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Introduction

The inflammatory response is a complex and coordinated

Summary

A growing body of evidence suggests that inflammatory cytokines have a
dualistic role in immunity. In this study, we sought to determine the
direct effects of interferon-y (IFN-y) on the differentiation and maturation
of human peripheral blood monocyte-derived dendritic cells (moDC).
Here, we report that following differentiation of monocytes into moDC
with granulocyte-macrophage colony-stimulating factor and interleukin-4,
IFN-y induces moDC maturation and up-regulates the co-stimulatory
markers CD80/CD86/CD95 and MHC Class I, enabling moDC to effec-
tively generate antigen-specific CD4" and CD8" T-cell responses for mul-
tiple viral and tumour antigens. Early exposure of monocytes to high
concentrations of IFN-y during differentiation promotes the formation of
macrophages. However, under low concentrations of IFN-y, monocytes
continue to differentiate into dendritic cells possessing a unique gene-
expression profile, resulting in impairments in subsequent maturation by
IFN-y or lipopolysaccharide and an inability to generate effective antigen-
specific CD4" and CD8" T-cell responses. These findings demonstrate that
IFN-y imparts differential programmes on moDC that shape the antigen-
specific T-cell responses they induce. Timing and intensity of exposure to
IFN-y can therefore determine the functional capacity of moDC.

Keywords: antigen presentation; dendritic cells; inflammation; interferon-
7; T lymphocytes.

immune scenarios: It can either augment or suppress
cancer, autoimmunity and various other pathological
conditions such as graft-versus-host disease following

event with intricate checkpoints, balances and self-regula-
tion that evolved to control the deleterious effects of an
unchecked immune response.'™ Interferon-y (IFN-y), a
type II interferon, is a critical endogenous mediator of
inflammation and plays a key role in bridging adaptive
and acquired immune responses.®'' In the five decades
since IFN-y was first characterized, a plethora of data has
defined the biological activity of this pleiotropic mole-
cule.>'? Interferon-y plays a dualistic role in several

allogeneic transplantation.'"'?"!

Key functions of IFN-y in immunity are the differentia-
tion and activation of macrophages from monocytes, mat-
uration of dendritic cells (DC), and the induction of T-cell
differentation to T helper type 1 (Th1) effector T cells.”* >’
The pathway of activation, dependent on downstream sig-
nalling through the IFN-y receptor is independent from
more potent pathogen-dependent inducers of innate
immunity such as lipopolysaccharide (LPS) controlled
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Toll-like receptor-4 signalling. Ligands for various Toll-like
receptors (expressed on DC and macrophages) are abun-
dantly present in foreign pathogens such as bacteria,
viruses, fungi or parasites. Historical immunological
studies show that Toll-like receptor agonists induce strong
activation of innate immunity, as witnessed by changes in
the secretion of pro-inflammatory cytokines such as inter-
leukin-12 (IL-12), tumour necrosis factor-oc (TNF-o/) and
IL-6, co-stimulatory molecules and the ability to process
and present antigen. In the absence of foreign pathogen-
mediated signalling, IFN-y can still induce a degree of acti-
vation in DC and macrophages, albeit at lower levels and
through completely independent mechanisms compared
with Toll-like receptors. This phenomenon can be viewed in
terms of an immunological response to sterile inflammation.

In the generation of cytotoxic T cells for adoptive cell
therapy, LPS is commonly used to mature DC for T-cell
expansion but some protocols also use IFN-y in combina-
tion with LPS for DC maturation.”® >> Under alternate
conditions, IFN-y can paradoxically tolerize monocyte-
derived DC (moDC).'*** Here, we explore possible
mechanisms for this opposing functionality and show that
IFN-y incorporated during maturation of moDC increases
co-stimulatory molecule expression, and generates moDC
competent to induce the proliferation of multiple viral
and tumour antigen-specific cytotoxic T cells. Conversely,
IFN-y introduced together with granulocyte—macrophage
colony-stimulating factor (GM-CSF) and IL-4 during
moDC differentiation generated macrophages at high
concentrations and dysfunctional moDC possessing a
unique gene expression profile at low concentrations.
Later addition of IFN-y or LPS failed to induce matura-
tion of moDC. This study further defines the optimum
dose and timing of IFN-y for generating moDC that
either enhance or dampen T-cell-specific immune responses.

