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TOLEROGENIC PLASMACYTOID DENDRITIC CELLS CO-

EXPRESSING CDS-ALPHA AND CD8-BETA AND METHODS OF
INDUCING THE DIFFERENTIATION OF REGULATORY T CELLS

[0001]

USING SAME
CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.
61/486,221 filed on May 13, 2013,  The above priority application is hereby

incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH AND

[0002]

[0003]

{0004]

DEVELOPMENT

This inveniion was made with government support under Grant No. ROl
Al066020 awarded by the National Institutes of Health. The government has certain

rights in the invention.

FIELD OF THE INVENTION

The invention pertains to the field of ophthalmology. Mere particularly, the
invention pertains to methods for acquiring and analyzing optical coherence

tomography images to detect optic nerve diseases.

BACKGROUND OF THE INVENTION

Dendritic Cells (DCs) constitute a family of cells with the wmigue ability to
distinguish pathogens from innocuous microorganisms as well as self from non-self
antigensl. These cells can fnther initiate a robust immune response against infectious
agents or, in contrast, maintain immune tolerance to self-antigens. To accomplish these
tagks, DCs are equipped with pattern recognition receptors which recognize motils
highly conserved in pathogens throughout the evolution®.  Fngagement of these
receptors triggers the up-regulation of co-stimulatory melecules and the production of
immune mediators such as cviokines and chemokines., Along with the capacity of DCs

to present antigens, these signals direet the differentiation of natve CD4" T cells into the

i
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[0005]

{(006]

appropriate subset of T helper cells (’I’H}B 4 Because they balance immunity and
tolerance. DCs are considered as key regulators of the Immune system's®. However, it
is not known in the art how DCs achieve these apparently oppesite functions. Recent
studies suggest that immunoegenic and tolerogenic functions are assigned to different
subpopulations of DCs™ >, but the defining characteristics of these subpopulations of

D{Cs have not yet been identified.

Subsets of tolerogenie DCs have been especially described in the puty and in the
respiratory tract which are constantly in contact with dietary or airborme antigens

respectively™™.

Because mucosas act as a bavier between the body and the
environment, they are therefore continuously exposed 1o mwmerous barmless
enviromemental antigens, As a result, mucosal tissues are particularly prone to induce
immune tolerance to innocucus antigens.  For instance, the gut-associated ymphoid
tissue possesses a subset of DCs with immuno-regulatory properties expressing the
mucosal integrin CD103% These cells are able to promote the differentiation of Foxp3™
T cells from natve CD4” T cells. In the lungs, DCs sample airborne antigens as well a3
pathogens. It was demonstrated that, under normal conditions, respiratory exposwe to
antigen clicits the generation of IL~10-producing DCs resulting in immuane tolerance ',
Further studies suggested that plasmacytoid dendritic cells (pDCs) can be considered as
maindy responsible for the maintenance of tolerance o allergens'™ 2. Indeed, their
depletion in a murine maodel abolishes tolerance induction o inhaled antigens. In
contrast, in some cases, imocuouns airborne molecnles such as antigens from pollens or
house dust mites can be misinterpreted by DCs and considered as a danger. This resulis

in the development of a Th2-driven aliergic inflammation of the lungs® .

The capacity of DCs to maintain tolerance varies depending on the subset of DCs
but also on the signals they received. DCs function can be modulated by various
tolerogenic stimuli such as IL-10, 1 .25-dihydroxyvitamin D3, Galectin-1 or interactions
with apoptotic cells. TL-10-treated DCs display an immature phenatype, produce high
amount of 1L-10 and trigger the differentiation of regulatory T cells (Tregs) producing
-10% Stmilarly, 1,25-dihvdroxyvitamin D3 enhance the tolerogentc properties of

miyeloid dendritic cells'®.  DCs that capture apoptotic cells acquire tolerogenic
2
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[0607]

[0008]

{0009]

properties in order to mediate peripheral tolerance to s:zﬁif--amig*nsi ", Recently Galectin
1, an endogenous glycan-binding protein, was described as capable to program DCs to

I8
become tolerogenic™.

As noted above, induction of tolerance is particularly important i mucosal tigsues
in terms of inunune responses to antigens encountered in the respiratory and intestinal
iracts.  These sites are contimuwusly exposed to a8 wide vanety of envivonmental,
nonpathogenic antigens, which induce hyper-reactivity or tolerance, rather than active
immunity. That is, food allergen in intestingl fract or inhaled allergen in the alrway
generally do not induce protective immune responses.  However, in individuals with
allergenic asthma, processing of these protein antigens result in the induction of
antigen-specific Th2-blasesed inflammatory responses that cause AHR and asthma.
Therefore, it is destrable to have a better understanding of the specific events that led to
AHR, which in twurn will provide more effective therapeutic methods and/or

pharmaceutical products to counter the hyper-reactivity.
SUMMARY OF THE INVENTION

The present invention has unexpectedly discovered that pDCs can be segregated
into three distinct populations according to their expression of surface markers CD8a or
CD8a and CD8B. These subsets are not only differemt in phenotype but also
functionally distinct since CD8a'B™ and CDSu’'B” pDCs are more potent inducers of
CR4" 025" Poxpd® regulatory T cells (Tregs) compared to CD8a§” pDCs. Our
findings indicate that, in a mouse model of allergic asthma. adoptive transter of
CD8'R™ or CDRaB™ pDCs prevents the development of airway hyper-reactivity. In
contrast, adoptive transfer of CDRe™R™ pDCs triggered sensitization in naive mice,
indicating that CD8oC B/CDR™B™ pDCs and CD8e B~ pDCs act in opposite directions.
Therefore, CD8a B~ pDCs represent a pro-inflammatory subpoepulation of pDCs while

CD8a'" can be considered as a tolerogenic subset.

By comparing the gene expression profile of the three subsets of pDCs described
in the present invention, we found that the expression of CD98he, a receptor for the
Galectin-3, was significantly up-regulated in both CD8¢'B™ and CDSu'P’ subsets.

3
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[0010]

[0011]

[0012]

[0013]

Adding Galectin-3 to sorted CDSa'B” or CD8a'f™ pDCs in virro, enhances the

conversion of naive U™ T cells into Treps.

In addition, it was also discovered that retinaldehyde debydrogenase (RALDH)
were up-regulaied in telerogenic pDUs.  In particular, it was discovered that in
conventional DCs, only two of the three RALDH isoforms were expressed (RALDH 1
and 2}, whereas in tolerogenic pDCs, all three isoforms of RALDH (RALDH 1, 2, and

3) were up-regulated.

Thus, the present imvention has unveil for the first time subsets of pDCs with the
capacity to induce regulatory functions that may contribute to the establishment of
immunelogical tolerance.  These subsets are not only phenotypically buwt also
functionally distinct as CD8«'B” pDCs are more able to induce Foxp3™ Tregs than
CD8e'B or CDRuB pDCs. As demonstrated in the mouse model, the ability of the
adoptively transferred tolerogenic pDCs to provent the development of airway hyper-
reactivity is due to their strong ability to induce CD4™ CD25" Foxpd™ regulatory T cells
in the lungs and periphery. That is, the tolerogenic pDCs of the present invention
strongly support the differentiation of }?ﬂxpf CD4" Tregs cells both i vivo and in

WiTFe,

According, a first aspect of the present invention is directed to isolated pDCs
selected from the group consisting of CD8a f7, CD8«’B’, CDSa'f™ and a combination
of CD8'B™ and CDR«'P". FEmbodiments in accordance with this aspect of the
imvention will generally include one or mwore isolated pDCs.  In a preferred
embodiment, the isolated pDCs is comprised essentially of ong of the three subtypes
selected from CD8x R, CD8a'P”, CDR«'B™. In another preferred embodiment, the

isolated pDCs is comprised essentially of CD8o" B’ and CD8a'B in any proportion.

A second aspect of the present invention is directed to a composition comprising a
population of tolerogenic or immunogenic plXCs. Embodiments in accordance with this
aspect of the invention will either include tolerogenic pDCs or immunogenic phCs.
Tolerogenic pDCs are isolated pDCs expressing the surface marker CD8a, and may
optionally express the surface marker CD8B.  Immunogenic pDCs are pDCs that does

4
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[0014]

[0015]

{0016}

[0017)

not express CDSo or CDSB. Preferably, in the case of tolerogenic pDCs, the
composition may further include TGF-B. More preferably, the composition may further
include Galectin-3. In the case of immunogenic pDCs, the composition may preferably
melude an inhibitor of RALDH such as DEAB or any other suitable RALDIH inhibitor

known in the art.

