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Nurse-like cells (NLCs) play a central role in chronic lympho-
cytic leukemia (CLL) because they promote the survival and pro-
liferation of CLL cells. NLCs are derived from the monocyte
lineage and are driven toward their phenotype via contact-de-
pendent and -independent signals from CLL cells. Because of
the central role of NLCs in promoting disease, new strategies to
eliminate or reprogram them are needed. Successful reprogram-
ming may be of extra benefit because NLCs express Fc� recep-
tors (Fc�Rs) and thus could act as effector cells within the con-
text of antibody therapy. IFN� is known to promote the
polarization of macrophages toward an M1-like state that is no
longer tumor-supportive. In an effort to reprogram the pheno-
type of NLCs, we found that IFN� up-regulated the M1-related
markers CD86 and HLA-DR as well as Fc�RIa. This corre-
sponded to enhanced Fc�R-mediated cytokine production as
well as rituximab-mediated phagocytosis of CLL cells. In addi-
tion, IFN� down-regulated the expression of CD31, resulting in
withdrawal of the survival advantage on CLL cells. These results
suggest that IFN� can re-educate NLCs and shift them toward
an effector-like state and that therapies promoting local IFN�
production may be effective adjuvants for antibody therapy in
CLL.

Nurse like cells (NLCs)3 are tumor-nurturing cells derived
from CD14� monocytes in chronic lymphocytic leukemia
(CLL) patients. In vitro studies have classified NLCs as CLL-
specific, tumor-associated macrophage-like cells functioning
as immune regulators and also possible inducers of emerging
drug resistance (1–3). It has been shown recently that, in
patients with diffuse large B cell lymphoma, a high density of
CD68�/CD163� tumor-associated macrophages was signifi-
cantly correlated with unfavorable prognosis and poor clinical
outcome (4).

Given the crucial role NLCs play in CLL cell survival, a num-
ber of immune modulators have been screened for their suit-
ability as therapy against them. Burger et al. (3) showed that
SDF-1-blocking antibodies reduced the protective effects of
NLCs on CLL cells. Morande et al. (5) recently showed that
NLCs were susceptible to Aplidin-induced death, suggesting
that its anti-tumoral effects were from targeting CLL cells and
NLCs simultaneously . Schulz et al. (6) showed that treatment
with lenalidomide changed the functional and phenotypic
nature of NLCs by interfering with their nurturing properties.

Interferons have been widely accepted as modulators of
macrophage plasticity and activation, and it is known that IFN�
is capable of promoting the differentiation of monocytic cells
(7). With regard to therapeutic use, Miller et al. (8) have shown
that IFN� is beneficial for treating immune disorders such as
systemic sclerosis and that it displays antitumor and antiangio-
genic effects both in vitro and in vivo . IFN� treatment has also
been shown to induce antineoplastic immune responses by sen-
sitizing tumor cells to apoptosis via up-regulation of both MHC
class I and II molecules and by enhancing antitumor immune
activity while decreasing M2 characteristics in immune cells (9,
10). IFN� has been successfully used in cases of ovarian cancer,
multiple myeloma (11), and bladder carcinoma and, recently, in
malignant gliomas (12).

Here we examined the effects of IFN� on the phenotype and
function of NLCs. We found that IFN� significantly increased
the expression of the M1-related markers CD86 and HLA-DR
as well as the phagocytic receptor Fc�RI. Concurrently, the pro-
survival ligand CD31 was down-regulated. Consistent with this,
IFN�-treated NLCs showed superior phagocytic ability toward
both opsonized sheep RBCs (SRBCs) and rituximab-coated
CLL cells as well as withdrawal of support for CLL cell survival.
These results show that IFN� can reprogram NLCs to function
as immune effectors and suggest that therapies that enhance
IFN� production locally may be valuable treatments for CLL,
particularly when combined with monoclonal antibodies such
as rituximab.

Experimental Procedures

Patient Samples—Peripheral blood was collected from CLL
patients with informed consent in accordance with the Decla-
ration of Helsinki and under approval from the Institutional
Review Board of Ohio State University.