Materials and methods

Cytokines

Recombinant human IFN-y1B (ACTIMMUNE) was pur-
chased from Vidara Therapeutics, Roswell, GA. Recombi-
nant human IL-2 was purchased from Novartis (East
Hanover, NJ). Recombinant human GM-CSF, IL-4 and
IL-7 were purchased from Peprotech (Rocky Hill, NJ).

Isolation, growth and differentiation of human periph-
eral blood monocytes into dendritic cells

Elutriated monocytes and lymphocytes were prepared from
healthy donors, aged 20-80 years, from the Department of
Transfusion Medicine at the National Institutes of Health.
All blood-product acquisitions and ethics approval was
granted by the Institutional Review Board in accordance
with the declaration of Helsinki. Elutriated monocytes

IFN-y critically determines DC function

were plated onto 24-well plates and differentiated into
moDC with RPMI-1640 (+ glutamine; Invitrogen, Carls-
bad, CA) supplemented with 10% heat-inactivated fetal
calf serum, 0-5% HEPES, 1% penicillin/streptomycin, and
0-01% gentamycin, in the presence of GM-CSF (800 IU/
ml), IL-4 (1000 IU/ml) and various concentrations of IFN-y
(0, 1, 10, 100, 1000, 10 000 IU) for 5-7 days before analy-
sis or further studies. Monocyte purity from elutriation
was between 80 and 85% (with admixed lymphocyte/natu-
ral killer cells) but after the addition of GM-CSF and IL-4
for 2 days, > 99% of cells were monocyte-derived CD33-
positive cells.

Flow cytometry-based phenotypic and cytokine analysis

For phenotypic analysis of monocytes, macrophages, DC
and T cells, fluorescently labelled antibodies for human
CD4 (V500/RPA-T4), CD8 (allophycocyanin-Cy7/SK1),
CD11b [phycoerythrin (PE)-Cy5/ICRF44], CD11c (FITC,
R2), CD14 (PE, ME52), CD33 (V450, WM53), CD80
(FITC, L307.4), CD83 (AF-488/HB15e), CD86 (PE-Cy5/
233.1), CD95 (PE/PE-Cy5), CD107a (FITC), HLA-DR (all-
ophycocyanin-Cy7/L243), HLA-ABC (PE-Cy5/G46-2.6),
and IFN-yR1 (PE/GIR-94) were purchased from BD Bio-
sciences (San Jose, CA). Antibodies for CD3 (Brilliant Vio-
let/OKT3), CD68 (FITC/Y1/82A) and CD163 (PE/RM3/1)
were purchased from Biolegend, San Diego, CA. Intracellu-
lar fixation and permeabilization were performed using the
intracellular kits manufactured by BD Biosciences. Fluores-
cently labelled antibodies for Foxp3 and Helios were pur-
chased from BD Biosciences and antibodies for IFN-y (PE/
45-B3), TNF-a (PE-Cy7/MAb/1), and IL-2 (PerCP/MQI-
17H12) were purchased from eBioscience (San Diego, CA).
All flow cytometry data were obtained using the FACS
FORTESSA (BD Biosciences) and analysed using rLowjo
Version 9.4.10 software (TreeStar, Ashland, OR).

Generation of antigen-specific lymphocyte responses

To measure the functional capacity of moDC, autologous
elutriated lymphocytes were co-cultured overnight with
the various moDC pulsed with pools of overlapping pep-
tides®* for the cytomegalovirus (CMV) proteins IE and
pp65 (JPT Peptide Technologies, Berlin, Germany) in the
presence of golgiplug (1 ul/ml) and golgistop (0-7 pl/ml).
CMV responses were measured in patients with docu-
mented CMV seropositivity. To generate tumour-antigen-
specific T-cell responses, moDC were differentiated with
GM-CSF and IL-4 for 5 days and matured with 1000
IU/ml of IFN-y for 48 hr and pulsed with pools of over-
lapping peptides for WT1, PR3, AK1 and PRAME or a
mix of all four peptide pools. These moDC were co-cul-
tured with autologous elutriated lymphocytes in 96-well
plates at a four T cells to one DC ratio and grown for
1 week in IL-4 (1000 IU/ml) and IL-7 (10 ng/ml). T cells
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were then stimulated again with peptide-pulsed irradiated
autologous monocytes and supplemented with 10 IU of
IL-2 in addition to IL-4 and IL-7 in 24-well plates.

