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m Platelets are a rich source of many cytokines and chemokines including transforming growth
factor g 1 (TGF-B1). TGF-B1 is required to convert conventional CD4* T (Tconv) cells into
*TGF-B1 from unfractio- induced regulatory T (iTreg) cells that express the transcription factor Foxp3. Whether
ntated PltLyS can effi- platelet contents will affect Treg cell properties has not been explored. In this study, we show
el el Ui that unfractionated platelet lysates (pltLys) containing TGF-B1 efficiently induced Foxp3
cells. expression in Tconv cells. The common Treg cell surface phenotype and in vitro suppressive
* The properties of Treg activity of unfractionated pltLys-iTreg cells were similar to those of iTreg cells generated
cells induced by TGF- using purified TGF-B1 (purTGFpB-iTreg) cells. However, there were substantial differences in
B1 are altered by gene expression between pltLys-iTreg and purTGFp-iTreg cells, especially in granzyme B,
platelet contents. interferon v, and interleukin-2 (a 30.99-, 29.18-, and 17.94-fold difference, respectively) as
determined by gene microarray analysis. In line with these gene signatures, we found that
pltLys-iTreg cells improved cell recovery after transfer and immune suppressive function
compared with purTGFB-iTreg cells in factor VIII (FVIII)-deficient (F8™", hemophilia A
model) mice after recombinant human FVIII (rhF8) infusion. Acute antibody-mediated
platelet destruction in F8""! mice followed by rhF8 infusion increased the number of Treg
cells and suppressed the antibody response to rhF8. Consistent with these data, ex vivo
proliferation of F8-specific Treg cells from platelet-depleted animals increased when
restimulated with rhF8. Together, our data suggest that pltLys-iTreg cells may have
advantages in emerging clinical applications and that platelet contents impact the properties
of iTreg cells induced by TGF-1.

Introduction
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Apart from their fundamental role in hemostasis, platelets also modulate innate and adaptive immune
responses.'® The mechanisms that underlie their immune modulatory activity are not fully understood.
Platelet secretory granules contain a diverse array of bioactive proteins that mediate both physiologic
and pathologic processes.”® Approximately 10'" newly produced platelets enter the blood stream daily
replacing those that are aged or destroyed. Aged platelets undergo apoptosis and are phagocytosed by
macrophages in the spleen and liver.'" Clearance of apoptotic platelets by phagocytes creates an
immunoregulatory microenvironment via the production of regulatory cytokines, including transforming
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growth factor B 1 (TGF-B1) and interleukin-10 (IL-10), which
support regulatory T (Treg) cell development and function.'?"®

In previous studies, we demonstrated that ectopic expression of
factor VIII (FVIII) or FIX in platelets resulted in the storage of FVIIl or
FIX in platelet a-granules and in the induction of antigen-specific
immune tolerance in hemophilic mice."®2° Although the precise
mechanisms that mediate immune tolerance after platelet gene
therapy are unclear, the process may be intrinsic to platelet
contents, as platelet a-granules also contain abundant TGF-B1.
Indeed the most prominent source of TGF-B1 in the body is
platelets.2! The physiologic relevance of platelet-derived TGF-B1
(ptTGFB) acting in support of immune tolerance is not fully
understood and is complicated by other abundant cytokines and
chemokines stored in platelet granules.®>?

There may be an important link between pltTGFB, other platelet
contents, and the properties of Treg cells. We hypothesize that
ptTGFB can induce conventional T (Tconv) cells to become
functional induced regulatory T (iTreg) cells, and that other contents
in platelets can impact the properties of Treg cells induced by
ptTGFB. In this study, we examined platelet lysates (pltLys) for
their capacity to drive iTreg cell differentiation in vitro. We analyzed
the gene signatures, the stability of Foxp3 expression, and the
suppressive function of iTreg cells produced with pltLys. We also
investigated the in vivo relevance of platelets and Treg cells along
with their immune suppressive functions in hemophilia A (FVIII
deficient, F8™") mice in response to recombinant FVIII (rhF8)
infusion. Our data show important roles for pltTGFB together with
other platelet contents in altering gene expression signatures of
Treg cells, promoting Treg cell stability, and enhancing antigen-
specific Treg cell suppressive function.