NLC Culture—Peripheral blood mononuclear cells were iso-
lated from CLL patient blood by density gradient centrifugation
over Ficoll-Hypaque (Nycomed, Oslo, Norway) and resus-
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pended in RPMI 1640 medium (Gibco) supplemented with 10%
heat-inactivated FBS (Hyclone Laboratories, Grand Island,
NY), 2 mM L-glutamine (Invitrogen), and penicillin/streptomy-
cin (56 units/ml, 56 �g/ml; Invitrogen). Peripheral blood
mononuclear cells were cultured at high density (10 � 106 cells/
ml, 2 ml/well) in 6-well tissue culture plates (Corning Costar,
Sigma-Aldrich, St. Louis, MO) and maintained at 37 °C and 5%
CO2 for 14 days to allow the development of NLCs (2, 3).

Reagents and Antibodies—TRIzol was from Invitrogen.
Reverse transcriptase, random hexamers, and SYBR Green PCR
mixture were from Applied Biosystems (Foster City, CA). qPCR
primers were as follows: GAPDH (forward, 5�-ATTCCCTGG-
ATTGTGAAATAGTC-3�; reverse, 5�-ATTAAAGTCACCG-
CCTTCTGTAG-3�), 18S RNA (forward, 5�-TCAAGAACGA-
AAGTCGGAGG-3�; reverse, 5�-GGACATCTAAGGGCA-
TCACA-3�), Fc�RI (CD64) (forward, 5�-GGCAAGTGGACA-
CCACAAAGGCA-3�; reverse, 5�-GCTGGGGGTCGAGGTC-
GAGGTCTGAGT-3�), CD86 (forward, 5�-GGGCCGCACAA-
GTTTTGA-3�; reverse, 5�-GCCCTTGTCCTTGATCTGAA-
3�), and CD31 (forward, 5�-ATTGCAGTGGTTATCATCG-
GAGTG-3�; reverse, 5�-CTCGTTGTTGGAGTTCAGAAG-
TGG-3-�). qPCR primers for HLA-DQ (Hs.PT.58.15134093),
HLA-DR (Hs.PT.58.15096946), NOS-2 (Hs.PT.58.14740388),
and SDF-1 (Hs.PT.58.27881121) were purchased from Inte-
grated DNA Technology (San Diego, CA).

Unconjugated F(ab’)2 of 32.2 (anti-Fc�RI) was from Medarex
(Annandale, NJ), and FITC-conjugated F(ab’)2 goat anti-mouse
IgG was from Life Technologies. Anti-human CD68-FITC and
anti-human HLA-DR Alexa Fluor 488 were from Biolegend
(San Diego, CA). Anti-human CD86-PE (phycoerythrin), anti-
human CD80-PERCP (peridinin chlorophyll A protein), anti-
human CD200-R-PE, and anti-human CD14-APC (allophyco-
cyanin) were from BD Biosciences. The wheat germ agglutinin
conjugates Alexa Fluor 488 and 647 were purchased from Life
Technologies. Recombinant IFN� was from R&D Systems
(Minneapolis, MN). Rituximab and Herceptin (Genentech, San
Francisco, CA) were purchased commercially.

CLL Cell Enrichment—CLL-enriched fractions were pre-
pared using the Rosette-Sep B cell kit (StemCell Technologies,
Vancouver, BC, Canada) according to the instructions of the
manufacturer.

Flow Cytometry Staining of Surface and Intracellular
Markers—NLCs were harvested using 0.25% trypsin (Invitro-
gen) followed by gentle scraping. After Fc receptor blockade,
cells were incubated with 1 �g of surface marker antibody at
1 � 106 cells/ml for 30 min at 4 °C. Cells were washed twice with
FACS buffer (PBS, 0.1% sodium azide, and 2% FBS). Intracellu-
lar staining was done for CD68 using the BD Cytofix/Cytoperm
kit following the protocol of the manufacturer (BD Biosci-
ences). An LSRII flow cytometer (BD Biosciences) was used for
flow cytometry, and FlowJo (FlowJo, Ashland, OR) software was
used for analysis.