Whole transcriptome expression analysis

Human moDC from four healthy donors were differenti-
ated with either GM-CSF and IL-4 or GM-CSF, IL-4, and
1 IU of IFN-y for 6 days and were resuspended into RLT
buffer (Qiagen, Hilden, Germany). Total RNA was isolated
using the RNeasy kit (Qiagen) and was amplified using the
Ambion WT expression kit (Invitrogen) according to the
manual. Fragmented single-stranded sense DNA were ter-
minally labelled and hybridized to the Human GeneChip
1.0 ST array (Affymetrix, Santa Clara, CA) and stained on
a Genechip Fluidics Station 450 (Affymetrix), all according
to the respective manufacturers’ instructions. Arrays were
then scanned on a GeneChip Scanner 3000 7G (Affyme-
trix). After Robust Multichip Average normalization, dif-
ferentially expressed genes were identified by one-way
repeated measures analysis of variance (P < 0-01) corrected
by Benjamini-Hochberg’s False Discovery Rate method
(P <005 and this gene list was further filtered for
between-group o levels of P <0-01, P <0-005 and
P < 0-001 for genes differentially expressed from moDC
differentiated with GM-CSF and IL-4 or GM-CSF, IL-4
and 1 IU of IEN-y. The statistically significant gene expres-
sion changes, defined by a P-value cut-off of 0-01 were
analysed using Ingenuity Pathways Analysis (Ingenuity Sys-
tems, Redwood City, CA). This software identified 461
genes that were differentially expressed between the two
groups. The accession number for the micro-array data is
GSE47621 and the URL is: http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE47621.

Light microscopy

To evaluate the morphology of peripheral blood monocytes
differentiated under various conditions, images for cells in
culture were captured using an AMG Evos core light micro-
scope (Advanced Microscopy Group, Bothell, WA).

Statistical analysis

All data are represented as a mean =+ standard error of
the mean (SEM). One-way analysis of variance and two-
tailed Student’s t-tests were used to test for significant
differences. P < 0-05 was considered significant.

Results

IFN-y induces maturation of human moDC

Peripheral blood monocytes were differentiated into
immature dendritic cells (iDC) with GM-CSF and IL-4

for 5-7 days. Following iDC formation, we added
increasing concentrations of IFN-y for 48 hr and
observed a significant increase in the expression of
CD80, CD86, CD95 and HLA-ABC (Fig. 1a). Interest-
ingly, the optimal maturation dose appeared to be
1000 U/ml, with higher concentrations conferring detri-
mental effects with regard to CD80 and CD95 expression
(Fig. 1a).

Generation of virus-specific CD8" T cells with IFN-y
matured moDC

We next sought to determine the ability of IFN-y
matured moDC to stimulate the proliferation and func-
tion of CD8" and CD4" T cells. Interferon-y-matured
moDC or iDC were pulsed with multi-epitope-spanning
overlapping peptides for CMV antigens pp65 and IE-1,
and used to stimulate autologous lymphocytes. Lympho-
cytes were labelled with carboxyfluorescein succinimidyl
ester (CFSE) fluorescent dye, and co-cultured with pep-
tide-pulsed standard iDC or IFN-y matured moDC. Both
CD8" and CD4" T cells co-cultured with IFN-y matured
moDC exhibited an increase in CFSE dilution, indicating
that the maturation of moDC with IFN-y improved the
ability of moDC to stimulate T-cell proliferation
(Fig. 1b). We also measured the ability of IFN-y-matured
moDC to improve the function of co-cultured CD8" T
lymphocytes by examining the expression of CD107a (a
surrogate marker for lytic degranulation) on CD8" T
cells. We witnessed a significant increase in the percentage
of CD8" CD107a" cells with peptide-pulsed IFN-y
matured moDC compared with iDC (Fig. 1c). Hence,
IFN-y directly induces moDC maturation, enabling for
the generation of CMV-specific cytotoxic CD8" T-cell
effectors.