Materials and methods
Mice

All animals were kept in pathogen-free microisolator cages at the animal facilities
operated by the Medical College of Wisconsin. Isoflurane or ketamine was used
for anesthesia. Animal studies were performed according to a protocol approved
by the Institutional Animal Care and Use Committee of the Medical College of
Wisconsin. All mice were maintained under Specific Pathogen Free conditions,
and both male and female mice were used in all experiments.

Antibodies

The detailed sources of antibodies used in this study are provided in the
supplemental Materials.

In vitro iTreg cell induction

FO)(,o:S’EGFP mice?® in C57BL/6 (B6) background were used for in vitro iTreg
conversion. The details are provided in the supplemental Materials. Platelets
were isolated from wild-type C57BL/6 mice, and pltLys prepared by freeze/
thaw were used as a source of pltTGFB. The pltTGFB was activated by
transient acidification. To confirm that the induction of Treg cells by pltLys in
vitro was dependent on TGF-B1, 10 pg/mL anti-TGF-B1 antibody was used
to neutralize TGF-B1. iTreg cells were sorted for further studies as described
subsequently.

Flow cytometry analysis

Single cell suspensions of leukocytes were stained for cell surface markers
as described in our previous report.>* Natural Treg (nTreg) cells from
Foxp3F®™ mice were used as a control. Intracellular Foxp3 staining was
performed using the Mouse Regulatory T Cell Staining Kit following the
protocol provided by the manufacturer (eBioscience). Cells were analyzed
using an LSRII flow cytometer, and data were analyzed with FlowJo software.
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Gene expression analysis

Gene expression profiles of iTreg cells were examined by microarray
analysis as described previously.?®?® RNA was purified, and samples
were labeled and hybridized to Mouse Genome 430 2.0 GeneChip. The
details are provided in the supplemental Materials. Probe sets that
exhibited a 1.4-fold difference (|log2 ratio| > 0.5) relative to Tconv cells
were identified, and those that possessed a false discovery rate of <10%
were used in subsequent analyses. The data files associated with this
study have been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus?”? database (accession number
GSE84225).

In vitro Treg cell suppression assay

The TGF-B1-containing unfractionated pliLys-iTreg or purified TGF-B1—
iTreg (purTGFB-iTreg) cells from in vitro cell culture were isolated by cell
sorting and used to suppress CD4" T-cell proliferation. The details are
provided in the supplemental Materials. Suppression assays were analyzed
using the Proliferation Platform in FlowJo software as reported.?® Division
index was determined for each condition, and this number was used to
calculate the percent of suppression.

In vivo Treg cell suppression

One million pltLys-iTreg or purTGFB-iTreg cells were adoptively trans-
ferred by IV injection into F8™!'/B6 mice followed by rhF8 (Xyntha; Pfizer
Inc., New York, NY) immunization weekly at 50 U/kg per week IV for a total
of 4 weeks. One week after the last immunization, blood samples were
collected. The titers of anti-FVIIl inhibitory antibodies (inhibitors) and total
anti-FVIIl antibodies were determined by Bethesda assay and enzyme-
linked immunosorbent assay (ELISA), respectively, as described in our
previous report.'®'® Six days after the iTreg cell transfer, CD4™" T cells
from peripheral blood were analyzed by flow cytometry for enhanced
green fluorescent protein (EGFP) expression to assess the recovery of the
infused iTregs. CD45.1 and CD45.2 were used as congenic markers.

Platelet depletion

F8"" animals were infused with anti-GPlb Ab (R300) at a dose of
2 mg/kg to deplete platelets followed by rhF8 immunization at a dose of
50 U/kg per week IV X 4. Normal immunoglobulin G (IgG) of the same
isotype was used as a control in parallel experiments. Details are
provided in the supplemental Materials. Splenocytes from animals
1 week after a single dose of platelet depletion followed by 1 dose of
rhF8 immunization were restimulated in vitro using the T-cell pro-
liferation assay as described subsequently.

