6 to 96 hours.
The morphological changes seen in IL-34 treat-
ed cells were clearly indicative of transition
from the basic, immature monoblastic pheno-
type to towards a more matured phenotype. As
shown in Figure 2A and 2B, untreated U937,
HL-60 and THP-1 cell lines had characteristic
rounded morphology with high nuclear to cyto-
plasmic ratio, which is characteristic of myeloid
lineage progenitors and more related to U937,
HL-60 and THP-1 cell lines [12, 13, 16-23]. In
contrast, IL-34 treated cells had significantly
high cytoplasmic to nuclear ratio, extensive
pseudopodia-like structures as well as con-

densed chromatin with indented and/or kidney-
shaped morphology. These morphological
changes were observed at both lower and high-
er concentrations of 1L-34 tested [24-26]. For
comparison, we specifically examined THP-1
cells treated with PMA, a known inducer of dif-
ferentiation in these cells. As shown in Figure
2B, similar morphological changes were
observed between the IL-34 treated THP-1 and
HL-60 cells and PMA-treated THP-1 cells.

IL-34 alters the expression of cell surface
markers in U937, HL-60 and THP-1 cell lines

Noting that IL-34 treated U937, HL-60 and
THP-1 cell lines appear morphologically differ-
entiated into monocytes, we decided to qualify
these phenotypic changes. To that effect we
evaluated differentiated cells for monocyte and

Int J Biochem Mol Biol 2015;6(1):1-16
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time point are shown (n = 6), *p < 0.0001.

macrophage cell lineage cell surface markers:
CD11b, CD14, CD64, CD68, CD71 and CD8G6,
respectively. CD11b is a differentiation marker
for cells of the myelo-monocytic lineage.
Notably there was a marked decline in the level
of CD11b within 48 to 144 hours (Figure 3A
and 3B) in U937 cells. HL-60 cells showed a
decline in the level of CD11b after 96 hours of
IL-34 treatment as compared to untreated
HL-60 cells (Figure 5C). Similar results were
observed in THP-1 cells over the same time
period (data not shown).

CD14, a binding site for LPS (lipopolysaccha-
ride) is expressed on monocytes and macro-
phages [7, 27, 28]. At 48 hours post IL-34 treat-
ment, there was a notable decrease in CD14
expression as compared to the untreated U937
cells (Figure 3C). However, as shown in Figure
3C and 3D, there was a rebound in CD14
expression between 96 and 144 hours after
stimulation of U937 cells with IL-34. Importantly,

8

at 144 hours post stimulation with [1L-34,
approximately 45% of cells expressed CD14
cell surface marker, as compared to less than
5% at the 24 hour time point. Comparatively,
we note a similar trend of increase in CD14
expression in THP-1 cells, is reported later in
Figure 5A. IL-34 treated THP-1 exhibited a
robust increase of almost 75% in CD14 expres-
sion in a 96 hour period as compared to
untreated.

CD68, also known as macrosialin, is located in
the cytoplasmic granules of monocytes and
macrophages [30]. In Figure 4B, we showed
that at 48 hours post IL-34 treatment there was
a profound increase in CD68 expression as
compared to untreated U937 cells. Also, in
Figure 4A, we noted significant induction of
CD68 at 24 hours post IL-34 treatment, and
that the increase in expression was maintained
for 144 hours. After 96 hours of IL-34 treat-
ment, HL-60 cells show a similar increase in
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CD68 as compared to untreated HL-60 cells
(Figure 5C).

CD71, also known as OKT-9, is a cell surface
marker for immature, proliferating cells similar
to the monoblastic U937 and THP-1 cell lines.
At 48 hours post treatment with 1L-34, we
observed a notable decrease in the percentage
of U937 cells expressing CD71. This observa-
tion was also seen in treated THP-1 cells after
96 hours (Figure 5A). The decline in CD71
expression began early and was most notice-
able at 48 hours in response to IL.-34 in U937
cells. As shown in Figure 4C and 4D, the per-
centage of CD71+ cells in IL-34 treated U937
cells remained lower than in untreated cell at
all time points.

CD64 is a marker for myeloid lineage [29].
There was no change in CD64 expression fol-
lowing treatment of cells with 1L-34. We show
that in THP-1 cells, the expression of CD64
remains high, approximately 90% whether
treated or untreated (Figure 5A). Also, there
was no significant change in the percentage of

CD64+ cells as the percentage of CD64+ cells
remained approximately 95% over the entire
144 hour time course in U937 cells (data not
shown).