Generation of multi-tumour antigen-specific CD4" T
cells with IFN-y matured moDC

Interferon-y matured moDC were pulsed with peptide
mixes for overlapping epitopes for Wilm’s tumour 1
(WT1), Aurora kinase-1 (AK1), Proteinase-3 (PR-3), and
Preferentially Expressed Antigen in Melanoma (PRAME)
and co-cultured with autologous lymphocytes for 7 days
in the presence of IL-4 and IL-7.” Additional groups
included moDC pulsed with a mix of all four peptide pools
(Mix) and moDC not pulsed with any peptides (NP).
Following a second stimulation and the addition of low
doses of IL-2 (10 IU/ml) to induce T-cell growth for seven
additional days, large numbers of tumour antigen-specific
CD4" T cells were generated. A significant percentage of T
cells secreted IFN-y, TNF-o and IL-2 upon re-stimulation
with peptide, indicating the ability to generate tumour
antigen-specific T cells using IFN-y-stimulated moDC
(Fig. 2).
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Figure 1. Interferon-y (IFN-y) induces the maturation of human monocyte-derived dendritic cells (moDC). (a) Flow cytometric analysis of CD80,
CD83, CD86, HLA-ABC and CD95 expression for moDC matured for 48 hr with 0, 100, 1000 or 10 000 IU of IFN-y (top panel). The percentage
change in mean fluorescence intensity (MFI) following IFN-y maturation compared with immature DC (iDC) exposed to 0 IU IFN-y from samples
of three separate healthy donors (bottom panel). *P < 0-05 compared with baseline MFI expression of iDC. All plots are gated on live (vivid™)
CD11b" CD11c™ HLA-DR™ cells. (b) Autologous lymphocytes were labelled with CFSE, co-cultured with iDC or IFN-y matured moDC pulsed with
overlapping peptides for the cytomegalovirus (CMV) antigens IE and pp65 and examined for CFSE dilution (c) Expression of CD107a for autologous
CD8" T cells following overnight co-culture with moDC from CMV-seropositive patients pulsed with peptide pools for CMV antigens IE and pp65
(left panel). Quantification of the percentage of CD8" CD107a* T cells for similar treatments (right panel). All plots gated on live vivid~, CD3" cells.

IFN-y modifies monocyte differentiation

To assess the effects of IFN-y on the differentiation of
monocytes, we cultured human peripheral blood monocytes
with GM-CSF, IL-4 and varying concentrations of IFN-y
and observed a loss of DC populations (CD11b* CD11c"
ClassITI'™") under high concentrations of IFN-y (Fig. 3a). At
higher concentrations of IFN-y (> 1000 IU; IFN-y™),
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we witnessed a change in cell morphology (Fig. 3b) with an
increase in the expression of CD14, CD33, CD68 and
CD163 and loss of CD1lc expression (Fig. 3c). Hence,
higher concentrations of IFN-y appeared to deviate mono-
cyte differentiation towards macrophages despite the pres-
ence of GM-CSF and IL-4. However, at low concentrations
of IFN-y (1 IU; IFN—yLOW), differentiation of monocytes
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Figure 2. Generation of multi-tumour antigen-specific CD4" T cells with interferon-y (IFN-y) matured dendritic cells (DC). Representative
intracellular flow cytometry plots for IFN-y, tumour necrosis factor-o (TNF-) and interleukin-2 (IL-2) secretion by CD4" T cells following the
generation of large numbers of antigen-specific T cells specific for WT1, PR3, AK1, and PRAME. Autologous lymphocytes were primed with
IFN-y-matured monocyte-derived DC (moDC) pulsed with the various overlapping peptide pools individually or all together (Mix) and grown
for 2 weeks in culture media supplemented with IL-4 1000 IU/ml, IL-7 (10 ng/ml) and IL-2 (10 IU/ml). NP = T cells grown with moDC with
no peptides. All plots gated on live vivid~, CD3", and CD4" T cells. Data are representative of five healthy donors.

into moDC based on dendritic cell morphology (Fig. 3b) 4 or GM-CSF, IL-4 and IFN-y**" in four healthy indi-
and phenotypic markers (Fig. 3¢) was unchanged. viduals (Fig. 4a). An unbiased analysis revealed a
unique gene expression profile for monocytes differenti-
ated in GM-CSF + IL-4 compared with GM-CSF, IL-4
and IFN-y™" (Fig. 4b). Using a P-value cut-off of
0-001, 32 transcripts were differentially expressed (see
We performed whole transcriptome analysis on mono- Supporting information, Fig. S1) while at a P-value
cytes differentiated in the presence of GM-CSF and IL- cut-off of 0-01, 461 genes were differentially expressed.