A third aspect of the present invention is directed to a method for isolating or
purifying a pDC. Methods in accordance to this aspect of the invention will gencrally
include the steps of enriching pDC from a sowce; and sorting pDC into subtypes
according to their surface marker. Proferably according to their €DS subtypes as

described above,

A forth aspect of the present invention is directed to a method of preventing
mflamumation or immune hyper-reactivity in a subject. Methods in accordance with this
aspect of the invention will generally include the step of loading 4 tolerogenic pDC with
an antigen; and administering the loaded pDC to the subject.  In a preferred
embodiment, the telerogenic pDC is one selected from the group consisting of
CD8a'p", CD8u'R™, and a combination thereof,

A fifth aspect of the present invention is directed to a method for inducing the
conversion of Foxp3+ regulatory T cells. Methods in accordance with this aspect of the
invention will geverally include the steps of bringing a tolerogenic antigen presenting
cell into fluid communication with a CD4" naive T cell. Preferably, the antigen
presenting cell is a tolerogenic pDC.  In some preferred embodiments, the antigen
presenting cell is pre-loaded with an antigen. More preferably, the CD4+ naive T cell
and the antigen presenting cells are brought together in the presence of TGF-f, galectin-

3, or both.

A sixth aspect of the present invention i directed to a method for modulating
irmmune response in a subject who is suffering from immune hyper-reactivity or in need
of boosting immune response. Methods in accordance with this aspect of the invention
will generally include the steps of administering a composition to the subject, wherein

said composition includes tolerogenic pDC or immunogenic pDC, depending oo
r o] X par) i 3 Lot

v



WO 2012/158556 PCT/US2012/037628

[0018]

[0019]

[0020]

whether the subject is in need of suppressing or boosting an immane response against

an antigen.

A seventh aspect of the present invention is directed to a method for identifying a
tolerogenic antigen presenting cell, Metheds in accordance with this aspect of the
mvention will generally include the steps of determining the expression levels of
RALDHIL, RALDH2, and RALDH3 in the antigen presenting cell; and designating the
antigen presenting cell as tolerogenic i all three RALDHs are up-regulated compare 1o

a referenwe,

Other aspects and advantages of the present invention will become apparent from

the following detatled description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows that plasmacytoid DCs express either CD8o or CD8« and CDSB.
{a) Flow cylometry analysis of CDS8u and CD8J surface expression on pDCs.
Splenncytes and cells prepared from lynph nodes or lungs were stained with anti-IA/IE,
anti-BST2 (clone 120G8), anti-CD8¢ and anti-CD3R antibodies. Plasmacytoid DCs
were gated according to their co-expression of BST2 and IA/IE. Gates were set based
0n isotype controls, numbers in outlined arcas indicate the percentage of positive cells
m the designated region. (b) Confocal flnorescent microscopy of the expression of
CD8a and CDRP at the surface of pDCs. Magnetically purified pDCs were stained with
cither anti-BST2, anti-TAJE or anti-CD1lc along with CD8u and CD8B amtibodies.
Original magnification x1000. {¢) Percentage of CD8y™ CD8R ™ phCs, CDSa’” CD8R”
pDCs and CD8a” CDSP” pDCs in lymph nodes, spleen, lungs and blood. Data are from
two independent experiments (mean and SEM of two mice). {d) Surface expression of
Siglee-H, Ly6C, B220, Ly49Q, [A/IE, CDSO, CDR6 and CD40 was assessed by flow
cytometry on CD8a” CDSP™ pDCs, CD8” CDEE™ phCs and CDSa” CDER™ phCs from
peripheral lvimph nodes. Shaded histograms represent isotype control antibodies: solid

tlack lines specific stainings. Data are representative of three independent experiments.
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[0021)

[0022]

Figure 2 shows that CD8u and (I8 are co-expressed on a subset of pDCs but
not on ¢DCs. (a) Expression of CD8y and CDEB was analyzed by flow cytomeiry on
¢DCs {(CD11™ BET27) and pDCs (CD11™ BSTZ') from pooled peripheral tymph
nodes of Flt3l-treated BALB/c mice. Results are represeniative of two similar
experiments. Numbers beside outline areas indicate percent of positive cells, (b) CD8q”
CD8P", D8z’ CDSP” and CD8a’ CDBR' pDCs or CDSu and CDSu’ eDCs were
sorted by tlow cytometry and tolal RNAs were subsequently isolated. Relative pene
expression of CD8a and CDBP genes was assessed by quantitative real-time PCR.
CD&a~ CD8B™ pDCs were used as a calibrator to evaluate CD8a and CD8B gene
expression in CDBa” CDSR™ and CD8u” CDSH' pDCs while CD8™ mDCs served as a
reference to measure CD8x and CDSP gene expression in CDY o mDCs. Data are the
average = SEM of six independent experiments. {¢) CD8a and CDEP surface expression
was assessed in B2m KO mice lacking CD8™ T cells. Plasmacytoid DCs from pooled
lvmph nodes expanded by Flt3L-secreting B16 melanoma in WT or B2m KO C57BL/G
mice were stained with CD&u and CDSP antibodies. Gates were set on the basis of
isotype controls and numbers in outhined areas represent the percentage of positive cells
for each population. Data ave representative of two experiments. {d) Expression of
CD8&ax and CDSP was confirmed st the gene expression level by real-time PCR in
CD8a” CDSB ™ and CD8x” CDEBT pDCs or CD8a™ and CD&” ¢DCs isolated by cell
sorting fromt FIt3l-treated B2m KO mice. Data are the mean & SEM of three different

experuments,

Figare 3 shows that CD8e” CDSB" plasmacytoid dendritic cells express higher
fevel of costimulation markers upon TLR stimulaiion but produce less cviokines. (a)
Plasmacytoid DCs were isolated by magnetic separation from lymph nodes of FIGL-
freated mice. The surface expression of the costimulation molecules CD8O and CDR6
was assessed on CD8a” CDSH™ pDCs, CD8x™ CDSP™ pDCs and CDSo™ COSH” pDCs
subtypes after 18 hours of stimulation with R848 (10 pg/ml) or CpG (10 uM). Data are
representative of three similar experiments. Shaded histograms represent isotype control
antibodies; dashed hnes, specific staining of untreated cells; solid black lines, specific

staining of Cp(y treated cells and solid grey lines, specific staining of R848 treated cells,
7
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[0023]

{b) Percentages of CDSo” CDSE™, CD8«” CDEF™ and CDBa” CDSR™ pDCs after 18
hours of stimulation with zither medium, R848 (10 up/ml) or CpG (10 pM). (©
Plasmacytoid DCs subsets were sorted by flow cytometry according to their expression
of CD8c alone or in combination with CTBA. CD8«™ CD8B™ pDCs, CD8a™ CDYE™
pDCs and CDR«” CDSP™ pDCs were subsequently stimulated with R848 (10 pg/ml) or
CpG (10 wM) for 18 hours. Culiure supernatants were tested for IFN-o¢ and 11-10 by
ELISA. Results are average = SEM of two independent experiments. {d) Plasmacytoid
DCs were isolated by maguetic separation from peripheral Iymph nodes of Fit3L-treated
BALB/c mice and cultured for 60, 120 or 180 minutes in presence of OVA-APC (10
pg/ml} at 37°C or 4°C. Cells were then washed and stained with CD8« and CDSp
antibodies. APC fluorescence was analyzed by flow cytometry in the CD8a” CDRR”
pDCs, CD8a™ CDRR™ pDCs or CD8e” COSPE" pDCs subpopulations. Gates were set
according to relevant isotype. Data are average (mean fluorescence intensity (MFI) at
37°C) ~ (MFT at 4°C) & SEM of three separate experiments. {d) CIM™ T cells from
DOTLI0 mice were cosculivred with CD8a” CDSE, CDBa” CDSP™ or CD8a” CDIP”
pDCs sorted from pooled peripheral lymph nodes of Fli3l-treated mice. Cells were
cultured for three days ata 1:10 ratio (pDCs:CD4™ T cells) with or without 10 pg/ml of
OVA before being pulsed for 18 hours with “H thymidine. The amount of radicactivity
related to the number of cells was evaluated in a scimillaion counter, {¢)
Simultaneously, supematants were collected and tested for IL-2 cytokine by ELISA.