As a positive control for evidence of character-
istic cell surface markers associated with
monocytic differentiation, U937 cells were
treated with 50 ng/ml of PMA for 48 hours. The
cells were analyzed for markers of differentia-
tion. The results in Figure 5B, strongly indicate
that U937 cells treated with 50 ng/ml PMA
showed similar trends with respect to induction
of CD11b and CD14 expression. The PMA treat-
ed cells also maintained high percentage of
CD86 positive characteristics as compared to
IL-34 treated cells. This high percentage of
CD86 positivity was also observed in HL-60
cells, both untreated and treated with IL-34.

IL-34-induced differentiated U937 and THP-1
cell lines exhibit endocytic function

In addition to characterizing the morphological
changes and the expression of cell surface

Int J Biochem Mol Biol 2015;6(1):1-16
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Figure 6. Induction of endocytosis and respiratory burst in U937 and THP-1 cells. U937 and THP-1 cells (1 x 10°)
were either untreated or treated with IL-34 (50 ng/ml) in time course experiments. Endocytosis was measured using
the FITC-dextran assay and the data is reported in mean fluorescence intensity. The mean + SD for each time point
are shown (n = 3), *p < 0.0001 at 4°C and 37 °C, respectively (A and B). Respiratory burst activity was assessed as
described under the Methods Section (C and D). The data is reported in reactive oxygen intermediates/fluorescence
arbitrary units. Percentage of fluorescent positive U937 cells under untreated conditions was compared to the fluo-
rescent positive cells under either IL-34 or PMA treated conditions to obtain the fold induction of respiratory burst
activity. The mean + SD for each time point are shown (n = 6), *p < 0.0001, **p = 0.0002.

markers of differentiation induced by IL-34 in
U937 and THP-1 cell lines we examined wheth-
er these changes translate to acquisition of bio-
chemical functions associated with monocytic
differentiation. To do so, we compared untreat-
ed and IL-34 treated U937 and THP-1 cell lines
for their ability to perform endocytosis of extra-
cellular particulates by monitoring FITC-Dextran
uptake into the cells using the FITC-Dextran.
Typically, undifferentiated cells are unable
to endocytose foreign material effectively.
However, congruent with the alteration of mor-
phological and cell surface marker characteris-
tics induced by IL-34 in U937 and THP-1 cell
lines we expected that these differentiated
cells would be capable of uptake of FITC-
Dextran. As expected, IL-34-induced differenti-
ated cells were able to take up significant
amount of FITC-Dextran as compared to the
untreated (undifferentiated) cells. In Figure 6A
and 6B, we noted that U937 and THP-1 cell
lines treated with IL-34 endocytosed FITC-
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Dextran far greater than the untreated cells at
both 37°C and 4°C even though the extent of
endocytosis was much greater at 37°C than at
4°C. These results support the observation
that 1L-34 induces monocytic-like characteris-
tics in U937 and THP-1 cell lines.

IL-34 induced-differentiated U937 and THP-1
cell lines are able to perform respiratory burst

As seen in Figure 6C and 6D, unlike their
untreated counterparts, IL-34 treated U937
and THP-1 cells are able to perform respiratory
burst activity when stimulated with PMA to
initiate the production of reactive oxygen inter-
mediates. Clearly, as compared to the untreat-
ed cells the IL-34 treated cells showed a
12-fold, and 5-fold increase in respiratory burst
activity at 96 hours for U937 and THP-1 cell
lines, respectively. Though the respiratory burst
activity in the IL-34 treated cells declined slight-
ly to 10 fold at 144 hours in U937 cells, it was
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still significantly higher than in the untreated
cells.

From this data it can be inferred that IL-34
treatment promoted the transition of the U937
and THP-1 cell lines to a more differentiated
phenotype with acquired respiratory burst
functional activity in a manner associated with
monocytic differentiation.
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IL-34 differentiation in U937 and THP-1 cell
lines may be mediated through the JAK/STAT
and PI3K/Akt pathways