During monocyte differentiation, IFN-y“°" imparts a
unique gene expression profile
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Figure 3. High concentrations of interferon-y (IFN-y) during monocyte differentiation with interleukin-4 (IL-4) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) skew lineage commitment towards macrophages. (a) Generation of CD11b" CD11c™ HLA-DR™ DC popu-
lations following differentiation of peripheral blood monocytes for 5-7 days with GM-CSF, IL-4 and IFN-y (0, 1, 1000 or 10 000 IU). (b) Repre-
sentative light microscopy images evaluating the morphology of cells treated as in (a). All pictures taken with the AMG Evos core light
microscope, 40x. (c) Phenotypic flow cytometric analysis for monocyte, DC and macrophage lineage-specific markers (CD11c, CD14, CD33,
CD68, and CD163) following monocyte differentiation with GM-CSF, IL-4 and IFN-y (0, 1, or 10 000 IU). All plots gated on live vivid™ cells.
HD = Healthy donor.
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involved in cellular growth, proliferation and differenti- responses

ation. The importance of these genes in the differentia-

. . . To assess the functional significance of exposure to low
tion and function of human peripheral blood 8 p

concentrations of IFN-y, we harvested iDC grown with or
without TFN-y"*", pulsed them with overlapping peptide-
epitope libraries for the CMV antigens pp65 and IE-1, and
compared the ability of the two moDC types to stimulate
autologous antigen-specific T-cell responses in CMV-sero-
positive individuals. Immature moDC differentiated with

monocytes is yet to be determined (Fig. 4c). Taken
together, whole transcriptome analysis indicated that
despite no changes in phenotype and morphology,
moDC cultured in IFN-y™" developed a distinct molec-
ular and transcriptional signature, indicating possible
functional differences.

Figure 5. Monocyte-derived dendritic cells (moDC) exposed to low concentrations of interferon-y (IFN-y™"

) during differentiation show
decreased antigen-specific T-cell responsiveness. (a) Representative flow cytometry plots depicting cytomegalovirus-specific autologous CD4"
T-cell responses by intracellular staining for IFN-y and tumour necrosis factor-oo (TNF-o) following priming with IE and pp65 peptide pool
pulsed DC differentiated with granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) or GM-CSF, IL-4 and 1 U
IFN-y. DC-NP represents co-cultures with DCs not pulsed with peptide. All plots gated on live vivid~, CD3", CD4" cells. (b) Quantification of
the percentage of live vivid~, CD3", CD4", IFN- 7" and live vivid~, CD3", CD4", TNF-a" cells from co-cultures similar to (a). *P < 0-05,
##P < 0.10 compared with co-cultures with moDC grown with GM-CSF, IL-4 and IEN-y"" (+/—). Data are representative of three separate
experiments in different healthy donors. (c) Autologous peripheral blood lymphocytes were co-cultured with moDC differentiated with GM-CSF
and IL-4 or GM-CSF, IL-4 and IFN-y*" and examined for differences in induced, vivid~, CD3*, CD4*, CD25", Foxp3*, and Helios, or natu-
rally occurring, vivid~, CD3", CD4", CD25", Foxp3", Helios* T regulatory cells. No DC = freshly thawed lymphocytes without DC co-culture.
Data are representative of three separate experiments in different healthy donors. (d) Autologous lymphocytes were labelled with CFSE, co-cul-
tured with moDC described above (c), and examined for CFSE dilution (left panel). (e) Quantification of the percentage of CD4" and CD8" T
cells that have divided based on CFSE dilution from (d) left panel. *P < 0-05 compared with co-cutlures with immature DC (iDC), two-tailed
Student’s t-test.
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IFN-7"" showed a significant decrease in their ability to
stimulate antigen-specific CD4" T cells producing IFN-y
and TNF-o (Fig. 5a,b). To explore the effect of iDC for
the induction of CD4"*, CD25", Foxp3"* T regulatory cells,

IFN-y critically determines DC function

we co-cultured autologous lymphocytes with moDC dif-
ferentiated with or without IFN-y™*" and compared the
frequency of CD3", CD4", CD25", Foxp3*, Helios"~ T