Real-time Polymerase Chain Reaction—RNA was isolated
using TRIzol reagent (Invitrogen) and chloroform extraction
followed by DNase (Invitrogen) treatment and reverse-tran-
scribed, and cDNA was used for qPCR. GAPDH and 18S RNA
were used for normalization. The relative copy number was
calculated as 2(��Ct) (13).

Phagocytosis—Phagocytosis assays were performed as
described previously (14). Briefly, NLCs were pretreated with
IFN� or PBS for 72 h. SRBCs (Colorado Serum Co., Denver,
CO) were fluorescently labeled using PKH26 dye (Sigma)
according to the instructions of the manufacturer and then
opsonized with anti-SRBC antibody (Sigma) according to the
instructions of the manufacturer. SRBCs were mixed with
NLCs, and then cells were gently pelleted by slow centrifuga-
tion and incubated for 30 min at 37 °C. Non-ingested SRBCs
were lysed with RBC lysis buffer (eBioscience, San Diego, CA) at
room temperature for 10 min. Cells were washed with PBS and
fixed with 4% paraformaldehyde. Ingested RBCs were counted
using fluorescence immersion oil microscopy. The phagocytic
index was calculated as the total number of SRBCs ingested by
50 NLCs.

CLL Cell Survival Assay—Nurse-like cells were pretreated
with 10 ng/ml IFN� or PBS control for 72 h. Cells were counted
and left overnight for adherence in quadruplicate in 96-well
tissue culture plates (5 � 104/100 �l of medium). CLL cells were
added at (5 � 105/100 �l) and incubated for 24 h. Non-adherent
CLL B cells (100 � � 5 � 105) were harvested and stained with
Annexin V FITC/propidium iodide (BD Biosciences) using the
protocol of the manufacturer. Data are represented as the per-
centage of total live CLL cells (Annexin V FITC� propidium
iodide�).

NLC Phagocytosis of CLL Cells—CLL cells were enriched as
described previously, incubated with 10 �g/ml rituximab on ice
for 2 h, washed with PBS, and then labeled with wheat germ
agglutinin conjugated to Alexa Fluor 647 (5.0 �g/ml, Life Tech-
nologies) for 10 min at room temperature. Simultaneously,
NLCs were harvested, washed, and incubated with wheat germ
agglutinin conjugated to Alexa Fluor 488 (5.0 �g/ml, Life Tech-
nologies) for 10 min at room temperature. Following washes,
co-incubations of NLCs with CLL cells for 60 min at a ratio of
1:5 (NLC:CLL) were done. Cells were then washed and fixed
with 1% formaldehyde for 20 min at 37 °C. Cells were placed
onto microscope slides with ProLong� Gold mounting solution
(Thermo Scientific) and then examined using confocal
microscopy.

Statistics—For NLC gene expression studies, paired two-
tailed Student’s t tests were used to compare untreated relative
copy numbers to IFN�-treated relative copy numbers. For the
phagocytosis results, paired two-tailed Student’s t tests were
used to compare the mean phagocytic index control versus
IFN�-treated cells. For the inhibitor experiments, mixed-effect
modeling was performed using SAS 9.4 (SAS Inc., Cary, NC).
Significance was counted as p ]ltequ] 0.05.