After noting both morphological and functional
gains associated with treatment with IL-34 in
these leukemia models, we decided to see if
any of the prominent cytokine related signaling
pathways could be related to these observa-
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tions. Because of the presence of both recep-
tors for IL-34, c-FMS and RPTP-3, we decided to
look at the JAK/STAT and PI3K/Akt pathways,
both of which have been implicated in literature
[8, 31-34]. In Figure 7A, we observed that after
pretreating cells with PI3K inhibitor (LY294002)
or TYK-2 inhibitor (Bayer-18), then stimulating
with IL-34 for up to 96 hours, the cells main-
tained rounded morphology with high nuclear
to cytoplasmic ratio, and did not demonstrate a
decrease or change in nuclear size and shape,
nor a reduction of number of nucleoli. Next we
quantified whether these treatments had any
effect on the number of undifferentiated and
differentiated cells over the same time course.
We note that in Figure 7B, as compared to IL-34
treated cells alone, when blocking TYK-2 with
Bayer-18 or PI3K with LY294002, there was a
significantly higher number of undifferentiated
cells as compared to differentiated cells. There
was a 16.6 fold and 25 fold increase of undif-
ferentiated cells in the presence of TYK-2 and
PI3K inhibitors, respectively. The lack of ability
of IL.-34 to induce the same level of differentia-
tion in these cell lines in the presence of the
specific PI3K or TYK-2 inhibitor suggest that
perhaps both the JAK/STAT and PI3K/Akt sig-
naling pathways mediate the differentiation
effects of I1L-34.

Discussion

In this study, we have provided strong evidence
that IL-34 induces differentiation of U937,
HL-60 and THP-1 cell lines into monocyte-like
cells. IL-34-induced differentiated cells were
characterized by alterations in specific surface
markers, as well as functionally by their ability
to phagocytize foreign particles and perform
respiratory burst activity.

First, we confirmed that U937 and THP-1 cell
lines express the receptors for IL-34, c-FMS
and RPTP-3 [1, 8]. The presence of ¢c-FMS in
both cell lines, as compared to the lack of
RPTP-3 in U937 cells does not negate that one
or the other may be responsible for mediating
the biologic effects of IL-34 reported here. To
our surprise 1L-34 did not stimulate cell growth
and/or proliferation. Furthermore, long term
treatment with I1L-34 did not affect viability, sug-
gesting that IL-34 does not cause cell death in
these cells. These results are both contradic-
tory and enlightening because previous studies
reported that IL-34 induces both growth and
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proliferation in monocytes and osteoclast pro-
genitors [2, 8, 35, 36].

In contrast to its inability to stimulate prolifera-
tion, IL-34 induced differential expression of
IL-1a and IL-1B. Differential expression of IL-a
and IL-1B mRNA has been observed in various
cell types, including human monocytes, T cells,
and B cell clones [15]. IL-1a and IL-13 are pro-
duced by activated mononuclear phagocytes
and other cell types and they act as mediators
that increase host defense mechanisms as well
as inflammatory reactions. Despite their signifi-
cant structural differences IL-1a and IL-1B
share many biological activities and recognize
the same cell surface receptors [15, 37]. It is
however known that while IL-13 mediates
immunomodulation in vivo, IL-1a acts as a neg-
ative regulator of the IL-1B activity via competi-
tion for their common receptor. It is possible
that the differential expression of the two forms
of two IL-1 may be regulated through a sequen-
tial production of IL-1B and IL-1a as cells
become more monocytic-like. Understanding
this, we evaluated the induction of IL-1 in U937
cells. Our results are compatible to those exhib-
ited by recruited monocytes during their matu-
ration to inflammatory macrophages. The
molecular mechanisms by which IL-34 induces
differential expression of IL-1ax and IL-1B
remains unknown, which would be the focus of
our future studies.

Based on the IL-1 cytokine induction profile in
U937 cells, we decided to examine in U937,
HL-60 and THP-1 cells lines whether IL-34
would induce morphological changes associat-
ed with maturation towards monocytic-like
cells. As indicated earlier 1L-34 stimulates pro-
gression of U937, HL-60 and THP-1 cell lines
along the myeloid differentiation pathway
towards monocyte-like cells. Typically, U937,
HL-60 and THP-1 cell lines remain monoblastic
in character, similar to monocytes in vivo [12,
13, 20, 28] but retains the ability to differenti-
ate into mature macrophages in response to
may inducers of differentiation [16, 26, 38-41].
During differentiation, cells assume irregular
flat shape with increasing cytoplasmic space.
Furthermore, their nuclei exhibit chromatin
condensation as they become kidney-shaped
in morphology [16, 24-26, 39, 42]. Interestingly,
IL-34 treated U937 cells exhibit most of these
morphological characteristics within 6 to 24
hours of IL-34 treatment with more pronounced
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changes occurring after 48 hours. We noted
that HL-60 and THP-1 cells also exhibited these
same morphological characteristics within 96
hours of treatment. Furthermore, slight mor-
phological changes occurred in cells treated
with 10 ng/ml of IL-34, a significantly lower con-
centration compared to the dose (50 ng/ml) at
which IL-34 is reported to elicit its maximal bio-
logical effects [1, 2, 5, 7, 36, 43, 44]. These
observations suggest that secretion of relative-
ly low amount of IL-34 from an inflammatory
disease into the microenvironment could pro-
duce physiologically relevant responses in can-
cer cells.