Results are the mean of triplicates = SEM of oue representative experiment out of two,

Figure 4 shows that CD8«” CDSP" and CH8e”™ CDAR™ Ioaded with OVA do not
promote the development of airway hyperreactivity. (a) CD8e” CDSE™ pDCs, CD8a”
CDRE™ pDCs, CDB” CDEPT pDCy isolated by cell sorting or BM-DCs were loaded
with OVA (10 yg/ml) for 4 hours. Cells were then adoptively transferred into naive
BALB/c mice (2x10° cells per mice). Seven days after transfer, mice were challenged
by iniranasal administration of OVA (530 pg in 50 ply. (b) Subsequently, alrway
hyperresponsiveness was assessed by measurement of lung resistance, dynamic

compliance and (c) Penh. Data are average + SEM of groups of 3 mice. {d)

g
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Representative hung histology of mice from panel (¢). Lung tissue from mice transferred
with CD8™ CDSE™ pDCs, CDRC D8P pDCs, CD8a’” CDBR' pDCs or BM-DCs were
stained with hermatoxylin and cosin (H&E, upper panel) and periodic acid Schiff (PAS,
lower panel). Amrows show the release of the mucus in the lumen. Original

magnification x200, mset x600,

{6024} Figure § shows that CDSo” CDSB" and CD8«" CD8R™ pDCs prevent the
development of alrway hyperreactivity. {a) CD8«™ CDEP™, CD8«’ CDRF ™ and CD8u”
CDBR™ pDCs isolated by cell sorting were loaded with OVA (10 ug/ml) for 4 hours.
Cells were then adoptively transferred jnto natve BALB/e mice (5x107 cells per mice).
seven days after transfer, mice were immunized by intra-peritongal injection of OVA
(30 pg) in Alum (40 mg) and challenged at days 14, 15 and 16 by iniranasal
adminssiration of OVA (30 ag in 50 ul saline). (b) At day 17, airway
hyperresponsiveness was assessed by weasurement of hug resistance, dynamic
compliagee, Results are the mean + SEM of § mice groups. (¢) Representative lung
histology of mice from panel (b). Lung tissue from mice transferred with CD8e” CDEB™
pDCs, CD8a” COSPE™ pDCs, D8’ CDSE™ phCs or saline were stained with
hematoxylin and eosin (H&E, npper panel} and perindic acid Schiff (PAS, lower panel).
Arrows show the release of the mucus in the lomen. Original magnification x200, inset

%600,

[0025] Figure 6 shows that CDS«’ CDRR™ and CDS«” CDSP pDCs promote the
conversion of naive CD4" T ¢ells into CD4" CD25" Foxpd™ T cells in vive. Subsets of
CD8a” CDSP™ pDCs, CDRe’ CDSP and CH8” CHRE™ pDCs were sarted from lymph
nodes of Fli3L-treated mice, loaded with OVA and co-transferred by intravenous
injection with OVA-specific CD4™ T cells (3x107 pDTs and 3x10° CD4" T cells). Four
days later, mice were challenged by intranasal administration of QVA (50 ug). At day
5, spleen and lymph node were harvested and expression of Foxp3 was analvzed by
flow cytometry in OVA-gpecific T cells. Cells were pated on CD4™ KJ1.267 CD2S™ T

cells. Data are representative of two independent expertments.
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[0026]

[0027]

{0028

Figure 7 shows that CD9She is overexpressed in CD8a” CDIB™ pDCs and CD8a’
CD8R” pDCs compared to CD8o” CDEP pDCs. (a) Gene expression profile of CD8a”
CD8E™ pDCs and CD8a” CDEB™ pDCs sorted from pooled peripheral fymph nodes was
evaluated by microarray analysis, Numerical data represent the relative gene expression
corapared o CD8g™ CDER™ pDUs. (b) Analysis of the gene expression of CD8w, CDSp
and CD98he by real-time PCR in CD8o” CDBR™ pDCs, CD8a” CDER™ and CD8a’
CDSE™ pDCs isolated from peripheral Tvoiph nodes. Results presented are the mean +
SEM of six independent experiments. (¢} Flow eytometry of the swrface expression of
CD98he on CD8x” CDER™ pDCs, CDSu’ CDSF™ and CD8o” CDBP” pDCs. Results are

the average of MFEL £ SEM of three different experiments,

Figure 8 shows that Galectin-3 increases the conversion of naive CD47 T cells
into CD4™ CD235" Fosp3™ T cells by CD8¢” CDEE” and CHS8i™ CDEP™ pDCs. (a) Flow
eytometry of intracellular expression of Foxp3 in CD4™ T cells cultured with CD8a”
CD8B™ pDCs, CDSa” CDSP™ or CDBa” CDSRT pDCs. Sorted CDSe™ CDISE™, CDRa’
CDRE™ or CD8a™ CDSP” pDCs were preincubated 12 hours with either medium or
Galectin:d (10 pg/ml). Cells were then washed and co-cultured with OV A-specific
CD4" T cells at a 1:10 ratio (pDC:T CD47) for 5 days in presence of either OV Az
(1 pg/mb) and/or TGE-P {1 ng/al) as indicated. Cells werg subsequently stained with
CD3, CD4 and CD25 antibodies fixed, permeabilized and stained with an anti-Foxp3
antibody before flow cytometry analysis. (b) Flow cytometry of the intraceliular
production of IL-10 by CD4" CD25 Foxp3d™ T cells, Alternatively, cells were
restimulated with plate-bound «-CD3 for 4 hours with the last 2 hows in presence of
Brefeldin A and subsequently permeabilized and stained with 1L-10 specific antibody.
Numbers i outhined areas indicate the percent of cells in the designated area. Data are

representative of three experiments with comparable results,
Figure 9 shows that for CD8g and CDEP staining of pDCs, quadrants were
adjosted according to isotyvpic controls. "Fluorescence minus one” controls (Le. CD8w

staining versus isotype corresponding to CDRP antibody and CDEP staining versus
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0029}

{0030}

[0031]

isotype corresponding to CD8a) were performed to assess the proper correction of
spectral overlaps,

Figure 10 shows that the purity of pDCs subsets isolated by cell sorting. CD8«”
CD8B™ pDCs, CD8a” CDEE™ pDCs, CD&a” CDSP” pDCs were confirmed to be »95%

pure after post sorting reanalysis,

Figure 11 CD8'P™ and D8P’ plasmacytoid dendritic cells (pDCs) exhibit

high retinal dehvdrogenase (RALDH) activity and promote the differentiation of CD4”

CD25™ Foxpd™ T cells in vitrg in a transforming growth factor-B (TGF-B)- and retinoie
acid-dependent manner. { a ) Gene expression of Aldhlal | Aldhla? , and Aldhlasd was
assessed hy real-time PCR in CD8a R, CD8a B, and CDRG'B” pDCs from peripheral
Iymaph nedes or in CD103™ and 1037 DCs from mesenteric vmph nodes of Fms-like
tyrosine kinase 3-ligand (FU3-L)-tteated mice. Data are mean + sem. of two
independent experiments. P-values were calculated with Student’s t-test. *Povalue <
0.05 (CDR«'B™ pDC and CD8'B" pDC compared to CD8a Py *Pvalue < 0.08
(CD103™ eDC compared to CD103™ ¢DC). { b § pDTs were incubated for 45 min at 37°
C in the presence of Aldefluor substrate with or without dicthvlaminobenzaldehyde
(DEAB, RALDH inhibitar) to determine background staining. Cells were subsegquently
staingd with anti-CDHle, anti-mPDCAL, anti- CD8¢, and CD8up antibodies, and
analyred by flow cytometry to detect RALDH activity, Values are average of (MFI
without RALDH inhibitor) ~ (MFI with RALDH inhibitor) + s.em. of three separate
experiments. { ¢ } Na T ve ovalbumin (OVA)-specific CD4” T cells were cultured with
CD8e B, CD&B, or CD8 B pDCs at a 1110 ratio (pDC:T CD4™ ) for 5 davs in the
presence of OVA 323 - 339 peptide with or without TGF-p (1 ng ml™") or LES40 (1
uMy as indicated. Cells were subsequently stained with CD3, CD4, and D25
antibodies, fixed, permeabilized, and stained for intracellolar Foxp3 before flow
cytemetry analysis. Foxp3 expression was analyzed among CD37 CD4" CD257 celly;
dot plots are representative of three independent experiments. P-values were caloulated

with Student’s t-test. *P-value < 0,05 (CD8« B~ and CD8a’B’ compared to CD8a H).