Results

Characterization of NLCs—CLL-patient NLCs were derived
as described under “Experimental Procedures,” and their char-
acteristics were confirmed via flow cytometry (Figs. 1, A–D).
Gating based on forward and side scatter was done in accord-
ance with previous work (1–3) (Fig. 1A). The results showed
that the cells were CD68� and CD14dim (Fig. 1B), with some
CD68� cells also showing expression of CD200R (Fig. 1C). All
cells were CD80� (Fig. 1D).
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IFN� Enhances NLC Expression of CD86, HLA-DR, and
Fc�RI—NLCs have been described as counterparts to tumor-
associated macrophages seen within solid tumors (1, 15, 16).
This led to the question of whether they could be repro-
grammed away from their tumor-supportive phenotype.
Because of their similarities with solid-tumor macrophages, the
possibility existed that treatment with cytokines such as IFN�
(9) might be effective. To test this, we treated NLCs for 72 h
with IFN� and measured levels of the M1-related markers (17)
NOS2 (nitric-oxide synthase 2), HLA-DR, and CD86. Results
showed that IFN� led to variable effects with NOS2, increasing
for some donors and decreasing for others (data not shown).
Transcripts for the T cell coactivator CD86 were significantly
elevated (Fig. 2A), with a corresponding increase in surface
expression (Fig. 2, B and C). Likewise, HLA-DR was signifi-
cantly elevated at the transcriptional (Fig. 2D) as well as cell
surface levels (Fig. 2, E and F) by IFN�.

We also examined Fc�RI, which is the high-affinity IgG
receptor and thus can play a role in antibody-mediated
responses (18). This receptor has been shown to respond to
IFN� in healthy donor monocytes and macrophages (19, 20) as
well as in primary acute myeloid leukemia cells (21). Results
showed that treatment of NLCs with IFN� significantly
increased Fc�RI transcript (Fig. 2G) and protein (Fig. 2, H and
I). However, Fc�RIIa, Fc�RIIb, Fc�RIIIa, and � chain levels
were unaffected (data not shown).

We also tested the effect of IFN� on SDF-1 levels because
this is a major protumoral factor produced by NLCs (3).
However, no effect of IFN� on SDF-1 transcript was seen
(data not shown). Collectively, these results suggest that
IFN� does not effect a complete shift toward an M1 pheno-
type in NLCs but that it does up-regulate molecules involved
with effector functions.

IFN� Enhances Phagocytosis by NLCs—Because IFN�
increased expression of the high-affinity IgG receptor Fc�RI,
we tested the effects of IFN� on phagocytosis. We treated
NLCs with IFN� for 72 h and then measured their ability to
ingest fluorescently labeled, opsonized SRBCs. The results
showed that IFN�-treated NLCs ingested significantly more
SRBCs than untreated NLCs (p � 0.034, Fig. 3A, plotted
in B).

Next, we tested whether IFN�-treated NLCs would be
capable of phagocytosing antibody-coated CLL cells. We
treated NLCs with IFN� for 72 h as above, membrane-la-
beled them with fluorescent dye, and then incubated them
for 1 h with membrane-labeled CLL cells that were
opsonized with the anti-CD20 antibody rituximab, which is
commonly used for the treatment of CLL. We examined
phagocytosis via confocal microscopy between untreated
(Fig. 3C) and IFN�-treated (Fig. 3D) NLCs and found that
IFN� significantly increased the number of ingested CLL
cells (Fig. 3E).

FIGURE 1. Characterization of NLCs. A–D, NLCs were generated as described under “Experimental Procedures.” NLCs were analyzed using flow cytometry.
Graphs show scatter (A), CD14 (B), CD200R (C), and CD80 (D) in the CD68� population.
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IFN� Down-regulates CD31 and Reduces NLC-mediated Sur-
vival of CLL Cells—CD38/CD31 interactions in cooperation
with CD100 promote survival of CLL cells, and it has been
shown that blocking antibodies against CD31 can disrupt CLL
cell survival (22). Hence, we tested the effects of IFN� treatment
on the expression of CD31 in NLCs. The results showed that
72-h treatment with IFN� led to a significant reduction in
CD31 (Fig. 4A).

The above led us to test whether IFN�-induced NLC polariza-
tion would be sufficient to interfere with NLC-dependent CLL cell
survival. We treated NLCs for 72 h and then co-cultured them
with CLL cells for 24 h. CLL cell survival was measured by
Annexin/propidium iodide staining. The results showed that
IFN� treatment significantly reduced the survival of CLL cells
within the co-cultures (Fig. 4B) despite not accelerating the death
of control CLL cells in single culture (data not shown).