IL-34-induced monocyte differentiation was
validated by distinct cell-surface marker ex-
pression for myeloid lineage and monocytes/
macrophages immaturity. Clearly, CD11b level
initially remained elevated within the first 12
hours post treatment followed by an overall
decline after 24 hours. While an initial increase
in CD11b suggests maturation of myeloid pre-
cursors, an overall decrease in CD11b levels
after 24 hours could signify monocyte differen-
tiation towards more macrophage-like charac-
teristics [45]. CD14 is a typical cell surface
marker for monocytes and macrophages and it
serves as a binding site for bacterial lipopoly-
saccharide [27, 28]. Overall, the increase in
CD14 expression in 1L-34 treated cells corre-
lated well with the morphological changes
induced by IL-34 in the U937 and THP-1 cell
lines.

The cell surface markers CD64 and CD86 are
monocyte/macrophage/myeloid lineage mark-
ers. The minimal effects of IL.-34 on CD64 and
CD86 levels in these cells demonstrate that
IL-34 does not alter the myeloid lineage of
these cells [14, 46-50]. Further evidence of
IL-34-induced monocytic differentiation is
exemplified by the decrease in CD71 (OKT-9)
levels [51] with concomitant increase in CD68
expression in IL.-34 treated cells. These chang-
es are comparable to those induced by PMA, a
known inducer of monocytic differentiation [25,
42, 52]. Taken together, the aforementioned
evidence strongly supports the notion that
IL-34 treated cells are re-programmed to move
along the myeloid differentiation pathway away
from immaturity towards more mature and
functional monocytic-like cells.

The biological functionality of the IL-34 differ-
entiated leukemia cells is amongst the most

13

important validations of this study. In addition
to induction of changes in morphology and cell
surface markers, IL-34 promoted the ability of
U937 and THP-1 cell lines to endocytose and
perform respiratory burst, which are two dis-
tinct activities of monocytes and macrophages.
Under such conditions monocytes and macro-
phages rapidly consume significant amount of
oxygen and generate oxygen free radicals with
which to degrade invading bacteria [53-55].
Our results demonstrate that in comparison to
their untreated counterparts, IL-34 treated
cells exhibit marked endocytosis and respira-
tory burst activities that are characteristics of
monocytes and macrophages.

To understand the importance of downstream
signaling effectors of IL-34 in mediating its dif-
ferentiation effects we have observed, we
decided to explore whether there was any
changes to these observations in the presence
of inhibitors to components of the JAK/STAT
and PI3K/Akt signaling pathways. Our data sug-
gests the involvement of both pathways in
mediating the differentiation effects of IL-34
since the blockage of either of these pathways
decreases the differentiation effects of IL-34.
These findings, while preliminary, align with lit-
erature concerning the downstream effectors
of both the ¢c-FMS and RPTP-3 receptors [1, 3,
8, 31-34, 56-60].

In conclusion, we have provided compelling evi-
dence that IL-34 induces differentiation of leu-
kemic cells to monocyte-like cells. To our knowl-
edge this is the first report indicating that IL-34
induces differentiation in a cancer cell line. As
a follow up we had planned to examine whether
IL-34 is capable of eliciting these biologic
effects in primary leukemia cells. However, due
to the logistics and difficulties in obtaining pri-
mary samples of leukemia it was not feasible to
perform such experiments at the time. Instead,
using a third leukemia cell line (HL-60), we suc-
cessfully demonstrated that the differentiation
effects of IL-34 is not restricted to U937 and
THP-1 leukemia cell lines and that HL-60 cells
also respond to IL-34 with respect to differenti-
ation. Furthermore, this is the first report that
IL-34 also induces differential expression of
Il-1a and IL-1B. Though all the signaling compo-
nents that contribute to the effects of IL.-34
reported here have yet to be determined, our
findings indicate that the activation of the JAK/
STAT and PI3K/Akt signaling pathways may be
crucial for the biological effects of IL.-34 and is
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not negated by lack of presence of RPTP-3 in
U937 cells. Because of the ability of IL-34 to
induce differentiation in leukemia cells our find-
ings suggest potential clinical relevance regard-
ing future consideration of IL-34 as a therapy
for leukemia.
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