Figure 12 shows the expression pattern of surface markers 1n nirine pDCs.
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Figure 13 shows the co-expression pattern of Galetin-3 and its receptor CD98he

on murine pDC subsets. *p-value < 0.01.

Figure 14 shows the co-expression patiern of Clga and Clge in murine

tolerogenic pDUCs.

Figare 15 shows the identification of tolerogenic pDC in human using Clga and

Clge antibodies. That is Clga'c” pDC is a tolerogenic pDC.

Figure 16 shows the identification of tolerogenic pDC in human using 1L-9R

specific antibodies. That is [L-9R" pDC is a tolerogenic pDC.

DETAILED DESCRIPTION

Unless otherwise indicated, all terms used herein have the meanings consistent
with same meaning that the terms have to those skilled in the art of the present
nvention. It is to be understood that this invention is not limited to the particular

methedology, protocols, and reagents described, as these may vary.

As used herein the tenms CD8 refers to cluster of differentiation § co-receptor.
CD8 is a transmembrance glycoprotein that serve as a co-receptor for T eell receptor. Tt

has two isoforms CD8w and CDSP.

As used herein, the term “CD8w B pDC” refors to plasmacytoid dendritic cell

expressing neither CD8w nor CDRP.

As used herein, the term “CD8a'” pDC” refers to plasmacytoid dendritic cell
expressing both CD8« and CDS.

As used herein, the term “CDS8a'B” pDC™ refers to plasmacytoid dendritic cefl

expressing CD8a but not CDEP.

As used herein, the term “Clga’c” pDC™ refers to plasmacytoid dendrific cell

expressing both Clga and Clge.

As used herein, the term “IL-9R™ pDC” refers to plasmacytoid dendritic cell

expressing [L-9R.
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Amongst other aspects of the present invenlion, certain embodiments and/or
findings in accordance with the present invention include:
1. Plasmacytoid dendritic cells expressing CD8a alone or combined with CD8B;
2. CDRaRY, CD8a'R and CDBu'B’ pDUs present distinet cytokine production,

antigen uptake and priming capacities;
3. Transfer of CD8a B pDCs trigpers the development of alrway inflammation;

4. Transfer of CDSa'f" pDCs or CD8a’P™ prevents the development of airway

inflammation;

[

. D8P pDCs promote the differentiation of CDY™ CD25" Foxp3™ T cells i vivo:

Iy

. CD8Bo B pDCs and CD8a” B pDCs overexpressed CDY8he; and

7. CD8a’B™ pDCs and CD8™R™ pDCs promote the differemtiation of Foxp3® CD4™ T
cells im virro in a TGF-P and Galectin-3-dependent manner as well as in a RADLH-

dependent manner.

8. Tolerogenic pDCs in mice express CD8u and/or CD&B, and also Clga, Clge and 1L~
OR.  Thus, Clga’, Clge™ and IL-9R™ may also serve as biomarkers to identify

tolerogenic pDCs,

9. Human pDCs do not express CD8a or CDSH, therefore, Clga’, Clge” and 1L-9R” are

the charvacterizing biomarkers for identifying tolerogenic pDCs in human.

According, a first aspect of the present invention is directed to isolated pDCs
selected from the group consisting of CDBa B, CD8«R, CDRa'R, Clga’, Clge’, TL-
9R”, a combination of CD8a B and CD8e'R™, and a combination of Clga™, Clge™ and
IL-9R". Embodiments in accordance with this aspect of the invention will generaily
include one or more isolated pDCs. In a preferred embodiment, the isolated pDCs is
comprised essentially of one of the three subtypes selected from CDR B, CD8«'B’,
CD8«'B". In another embodiment, the isolated pDCs is human pDCs expressing Claga,
Clge andfor IL-9R.  In yet another preferred embodiment, the isolated pDCs is
comprised essentially of CD8a'B and CD8'B in any proportion.

-
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An "isolated" pDC is a8 pDC that is found in a condition other than its native
environment, such as apart from blood and animal tissue. In a preferred form, the
isplated plIC is substantially free of other cells and tissues, particularly other cells of
amimal origin,  The term “pwified CD8« B pDCs™ means a composition having
CD8aB" pDCs with no population, or decreased population of CD8«'B” pDCs or
CD8a'B™ pDCS as described herein. The other purified pDCs are defined analogously.
It is preferred to provide the “punified pDCs™ in a highly purified form, i.e. greater than

95% pure, more preferably greater than 99% pure,

A second aspect of the present invention is directed to a composition comprising a
population of tolerogenic or momunoegenic pDCs. Embodiments in accordance with this
aspect of the wvention will either inchude tolerogenic pDCs or immunogenic pDCs,
Tolerogenic pDXCs are isolated pDCs expressing the surface marker CD8u, and may
optionally express the surfoce marker CDSH.  In human pDCs, they are pDCs that
express Clga, Clge, and/or [L-9R. Immunogenic pDCs are pDCs that do not express
CD8q or CDBJ. In humans, they are pDDCs that do not express any of Claa, Clge, or
H-9R.  Preferably, in the case of tolerogenic pDCs, the composition may further
include TGE-B. More preferably, the composition may further include Galectin-3. In
the case of immunogenic pDCs, the composition may preferably include an inhibitor of
RALDH such as DEAB or any other suitable RALDH inhibitor known in the art. More

preferably, the composition may further include a suitable carrier.

The term "carriers™ as used herein include pharmaceutically acceptable carviers,
exciplents, or stabilizers which are nontoxic 1o the cell or mammal being exposed
thereto at the dosages and concentrations employed. Often the physiologically
acceptable carvier 15 an aquecus pH buffered solution. Examples of physiologically
acceptable carniers inchade buffers such ay phosphate, citrate, and other orgamic acids;
antioxidants including ascorbic acid; low molecular weight (less than about 10 residues)
polypeptide; proteins, such as serum albumin, gelatin, or immunoglobulins; hydrophilic
polymers such as polyvinylpyrrolidone; amino acids such as glycine, glutamine,
asparagine, argimne or lysine; monosaccharides, disaccharides, and other carbohydrates

including glucese, mannose, or dextring: chelating agents such as EDTA{ sugar aleohols
' 14
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such as mannitol or sorbitol: salt-forming counterions such as sedium; and/or nonionic

surfactants such as TWEEN.TM., polyethylene glycol (PEG), and PLURONICS. TM.

A third aspect of the present invention is directed 1o a method for isolating or
puritying a pRC. Methods in accordance to this aspect of the invention will generally
include the steps of enriching pDC from a source; and sorting pDC inio subtypes
according to their surface marker. Preferably according to their CDS subtypes as
described above, and in humans, according to their Clg and IL-9R subtyps. In a
preferred embodiment, the pDCs, cells were isolated by using antibody specific for
pDCs such as anti-mPDCA-T to label the pDCs and then positively sorted cells are
sorted by magnetic sorting or flow cytometry into the purified subsets of pDCs, Having
been described herein the existence of the subseis of pDCs and their
mmunogenic/tolerogenic properties, those skilled in the art will recognize that other
methods of cell separation/extraction/purification known in the art may also be

advantageously adapted to obtain the three purified pDCs.