cells to control lymphocytes not co-cultured with
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Figure 6. Monocyte-derived dendritic cells (moDC) differentiated in the presence of low concentrations of interferon-y (IFN-*") are resistant
to subsequent IFN-y or lipopolysaccharide (LPS) -induced maturation. (a) Representative histograms for expression of CD80, CD83, CD86,
CD95 and HLA-ABC for moDCs differentiated with granulocyte-macrophage colony-stimulating factor (GM-CSF)/interleukin-4 (IL-4) (—/—),
GM-CSF/IL-4/1 TU IEN-y (+/—), GM-CSF/IL-4 followed by maturation with 1000 IU IFN-y (—/+), and GM-CSF/IL-4/1 IU IFN-y followed by
maturation with 1000 TU IFN-y (+/+). All plots are gated on vivid~ CD11b", CD11c™, HLA-DR™ cells. (b) Quantification of the percentage
change in MFI for CD80 and CD86 expression between the (—/+) and (+/+) groups compared with the (—/—) group. Data are representative of
three donors. *P < 0-05, two-tailed Student’s t-test. (c) Representative flow cytometry plots for cytomegalovirus-specific CD8" and CD4" T-cell
responses measured by intracellular staining for IFN-y and TNF-a following priming with (—/+) and (+/+) moDC pulsed with overlapping pep-
tides for IE and pp65. (d) Quantification of the percentage of CD8" CD107a*, CD8" IFN-y*, CD8" TNF-o*, CD4" IFN-y*, CD4" IL-2*, and
CD4" TNF-o." cells between lymphocytes co-cultured with moDC from (c). (e) The MFI for CD80, CD83, CD86, CD95 and HLA-ABC following
moDC differentiated with GM-CSF/IL-4 (—/) or GM-CSF/IL-4/1 U IFN-y (+/), followed by maturation with 1000 IU IFN-y or 100 mg/ml LPS
(/+). All plots gated on live vivid~ CD3" cells. * **P < 0-05, two-tailed Student’s t-test. Data are representative of three to four healthy donor

patients (n = 3 or n = 4).

moDC.* No differences were found in the percentage of
induced or naturally occurring regulatory T cells between
the groups (Fig. 5¢),> indicating that moDC specifically
impacted CD4" T-cell memory recall responses and did
not induce regulatory T cell differentiation (Fig. 5c¢).

We next assessed whether IFN-y impaired the ability of
iDC to induce T-cell proliferation. Lymphocytes were
labelled with CFSE fluorescent dye, and co-cultured with
standard iDC or IEN-y™" iDC. Both CD8" and CD4" T
cells co-cultured with IFN-y"" iDC exhibited signifi-
cantly reduced CFSE dilution, indicating that IFN-y“°"
iDC had an impaired ability to induce T-cell proliferation
(Fig. 5d). Hence, IFN-y"*" iDC have a reduced ability to
generate antigen-specific T-cell responses.

IEN-y"°" iDC are unresponsive to subsequent
maturation by IFN-y or LPS

To assess the effect of differential dosing and timing of
IFN-y, moDC were grown under four conditions: (i) dif-
ferentiation with GM-CSF/IL-4, no IFN-y maturation
(—/—); (ii) differentiation with GM-CSF/IL-4/IFN-y=",
no IFN-y maturation (+/—); (iii) differentiation with
GM-CSF/IL-4 with 1000 IU IFN-y maturation (—/+); (iv)
differentiation with GM-CSF/IL-4/IFN-y"*" with 1000 IU
IFN-y maturation (+/+). Critically, moDC differentiated
in the presence of low concentrations of IFN-y and subse-
quently matured with higher doses of IFN-y failed to
up-regulate expression of CD80 and CD86 to the same
degree as IFN-y matured moDC that were differentiated
without IFN-y (Fig. 6a). The differences in the change in
mean fluorescence intensity expression for CD80 and
CD86 were statistically significant (Fig. 6b). Next, we
tested whether moDC differentiated in the presence of
IFN-7"" had reduced ability to generate antigen-specific
T cells. Monocyte-derived DC generated in the four cul-
ture conditions described above were pulsed with overlap-
ping peptide-epitope libraries for pp65 and IE-1.
Exposure of moDC differentiated with IFN-y"Y to
1000 IU IFN-y at maturation did not rescue the ability of
IEN-y"*" moDC to induce a robust CMV-specific IFN-y

and TNF-o CD8" or CD4" T-cell response (Fig. 6c).
Compared with IFN-y matured moDC with no prior
exposure to IFN-y, the IFN-y" moDC also had a
statistically significant decrease in the percentage of
CD8" CD107a", CD8" IFN-y*, CD8" TNF-o", CD4" IEN-y",
CD4" TNF-o" and CD4" IL-2" cells (Fig. 6d).

Lipopolysaccharide is known to stimulate moDC to a
greater capacity than IFN-y. Although we did not see any
significant differences in the increase of co-stimulatory
molecules when comparing LPS to IFN-y maturation, we
did observe an increase in the secretion of IL-12p70 and
TNF-a in LPS-matured DC (see Supporting information,
Fig. S2). Additionally, allogeneic mixed lymphocyte reac-
tion assays showed that LPS-matured DC induced higher
levels of T-cell proliferation compared with IFN-y
matured DC (see Supporting information, Fig. S3). In
contrast, we did not observe significant differences in
the expression of co-stimulatory molecules such as
CD80, CD83, CD86, HLA-ABC or HLA-DR between
LPS- or IFN-y-matured DC (see Supporting information,
Fig. S4).