FIGURE 2. IFN� elicits expression of CD86, HLA-DR and Fc�RIa in NLCs. NLCs were generated as described under “Experimental Procedures.” NLCs were
treated with or without 10 ng/ml IFN� for 72 h. A, D, and G, qPCR done to measure CD86 (A, n � 6), HLA-DR (D, n � 4), and Fc�R1 (G, n � 6). B, E, and H, NLCs were
treated as above, and flow cytometry was done for CD86 (B), HLA-DR (E), and Fc�RI (H). Histograms show fluorescence intensity of each respective marker. Solid
red, untreated (UT); transparent red, isotype control; solid blue, IFN�-treated, transparent blue, isotype control. Representative histograms are shown. C, F, and
I, mean fluorescence intensity (MFI) for CD86 (C, n � 5), HLA-DR (F, n � 3), and Fc�RI (I, n � 6). *, p � 0.05.
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Discussion

In this study, we found that treatment of NLCs with IFN�
could reprogram them toward a more effector-like phenotype
and also in such a way that they no longer supported the sur-
vival of CLL cells. IFN� also significantly enhanced the phago-
cytic ability of NLCs against opsonized SRBCs as well as ritux-
imab-coated CLL cells. These findings suggest that IFN� could
serve to improve the outcome of antibody therapy for CLL.
They also support the earlier observation that NLCs resemble
M2-like tumor-associated macrophages (15) because the latter
have been found to respond to IFN� (9).

In addition, these data suggest that SDF-1, although impor-
tant for CLL cell survival, is by itself not sufficient. IFN� did not
significantly decrease NLC SDF-1 but did decrease CLL cell
survival in NLC/CLL cultures. This is in agreement with Burger
et al. (3), who found that supplementing CLL cells with SDF-1
offered some but not full protection against apoptosis. Addi-
tional survival stimuli such as CD31/CD38 interactions, along
with others yet to be tested, are likely to contribute to CLL cell
survival. Quantifying the full effects of IFN� on NLCs with

regard to their interactions with CLL cells will require further
study.

Direct administration of IFN� continues to be tested for con-
ditions including macular edema, HIV, and various tumor types
(http://www.clinicaltrials.gov). A synthetic version of IFN�
(Actimmune) was approved for the treatment of chronic granulo-
matous disease as well as to delay the progression of malignant
osteopetrosis (http://www.fda.gov/Drugs/DrugSafety/Postmarket
DrugSafetyInformationforPatientsandProviders/ucm109130.
htm). Our results suggest that such IFN� administration may
be beneficial against CLL as well. Within the context of anti-
body therapy, IFN� would be induced in natural killer cells,
which could act locally upon the NLCs. This could be further
strengthened by the co-administration of agents such as IL-12
(23), CpG (24), and TLR8 agonists (25). Such co-treatment
would be predicted to significantly enhance antibody-mediated
clearance of CLL cells and may also inhibit the development of
new NLCs. Given the importance of CD20 antibody-based
therapy in prolonging survival of CLL patients, this could rep-
resent a major advance for this currently incurable disease.

FIGURE 3. IFN� enhances phagocytosis by NLCs. NLCs (n � 3 donors) were treated for 72 h with or without 10 ng/ml IFN� and used in phagocytosis assays.
A, representative microscopy images of untreated (UT, top panels) and IFN�-treated (bottom panels) cells. Shown are bright-field (left panels), fluorescence
(center panels), and merged (right panels) images. B, phagocytic index of untreated versus IFN�-treated NLCs. C—E, NLCs (n � 5 donors) were treated as above
and tested for phagocytosis of CLL cells as described under “Experimental Procedures.” Images show untreated (C) and IFN�-treated NLCs (D). E, the average
number of CLL cells ingested by NLCs. Error bars represent standard deviation. *, p � 0.05.
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