A forth aspect of the present invention is directed to a method of preventing
mflanmation or immune hyper-reactivity in a subject. Methods in accordance with this
aspect of the invention will generally include the step of loading a tolerogenic pDC with
an antigen; and administering the loaded pDC to the subject.  In a preferred
embediment, the tolerogenic pIC is one selected from the group consisting of

CD8a"B", CD8uR, and a combination thereof. Ta another preferred embodiment, the
P :

tolerogenic pDC is a human phC selected from Clga'c” and IL-9RT. Those skilled in

the art will recognive that any condition that may be treated by induction of regulatory
T cells {e.g. organ transplant, allergies, autolmmune disorders, ete.) may benefit from

methods 1o accordance with this aspect of the invention.

A fifth aspect of the present invention is directed to a method for inducing the
conversion of Foxp3™ regulatory T cells. Metheds in accordance with this aspect of the
invention will generally include the steps of bringing a tolerogenic pDC within fluid
corumuntication with a CM4™ najve T cell, The pDC is preferably one pre-loaded with

an antigen. More preferably, the CDM™ naive T cell and the tolerogenic pDC are
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brought together in the presence of TGF-f, Galectin-3, or both. Thus, these tolerogenic
pDCs have the capaeity to convert antigen specific T cells reacting to allergens such as
house dust mite or Aspergillus o regulatory T cells and dampen the unwanted immune

responses in patients.

A sixth aspect of the present invention is directed to a method for modulating
imaune response in a subject who is suffering from immune hyper-reactivity or in need
of boosting imnune response.  Methods 1n accordance with this aspect of the invention
will generally include the steps of administering a composition to the subject, wherein
said composition includes tolerogenie pDC or immunogenic pDC, depending on
whether the subject is in need of suppressing or boosting ap immune response against
an antigen, In a preferred embodiment, the subject is one suffering from asthma, Th2-
driven airway inflammation, allergic diseases including food allergy and autoimmune

diseases with unwanted or excessive T cell responses.

A seventh aspect of the present invention is directed to a method for identifving a
tolerogenic antigen presenting cell. In some emmbodiments, methods inaccordance with
this aspect of the mvention will generally Include the steps of determining the
expression levels of RALDHI, RALDH2Z, and RALDH3 in the antigen preseuating cell;
and designating the antigen presenting cell as tolerogenic if all three RALDHs are up-
regulated compare to a reference. In other embodiments, methods in accordance with
this aspect of the invention will generally include the steps of selecting a surface marker
in a known tolerogenic pDC as a test biomarker; and testing an isolated pDC expressing

the selected marker to determine its tolerogenic property.

While not iniending to be linmited by any particular theory, we offer the following
discussion to further facilitate a complete anderstanding of the various ramifications of

the present invention.

Betailed Discussion of Certain Findings
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I a selection of organs {spleen, peripheral lvimph nodes and lungs), we analyzed
by flow eytometry the expression of an assoriment of myeloid and lymphoid markers on
pDCs defined by their expression of the bone marrow stromal antigen 2 (BST2), a
specific marker of pDCs, and of MHC class Il We demonstrated for the first time that
a {raction of pDCs can express gither CD8u or both CD8« and CIDER (Figure 1a). The
dot plot obtained for the CD8a and CDSP staining suggests that CD8a and CD&R are
expressed as a dimer. To confirm the acouracy of owr analysis, we performed several
additional control experiments with isotype controls (Figure 9). Since the expression
of CDER has never been previously described on any subset of DCs, we used two
differcat moneclonal antbodies specitic for CORP (H35-17.2 and 53-3,8) to evaluaie
the expression of CDRP on pDCs by flow cytometry. Similar results were obtained with
both clones (Data not shown). To investigate further and validate the results with flow
cytometry, we performed a series of experiments with confocal microscopy and
analyzed the co expression of pDC markers (BST2, TAAE and CD11e¢) with CD8a and
CDBB on pDCs purified from peripheral lymph nodes (Figure 1b). Our analysis with
confocal microscopy, confirmed that a fraction of pDCs express CD8« alone or along
with CD8f (Figure 1b). To evaluate the frequency of the three subsets among the pDC
population, we analyzed the pDC population in Tymph nodes, spleen, lungs, blood and
thymus of natve mice for the expression of CD8w and CI8P. Our data suggest that
CDRa B pDCs represent 10 to 22% of pDC repertoire, while CD8a" " pDCs are 4 1o

23% of the whole population (Figure 1¢). The three subtypes of pDCs described herein
exbibit all the specific markers of terminally differentiated pDCs (Siglec-H, Ly6C,
B220 and Ly49Q) and display an immatore phenotype with a low expression of co-
stimulatory molecules CD40, CD80 and CDE&6 (Figure 1d). Taken together, these data
reveal that pDCs can be divided in three subpopulations: CD8'f”, CD8a'f™ and
CDSa'B" pDTs.

To test whether an i vivo expansion of the population of DCs affects the
expression of CD8a or CDEP at the surface of pDCs, tumor cells expressing FIGBL were
transferred into BALB/ mice. FU3L acts on hematopotetic stem cells and controls their
differentiation into DCs, this treatment expands the population of DCs by 15 to 20 fold
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after 14 days without activating the cells. We observed that FIt31 treatment does not
significantly affect the level of expression of CD8a and CDS8P on pDCs (Figure 2a).
The expression of CD8u and CDSP was assessed simultaneously on pDCs (CD1ic”
BST2" cells) and on conventional DCs (¢DCs, CD1e™ BST2 cells). At the surface of
¢DCs, only CD8a expression was detected (Figure 2a8). To prevent any irrclevant
signal coming from CDS -expressing T cells, DCs were gated on CD 1 1e” cells while T
cells were excluded in the gating strategy by CD3 staining (Figure 2a). These resulis
were validated at the gene expression level after wsolation of each population by cells
sorting {ef. cell sorting purity in Figure 10). Accordingly, with the surface phenotype,
CDRu gene expression was detected th CDSa'p” pDCs whilé both CD8a and CDYR
genes were overexpressed in the CD8a B subset (Figure Zh), As expected CDSP gene
expression was never detected in cDCs (Figure 2b). Ultimately, we performed an
analysis of CD8a and CDEP expression on DCs of mice lacking CDE™ T cells to prevent
any uptake of CDS aniigens coming from CD8™ T cells. Thus, we used B2
microglobulineg (B2m) knockout mice lacking conventional CDR™ T cells and asked if
they possess CD8a or CD8P pDC subsets. Our data from B2m knockout ice
confirmed the presence of CD8o or CDSE pDC repertoire, similar 1o the tevel detected
in the wild type mice (Figure 2¢). To further assesy the expression of CD8w or CDBS at
mBNA level, we performed real time guantitative PCR on the sorted subpopulation of
pDCs from B2m knockout mice and confirmed the results obtained in figure 2¢ at the
mRNA expression level (Figure 2d).  Collectively, these data confiom that three
subpopulation of pDCs exist based on the expression of CD8¢ or co-expression of

CD8a and CHSR.

antizen uptake and priming capacities

The main function of DCs i3 to prime naive T cells by presenting antigen and
providing additional signals through co-stimulatory molecules and production of
cvtokines, To address whether the populations of pDCs described herein differ in these
functions, we stimulated them with TLR Bgands and assessed the expression of co-

stimulatory molecules along with the ¢ytokine production. We stimulated CDSofi”
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CD8'P” and CDSo'f” pDCs with R848 (synthetic TLR7 lgand) and CpG

oligonucleotides {TLRY ligand) and assessed the surface expression of CDEO and CD&6
co~stimulation molecules as well as the production of TFN-~y and 1L-10. Plasmacyioid
DCs are known to produce Jarge amount of type | interforon in response to a viral
infection but also 10 be potent inducer of inunune tolerance by producing IL-10. We
observed that, after engagement of either TLR7 or TLRY, CD80 B pDCs and CD8a' B
pDCs present a higher level of CD80O and CDB6 compared to CDRa B subset (data not
shown), We also determine that following TLR7 or TLRY stimulation, the expression
of CD8a and CDEP decreases (Figure 3a). Interestingly, it appeared that CD8«
produce more IFN-u and 10-10 than CDS«™B™ and CDSa'B™ pDCs upon stiraulation
{Figure 3b). To assess the capacity of pDC subsets in uptaking antigens, pDC subsets
were incubated with ovalbumin-APC (OVA-APC) and tested for antigen uptake
capacity at various time points. Our data suggest that CD8a'R” pDCs have a high
capacity to captute antigen whereas CDS8o'f” and CDS8« ™~ pDCs present an
mtermediate and low uptake capacity respectively (Figure 3e). We then examined

whether the three subtypes of pDCs described in this study have different abilities to

« . < e i+ . ~ ; . i T .
prime antigen spectiic CD4™ T cells. We performed an i wiro co-culture between

these populations of pDCs and T cells isolated from DOTLIO mice with an OVA-
specific transgenic TCR. In response to OVA, we observed a robust proliferation in co-
culture performed with CDSo 7 pDCs in compare with CD4+ T cells primed with
gither CDR«'P or CDBa' P’ pDCs (Figure 3d), As expected, the production of IL-2
by CD4+ DO1110 cells was correlated with the proliferation assay performed in figure
3d (Figure 3¢). Thus owr data suggest that pDC subsets segregated according to their
expression of CD8w or CDEB, present significant differences in their capacity to prime

natve UD47 T cells and to produce cytokines or to capture antigens.