We next assessed if subsequent exposure to LPS could
mature IFN-y"“°" differentiated moDC. Surprisingly, moDC
differentiated in the presence of IFN-y"*" had a statistically
significant decrease in the up-regulation of co-stimulatory
molecules CD80, CD83, CD86 and HLA-ABC compared
with standard moDC following maturation with either
higher doses of IEN-y or LPS (Fig. 6e). Hence, differentiat-
ing human peripheral blood monocytes with GM-CSF,
IL-4 and IFN-y"" generates dysfunctional moDC incapa-
ble of subsequent maturation with IFN-y or LPS. In con-
trast, monocytes differentiated with GM-CSF and IL-4
alone, retain their ability to be matured by IFN-y and
induce robust CD8" and CD4" T-cell responses to multi-
ple viral and tumour antigens (Fig. 7).

Discussion

Two seminal discoveries, first by Ralph Steinman in identi-
fying DC as a unique subset of mononuclear cells,””*® and
then the discovery by Federica Sallusto and Antonio Lanza-
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vecchia that GM-CSF and IL-4 differentiate monocytes
into moDC, paved the way for a better understanding of
the biology of monocytes and moDC.” The knowledge
gained from these fundamental studies is now enabling sci-
entists to develop cellular products that have the potential

Published 2014. This article is a U.S. Government work and is in the public domain in the USA. Immunology, 143, 96-108

to treat a wide variety of human diseases such as cancer,
infectious diseases and autoimmunity.*>***

In this study, we demonstrate that IFN-y, an important
mediator of sterile inflammation, possesses a dualistic role
in shaping the function of human peripheral blood mono-
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ferential programming of human peripheral
blood monocytes by interferon-y (IFN-y). Den-
dritic cells developed under standard condi-
tions with granulocyte—-macrophage colony-
stimulating factor (GM-CSF) and interleukin-4
(IL-4) are capable of being matured by IFN-y
into efficient stimulators of antigen-specific

CD8" and CD4" T cells. In contrast, mono-
cytes exposed to low concentrations of IFN-y

- 1

Macrophage

* Macrophage-like
morphology and
phenotype

during differentiation generate dendritic cells
that induce a decrease in antigen-specific T-cell
responsiveness and have impaired maturation

cyte-derived DC. In the presence of GM-CSF and IL-4,
high concentrations of IFN-y skew the in vitro differentia-
tion of monocytes into macrophages, but under lower con-
centrations, monocytes continue down their lineage path
into DC. Monocyte-derived dendritic cells differentiated in
the presence of low levels of IFN-y possess a unique gene
expression profile and induce significant antigen-specific
T-cell hyporesponsiveness compared with standard imma-
ture moDC, despite not possessing any differences in sur-
face co-stimulatory molecules or differences in cytokine
profiles based on microarray expression data. However,
significant differences are seen in the expression of genes
implicated in the differentiation of haematopoietic cells
such as POU6F1, CDKNI1B and KLF5. Additionally, these
genes are linked to important regulators of cellular differ-
entiation such as KLF4 and GATA-2. Immature DC are
known to be tolerogenic, but here, we show that the addi-
tion of low concentrations of IFN-y during differentiation
induces moDC to impair T-cell function to an even greater
degree than immature moDC. Furthermore, this dysfunc-
tion is programmatically incorporated in moDC, as subse-
quent maturation by higher doses of IFN-y or LPS fail to
induce maturation. Taken together, these findings imply
that low concentrations of IFN-y induce an altered differ-
entiation state for moDC, although further studies will be
needed to develop this concept. In the translational setting,
it is conceivable that the addition of low doses of IFN-7y to
culture conditions during moDC differentiation may aid
investigators devising strategies to generate moDC
intended for clinical use in transplantation tolerance, graft-
versus-host disease, or autoimmunity.*’

In contrast, following lineage commitment with
GM-CSF and IL-4, IFN-y efficiently matures moDC. The
addition of IEN-y to fully differentiated moDC up-regu-
lates important co-stimulatory molecules and induces

upon a re-challenge with IFN-y or LPS.

moDC to potently stimulate the division and function of
T cells. Furthermore, the maturation of moDC with IFN-
7 enables the generation of effective CD8" T-cell and
CD4" T-cell responses to multiple viral and tumour anti-
gens. Taken together, these findings consolidate previous
conflicting reports on the inhibitory or stimulatory roles
of IFN-y and suggest that the timing and intensity of
direct exposure to IFN-y determine whether DC inhibit
or stimulate T-cell responses.

It is well known that pathogen-derived stimuli such as
LPS are potent stimulators of innate immunity. How-
ever, many disease conditions such as autoimmunity,
hereditary inflammatory conditions, inflammatory bowel
disease, vasculitis, graft-versus-host disease and cancer
trigger various degrees of chronic inflammation and
IFN-y expression in the absence of pathogen-induced
signals. The immunological responses under these condi-
tions are probably fundamentally different from those
triggered by infectious stimuli. Here, we show that IFN-y,
as a sole physiological mediator, can both augment and
dampen DC function depending on the nature and con-
text of exposure. These findings may help to explain
some of the varying literature on the immunological
impact of IFN-y. Classic studies show the importance of
IFN-y for immunosurveillance against cancer and the criti-
cal requirement for IFN-y to eliminate established
tumours. Nevertheless, others suggest that IFN-y contrib-
utes to chronic inflammation within tumours and is critical
for carcinogenesis. One possibility, although speculative, is
that during tumour growth, low or chronic levels of IFN-y
may be a mechanism of immune escape and dampens the
ability of innate immune cells within tumours [DC, mye-
loid-derived suppressor cells (MDSC), and macrophages]
to present tumour antigens to infiltrating antigen-specific
T cells.

106 Published 2014. This article is a U.S. Government work and is in the public domain in the USA. Immunology, 143, 96-108



The importance of IFN-y for antigen presentation and
cross-presentation by DC, MDSC, and macrophages is
demonstrated in tumour models.”’ Here, we show that
DC matured with high doses of IFN-y following standard
differentiation up-regulate co-stimulatory molecules and
improve the ability of DC to stimulate antigen-dependent
proliferation and function of T cells. On the other hand,
we also show that if DC are differentiated in the presence
of low levels of IFN-y, the ability of IFN-y or LPS to
enhance the functionality of DC and induce T-cell activity
and proliferation is considerably dampened.

With regard to the translational implications of this
study, recent successes in cellular therapies for cancer have
highlighted the importance of generating functionally acti-
vated moDC and antigen-specific T cells for clinical tri-
als.**7 Our study confirms that the addition of IFN-y to
a fully differentiated moDC promotes the generation of
large numbers of endogenously circulating T cells specific
for a wide variety of viral and tumour antigens for adop-
tive transfer. However, our findings that moDC generated
in the presence of low concentrations of I[FN-y can impair
cytotoxic T lymphocyte generation is of importance
because it implies that unplanned introduction of small
amounts of IFN-y from, for example, IFN-y-producing
cell contamination, can pervert the generation of effective
antigen-specific cytotoxic T lymphocytes for adoptive
immunotherapy. Neutralizing antibodies against IFN-y in
cell cultures of differentiating DC may significantly
improve the quality of moDC for cell production.

In summary, this study adds to the growing body of
evidence that suggests that inflammatory cytokines pos-
sess the ability to both aid and impede antigen-specific
immune responses. The quality of cross-talk between the
innate and acquired arms of the immune system probably
depends on the context of the inflammatory response.
Here, we describe the critical effects of the timing and
intensity of exposure to IFN-y in shaping the ability of
moDC to either impair or stimulate antigen-specific
T-cell responses. Further in vivo studies will be needed to
carefully decipher the importance of these findings within
local tissue microenvironments.””
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Dendritic cells differentiated in the presence
of low concentrations of IFN-y possess a distinct molecu-
lar signature.

Figure S2. Human monocyte-derived dendritic cells
differentiated with  granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin-4 (IL-4) were
matured with prostaglandin E, (PGE,), tumour necrosis
factor-o. (TNF-o), PGE, plus TNF-«, soluble CD40 ligand
(sCD40L), lipopolysaccharide (LPS), interferon-y (IFN-y)
or [FN-y + LPS.

Figure S3. Human monocyte-derived dendritic cells
were matured with varying regimens and co-cultured with
allogeneic T cells.

Figure S4. Human monocyte-derived dendritic cells
were matured with either 1000 U of interferon-y (IFN-y)
or 100 mg/ml of lipopolysaccharide (LPS) for 48 hr and
assessed for the expression of co-stimulatory markers by
flow cytometry.
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