Transfer of CD8¢ B~ pDCs triggers the developinent of airway inflammation

Taking into consideration the noticeable difference among the pdC subsets, we
addressed the potency of CD8a B, CD8'B™ ar CD8«™P” pDCs to trigger antigen
sensitization in g mouse model of airway hyper-reactivity,.  We adoptively transferred
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the three subtypes of pDCs characterized in this study and compared the resuits with the
recipients of bone marrow-derived DCs (BM-DCUs). These cells were loaded for 4
hours with OVA and washed prior to the transfer.  One week later, mice were
challenged by three consecutive intranasal administrations of QVA (Figure 4a), This
model allows us to evaluate whether a subset of DCs is able to initiate sensitization to
OVA. The lung inflammation was assessed by analysis of long histology and the lungs
Tunction was evaluated by plethysmography. We showed that CD8a § pDCs support
the development of strong AHR measuved as lungs resistance and dynamic compliance
in anesthetized, tracheotomized and ventilated animals or as enhance pause (Penh) in
conscious animals (Figure 4b and ¢). In contrast CD8a' B pDCs trigger intermediate
but not significant AHR while CD8c 37 pDCs are nearly unable io induce AHR in the
recipients {(Figure 4b and ¢}, We alse examined lungs histology and stained lung
sections with hernatoxylin and eosin (H&E) to observe cellular infiltration or periodic
acid Scluff (PAS) to examinge mucus prodaction. In accordance with the
plethysmography resulfs, a massive cell infiltration as well as an significant mucus
production was observed in mice transferred with CD8g 7 pDCs (Figure 4d). In
contrast, a minor cellular infiltration and no mucus secretion was observed after transter
of CDRaB™ pDCs while lungs of mice which reccived CDSo' R pDCs did not present
any abnormalities (Figure 4d). These results collectively show that CD8a I pDCs
can be considered as an immunogenic population of pDCs in conirast with CD8a'B™ or

CD8a P pDCs which has the ability to regulate the immune responses in the lungs.

CD8a B phCs or CH8 B induece mucosal tolerance

Alternatively, we tested the capacity of pDC subsets to induce mucosal tolerance
and asked if pDC subsets had the capacity to transfer T cell unresponsiveness. Naive
mice were initially trausferred with the different subsets of pDCs loaded with OVA
prior intra-peritoneal injection of OVA in Alum followed by OVA intranasal challenges
{Figure 5a). Sorted pDC subsets from draining lymph nodes of mice exposed 1o QVA

were adoptively transferred info naive mice, which were subsequently immunized with

OVA in alum. Adoptive transfer of tolerogenic DCs blocked subsequent OVA
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sensitization by immunization with OVA in alum; lung function results from recipient
mice mmmunized with OVA showed lower lung resistance and higher dynamic
compliance (Figure Sh). Owr results indicated that adoptive transter CDSa'B™ pDCs
and more especially CD8a'B" pDCs blocked subsequent OVA sensitization by
rmumization with OVA 1o alum; as indicated by measuring hing resistance and

dynanuc compliance in the recipient mice (Figure 3h). In contrast, animals which

recgived CD8a f7 pDCs showed severe AHR similar to the recipients of BM-DCs

(positive control){Figure 5h). Examination of the lungs of mice that received CDSa'f
or CD8e'P" pDCs showed a veduction in airway mflammation, celhdlar infiltration and
mucus production, indicating that CD8«'R™ or CD8'P" subset of pDCs can induce
mucesal tolerance and had potent in vive regulatory activity against asthma and Th2-
driven atrway inflammation (Figare 5¢).

CDS8y’ CD8R” pDCs premote the differentiation of CD4™ CD2S” Foxp3’ T eells in
yive

To investigate why CD8a'B” pDCs and CD8o™B" pDCs induce immune
tolerance, we assessed whether these cells trigger the differentiation of CD4™ CD257

Foxp3™ T cells, a phenatype characteristic of Trees: cells that are often instrumental in

immune tolerance mechanisms. In this regard, we co-transferred natve CD4" T cells

isolated from OV A-specific DO11.10 mice with either CDS8x B~ pDC, CD8a' ™ pDCs
or CD8a'B" pDCs loaded with OVA.  After fowr days, we challenged the rice
intranasally with OVA on three consecutive days before analyvzing Foxp3 expression in
the spleen and in the longs. We tracked the conversion of the cells we transferred into
Foxp3-expressing cells using the clonotypic antibody KJ1.26 specific of the OVA-
specific transgenic TCR. We observed an increased proportion of CD4™ CD25' Foxp3”
DOULIO T cells in mice which received CD8o' B pDCs and more especially CDSa 'R

pDCs (Figure 6). With this last subset, the percentage of CD4” CD25" Foxpd™ T cells

was increased by more than two fold in the lungs as well as the spleen. We

demonstrated here that CD8CR” pDCs and CDEa'P™ favor the development of CD4”

CD257 Foxpd™ T cells in viva,

CDSo” CDSP" pPCs and CD8a’ CDER” pDCs overexpressed CD98he
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To understand why CDS8o’3 pDCs and CD8«’'R” pDCs present tolerogenic
properiies, we evaluated thelr gene expression profile by wicroarray analysis. It
appeared that, compared to CD8a 7 pDCs, CD98he, a receptor for the Galectin-3, is
selectively over expressed in CD8a'R™ and CD8a’'R" pDC subpopulation (Figure 7a).
The results obtained by microarray were confirmed several times by real-time PCR
(Figure 7b). Eventually, analysis of the surface expression of CD98he by flow
cytometry revealed that expression of CD#8he was up-regulated in CD8o 'R subset and
more patticularly in CD8a’B" pDCs (Figure Te).

Galectin-3 _promote_the differentiation Foxp3”™ €CD4™ T cells by CDSe’'8” or
(D8 B pbhCs

We then investigated the role of Galectin-3, the ligand for CD98he, in induction

of Tregs in vitro. Therefore, we pre-incubated pDC subsets with Galectin3 prior to
culturing them with OVA-specific naive CD4° T cells in the presence of TGF-f, a
cytokine indispensable to the development of Tregs, Similarly to the results obtained in
viva, we observed that, in the presence of TGE-B and after 5 days of culture,
CD8a B pDCs greatly elicit the development of Foxp3d” CD4™ T cells and, to a lesser
extent tor CD8a' B pDCs (Figure 8a). Interestingly, Galectin-3 pre-incubation boost
the capacity of pDCs to convert natve CD4" T cells into Foxp3-expressing cells
especially for the CDSa'$” pDCs and the CD8«'P” subsets (Figure 8a). We
simultaneously analyzed the production of 1L-10, an important regulatory cytokines, in
Foxp3" T cells. We observed that Tregs generated by CD8a'B" pDCs produce more
H-10 than those differentiated by CDSa'B or CDSa§” pDCs (Figure 8b),
Altogether, these results show that CD8a B pDCs and more particularly CDRa' B
pDCs strongly support the development of 1L-10 producing Foxpd' CD4™ T cells in a
TGF-p and a Galectin-3~dependent manner.

RALDH expression in CD8¢’ " or CD8¢'8’ pDCs is responsible for induction of

The induction of Treg cells in vive by tolerogenic DCs has previously been

i N . N < 42 g 3 . - .
demonstrated to be regulated by TGF-B and retinoid acid™. To test the role of retinoic

acid, we analyzed the gene expression of the aldehyde dehydrogenase enzymes
=
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{RALDH) that catalyze one step of the conversion of retinal into refincic acid, We

determined that didhalal, dldhalal, and Aldhala3, three genes encoding RALDHI,
RALDHZ, and RALDH3 enzymes, respoctively, were upregulated in the tolerogenic
CD& B or CD8« B pDC subsets (Figure 113). As a control we tested simulianeously
the expression of these genes in CD103" ¢DCs from mesenteric lyniph nodes that have
previously been demonstrated te induce Foxp3™ Treg cells in a retinoic acid-dependent
manner™ %, In accordance with previons reports, CD103" ¢DCs expressed high levels
of dldhalal and Aldahalal compared with CD103” eDCs but did not express
Aldhalal in contrast to the pDC, subsets described hercin {Figare 11a). To
demonstrate the functional activity of RALDH in pDUs, we used the flnorescent
RALDH substrate, Aldeflucr, in a flow cytometry assay, as has been demonstrated

23, 34

previously™ ™. Tn agreement with the hjerarchy of Treg induction capacity in vivo and
Aldha genes expression, CD8aR™ pDC demonsirated the highest RALDH activity and
CD8u § the lowest {Figure (7b)).  We next tested the regnirements for TGF-f and
retinoic acid in the conversion of natve T cells into Treg cells by pDC subsets in vitro,
We cultured pDC subsets with naive OV A-specific UD4" T cells in the presence or
absence of TGF-§ or TGF-B and RALDH inhibitor (LES40). We observed that in the
presence of TGF- fi, CD8« R and CDSa'R™ pDCs are more efficient in converting
naive CD4+ T cells into Foxp3-expressing Treg cells compared with CDSa™ ™ pDCs
(Figure 11¢). In addition, the presence of an RALDH inhibitor completely blocked the
conversion of naive CD4" T cells by CD8«'B™ and CDSa’B” pDCs (Figure 1le).
Altogether, these results demonstrate that CD8e'B” pDCs and in particular CD8« B’
pDCs strongly support the development of Foxp3™ CD4” Treg cells in TGF-B and

retinoic acid dependent manner,

Accordingly, expression of RALDH may be considersd a biomarker for

tolerogenic antigen presenting cells.

Transiation of plIC subsets to human

Human pDCs do not express CD8a and CDBR. To uncover human pDCs that

share the same tolerogenie properties, we examined the expression paitterns of surface

[
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markers in mice pDCs.  In particular, we performed RNA differential studies and
identitied several other markers on pDC subsets in mice that can be used to identify
tolerogenic pDCs in human. Here we have further discovered that Clga, Clge and 1L-

9R characteristic biomarker for human pDCs (Figures 12 and 13).

As illustrated in Figure 13, Galectin-3 and its receptor CD98he are co-gxpressed
with the tolerogenic pDCs. Similarly, both Clga and Clge are found to be up-regulated

significantly in tolerogenic pDCs (Figure 14).

Using Clg-specific antibodies that recognize both Clya and Clge (Figure 13),
wiz were able to isolate tolerogenic pDs from human peripheral blood moenonuclear
cells (PBMCs).  Sinularly, pDCs isolated using anti-IL-9R also are found to be

tolerogenic (Figure 16).

Thus, we have demonstrated here that Clga, Clge, and IL-9R are biomarkers for

tolerogenic pDCs in human.
EXPERIMENTAL METHODS

Mice. Female BALB/c ByJ mice (8 1o 8 weeks old) were purchased from The
Jackson Laboratory (Bar Harbor, ME). Al mice were maintained in a pathogen-free
mouse colony at the Keck School of Medicine (University of Southern Calitornia)

under protecols approved by the Institutional Animal Care and Use Committee,

Flow evtometry. Cells were pre-incubated with anti-Fo receptor mAb 2.4G2 as
well as normal rat serum, and washed before staining. Subsets of dendritie cells were
identified using vartous antibody combinations including Anti-B220 APC-Cy7 (RAZ-
6B2), anti-CD40 FITC (3/23), anti-CDSO (16-10A1), anti-CD86 PerCP-Cy5.5 (GL1Y,
apti-IAAE (M3/114.15.2), anti-Ly6C PerCP-Cy5.5 (HK14) anti-CD8¢ PE-Cy7 (53-
6.7), anti-CD8B APC (H35-:17.2 or 53-53.8), apti-C03 PerCP-Cy5.5 (145-2C1 1, all from
BD Biosciences, San Jose, CA), Siglee-H {(eBiod40c), anti-CD11c eFluro430 (N4 18,
both from eBioscience, San Diego, CA), anti-BST2 PE (120GS8.04, Imgenex, Sap
Diego, CAY and Lyd49Q (2E6, MBL Intermnational, Woburn, MAY. The cells were

washed 3 times with cold PBS + 2% FCS and were analyzed on the FACS Canto IT 8
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color flow evtometer (BD Biosciences). The data were analyzed using the Flowlo 6.2

software (Tree Star, Ashland, OR),

Plasmacytoid DU isolation and cells sorting. To prepare single cell suspension,
lvinph nodes were digested with 1.6 mg/ml collagenase (CLS4, Worthington
Biochemicals, Lakewood New Jersey) and 0.1% DNAse I (Fraction IX| Sigma, St
Louis, Missouri} at 37°C on an orbital shaker for 30 minutes, and for an additional 30
minules after passing it multiple times through an 18 gauge needle. For in vive
expansion of DCs, 3 x 10° Flit3Ligand-secreting cells were subcutaneously injected in
BALB/c mice. After 14 days, lymph nodes were harvested and processed as described
above. To isolate pDCs, cells were labeled with anti-mPDCA-1 microbeads (Miltenyi,
Auburn, CA) and then positively sorted by AmtoMACS according to the manufacturer’s
instruction. Purity of pDCs was always more than 95%. Plasmacytoid DCs were
identified based on their expression of CD1le and BST2; CDS«f7, CD8™ and

CD8B” pDC subsels wete separated using a FACS ARIA 1T cell sorter (BD
Biosciences).

Sensitization and tolerance models; measurement of airway responsiveness.

CD&CP, CD8GP™ and CD&'P™ purified plCs were isolated from lymph nodes of
BALB/mice treated with FR3L-expressing cells. After cell sorting, purified pDCs were
toaded with OVA (100 pg/ml) for 4 hows at 37°C. Cells were subsequently washed
two times and resuspended in cold saling solution. For the sensitization model, 2 x 10°
cells (pDCs or Bone marrow-derived DCs) were adoptively transferred by intravenous
mnjection through the tail vein, Seven days after the transfer, mice were challenged on
three copsecutive days by intranasal administration of OVA (50 pug in PBS). For the
tolerance model, OVA-loaded pDC subsets were adoptively transferred 7 days prior
intraperitoneal injection of OVA (S0 ug) in aluminum hvdroxide (Alum, 2 myg} and
subseguently recipients were challenged intranasally with 3 consecutive doses of OVA
{30 pg in PBS) on days 14, 15 and 16. Awrway hyperesponsiveness {AHR) responses
was subsequently assessed by methacholine~-induced airflow obstruction in conscious
mice placed in a whole-body plethysmograph (Buxco Electronics, Troy, NY) as

described before or by invasive measurement of airway resistance, in which
23
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ancsthetized and  tracheostomized mice were mechanically  ventilated. Briefly,

Aerosolized methacholine was  administered  1n increasing  concentrgtions  of

methacholing (0, 2.5, 5 and 10 pg/ml) and we continuously computed the lungs

resistance and dynamvie compliance by fitting flow, volume, and pressure 1o an equation

of motion, AHR was measured at 24 howrs afler the last intranasal challenge.

Lungs histology., Transcardial perfusion of lungs was performed with cold FBS

and subsequently lungs were fixed for histology with 4% paraformaldehvde buffered 1

PBS. After fixation, the lungs were embedded in parathin, cut into 4-pum sections, and
g , S F&

stained with hematoxylin and cosin {H&E) and periodic-acid Schiff (PAS). Histology

pictures were acquired using a DFC290 Leica camera (Leica Microsysioms,

Bannockburn, L)

Confoeal microscopy. Plasmacytoid DCs were sorted as deseribed above and
cells were stained for surface markers with the following antibodies: anti-
CD8a Cy5 (§3-6.7), anti-CDER TRITC (H35-17.2, all from eBioscience) and either
amti-IATE (MS/11415.2), anti-CD1lc (HE3, all from BD Bioscience) or anti-BST?2
(mPDCATL, Miltenyi} antibodies conjugated to FITC. Cells were subsequently fixed and
permeabilized using the BD F/Perm solution. Nucleuses were labeled with Hoescht
for 10 minutes, Washed cells were mounted onto slides in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). lmages were acquived with a Niken
Eclipse Ti confocal microscope (Nikon, Instruments, Melville, NY) and a 100x oil

objective associated to the Nikon BC-Z1 softwaze,

In vitro eulture, Sorted subpopulation of pDCs were cultured for 24 hours in the
presence of CpG 1826 {1 pM, Invivogen, San Diego, CA), R&48 (10 pg/mi, Alexis
Biochemicals, San Ddego, CA), LPS (10 pg/ml, Invivegen) or medium only.
Supernatants were then harvested for further measurement of cytokine production by
ELISA for IFN-u (PBL Interforon Source, Piscataway, NI) and [L-10 (eBioscience).
Soried CD8a’ B pDCs, CDSw'B™ pDCs and CDRR" pDCs were co-cultured with
CD4" T cells isolated from DO11.10 mice at a 1:10 ratie {1x10" pDCs / 1x10° T cells)

m a 96-well round bottom plate. Medium was supplemented with OVA peptide

26
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(OVAzaamw, 1 ug/ml, Peptide International, Louisville, KY), TGF-f (1 ng/mi,

eBiosecience), anti-IL-12 (C17.8}), anti-1L~4 (11.B11), anti-IFN-y {XMG1.2) and anti-

-6 (MP3-20F3) (all antibodies at 10 pg/ml and purchased from Bioxcell, West

Lebanon, NH). Alier three days of culture, calls were harvested, washed and stained to
assess Foxpd expression using the FIK-16g (eBioscience} and the Foxp3 Staining
Buffet Set (eBioscience) according to the manufacturer’s instructions.  Alternatively,
cells were pulsed with tritiated thymidine (1 uCi per well) for 18 hours and cell
prolfiferation was evaluated using a beta-counter (Beckman Coulter, Brea, CA) as

deseribed earlier.

Quantitative real-time PCR and microarray. Total RNA wag extracted from

sorted subtypes of pDCs using the RNAasy mini kit {Qiagen) and cDNAs were

generated with the High Capacity cDNA Reverse Transcription K (Applied
Biosystems) according to the manufacturer’s recommendations, Quantification of
mBRMNA levels was carried out by quantitative real-time PCR on a CFX96 thermal cvcler
(Bio-Rad, Hercules, CA) with predesigned Tagman pene expression assays for (B-actin:
MmO060732 mi, CDSw: MmO1182108 ml, CD3J: MmO0438116 ml, CD98he:
MmO0S00321_ml; Appbed Biosystems, Foster City, CA) and reagents, as per
manufacturer’s instructions. Microarray processing was performed using the mouse
PIQR immunology microarray service from Miltenyl Biotech (Bergisch-Gladbach,

Germany).

Analysis of RALDH activity by flow eytometry, The activity of RALDH
enzyvmes was determined using the Aldetluor staiming kit (StemCell Technologies,
Vancowver, BC, Canada). pDCs were 1solated from pooled peripheral lvinph nedes and
incubated for 45 min at 37 °C in the presence of different dilution of BODIPY-
anincacetaldehyde  diethyl acetal (Aldefluor subsirate} with or withowt RALDH
inhibitor DEAB. Cells were subsequently stained for mPDCAL, CD1lc, CD8u and

CD3P and analvzed by flow cviometry.

Although the present invention has been deseribed in torms of specific exenmplary
24 : 2 3

embodiments and cxamples, it will be appreciated that the embodiments disclosed

27
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herein are for llustrative purposes only and various modifications and alterations might
be made by those skilled in the art without departing from the spirit and scope of the

nvention as set forth in the fellowing claims.
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CLAIMS
‘What is claimed is:
1. One or more isolated plasmacyioid dendritic cells (pDCs) selected from the group consisting

of CD8a'B, CD8e'f, CDSo'B, Clga'e’, IL-9R" and a combination of any two of
CDSa f, CDSu'B, CDRa'B.

The isolated pDCs according to claim 1, wherein sald pDCs are CD8a« B,

ba

3. The isolated pDCs according o claim 1, wherein said pDCs are CDS0'B"

4. The isolated pDCs according to claim 1, wherein said pDCs are CDSa'f .

oy

The isolated pDCs according to claim 1, wherein sald pDCs are & combination of CD8a'f
and CDBa'f"

6. The isolated pDCs according to ¢laim 1, wherein said pDCs are human Clga'c" or IL-9R”

7. A composition, comprising:
a tolerogenic or immunogenic antigen presenting cell: and

a carrier,

& The composition of claim 7, wherein said antigen présenting cell is a tolerogenic pDC
selected from CD&'R”, CD8e'B’, a combination of CD8u™R”™, CDRR™, a human Clga'e’,

and a human IL-9R".
Q. The composition of claim 8, further comprising TGF-8, galectin-3, or both.
10, The composition of claim 7, wherein said antigen presenting cell s CD8a R,
P, The composition of claim 10, further comprising an inhibitor of RALIDYH,

12. The composition of claim 7, wherein sald antigen presenting cell is pre-incubated with an

antigen.
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3. A method for isolating a pDC having tolerogenic property, comprising:

enriching pDCs from g source sample; and

sorting the enviched pDCs according to their CDS surface marker subtypes.

. A method for preventing or treating immune-hyper-reactivity in a subject, comprising:

adnyinistering to said suhject an effective amount of a composition according to claim 7.

. The method of claim 14, wherein said immune-hyper-reactivity is tnflammation, allergy, or

asthia.

. A method for inducing conversion of naive CD4™ T cells into Foxp3+ regulatory T cells,
COMpIsing:
brining 4 tolerogenic antigen presenting cell into fluid communication with a naive CD4”

T cell.

. The method of claim 16, wherein said tolerogenic antigen presenting cell is a tolerogenic

pDC selected from the group consisting of CD8e B, CD8u'B’, and a combination thereof,

The method of claim 16, wherein said bringing step is done in the presence of TGEF-B,

Galectin-3, or bath.

19, A method for modulating mmune response in a subject whe is suffering from an immune

hiyper-reactivity disorder against an antigen or is in need of boosting an immune response
against an antigen, said method comprising:
administering an effective amount of a pharmacenatical composition to said subject,
whersin:
said pharmacentical composition is ong comprising a tolerogenic antigen presenting cell
pre-loaded with the antigen when said subjedt is suffering from an immunne hyper-
reactivity disorder, or
said pharmaceutical compeosition is one comprising an inmunoegenic antigen presenting
cell pre-loaded with the amtigen when sald subject i3 In need of boosting an

hmmune response against the antigen.

(54
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. The method of claim 19, wherein said subject 18 one suffering from an immune hyper-

reactivity, and said antigen presenting cell is a tolerogenic pDC.

21. The method of claim 19, wherein said subject is one in need of boosting an immune

response, and said antigen presenting coll is an imnaunogenic pDC.

22. A method for Wlentifying a tolerogenic antigen presenting cell, comprising:
determining the expression levels for RALDHL, RALDHZ, and RALDH3 in the antigen
presenting cell; and
designating the antigen presenting cell as tolerogenic if all of RALDHI, RALDHZ, and

RALDHS3 are up-regulated compare to a predetermined reference.
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Marker Double- | CD8u'CD8p | CD8a’CDSp"
CD122 +/- +/- +++
B7H4 +- + -+
CD276 + ++ +++
CD314 + ++ +++
CD30 +- + +HH+
Ly-108 ++ +HH +++
GITRL + ++ +++
0X90 +++ +H+ +++
CD180 ++ +HH +++
CD120b + + +
Clec9A +- +- +-

CD4 ++ ++ ++
Clqa - ++ ++
Clqce - ++ ++
IL-9R - ++ ++
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