T-cell proliferation

Spleens were isolated and dissociated to generate single cell suspensions.
Splenocytes were labeled with CellTrace Violet and cultured with rhF8.
Recombinant factor IX (rhF9) was used as an unrelated antigen control for
T-cell proliferation. Details are provided in the supplemental Materials.

Statistical analysis

Data are presented as the mean * standard deviation. Statistical compar-
isons of most data sets were evaluated by the unpaired Student ¢ test or the
Mann-Whitney U test. The Kruskal-Wallis test was used to compare the 3
groups. The incidence of anti-FVIIl antibody development was compared
using Fisher's exact test. For all comparisons, a value of P < .05 was
considered statistically significant.

Results

pltLys induces naive CD4* T cells to express Foxp3

Platelet a-granules contain a number of cytokines and chemokines
that are known to impact the differentiation of naive CD4* T cells,
including TGF-B1, insulin-like growth factor 1,%° and platelet-
derived growth factor.3° In order to evaluate the impact of
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Figure 1. pRTGFp induces Foxp3 expression and Treg cell differentiation in vitro. Both purTGFB and pltTGFB were activated by acidification before adding into tissue

culture media. (A) Induction of Foxp3 expression in pliLys-induced cells. pltLys prepared from freeze/thaw were used as the source of pltTGFB. Conventional CD4 " Foxp35SFF~

cells were stimulated with anti-CD3/CD28 antibodies and IL2 in the presence of 5 ng/mL pltTGFB for 72 hours and analyzed for CD4J’F0><p3EGFP+ expression by flow cytometry.

PurTGFp was used as a control in parallel. 1D11 (10 pg/mL) is an anti-TGF-B1 antibody that can inhibit TGF-B1 activity. Representative flow cytometry plots are shown. Number

in quadrant represents the average of 3 experiments. (B) The pltTGFB dose response in Treg cell induction. Various doses of ptTGFB (ng/mL) from pltLys were used to convert

CD4*EGFP™ T cells to CD4"EGFP* Treg cells. Representative flow cytometry plots are shown. Number in quadrant represents the average of 5 experiments. (C) The cell
phenotypes of CD4"EGFP* Treg cells induced by pltTGFB from pltLys. Flow cytometry analysis of CD25, CD62L, CD44, KLRG1, H57, GITR, PD1, and Helios. CD4"EGFP* Treg

cells induced by purTGFB and nTreg cells from Foxp3 S mice were used as controls.

shown in red, purTGFB-iTreg cells in blue, and nTreg cells in gray. Experiments were

platelet-derived TGF-B1 on iTreg differentiation in the context of the
complex mixture of platelet content, we prepared pltLys by the freeze/
thaw method. The level of total TGF-B1 in the lysate pool was 22.5 +
3.7 ng/10® platelets (supplemental Figure 1) as determined by
ELISA. We then added unfractionated pltLys to CD4"EGFP™ T cells
isolated by cell sorting from Foxp3ES " mice in an iTreg cell induction
assay. We compared the capacity of purTGFB1 with the pltLys
containing TGF-B1 to induce Foxp3 expression (Figure 1A). After
culture for 72 hours with equivalent amounts of activated plt- and
purTGFB1, ~90% of naive CD4 ™" T cells expressed Foxp3, and there
was no significant difference between the 2 TGF-B1 sources. When
using pltLys, Foxp3 expression was completely abrogated by the
addition of the anti-TGF-B1 antibody 1D11 (Figure 1A) and exhibited
a dose-dependent relationship with the TGF-1 (Figure 1B).
Foxp3 induction using resting platelets or pltLys without activation of
TGF-B1 resulted in low efficacy compared with activated TGF-B1 from
lysates (supplemental Figure 2A-B). The Foxp3 induction from using
the acidified pltLys that contained only 0.31 ng/mL of TGF-31 showed
similar efficacy to that obtained from unacidified pltLys containing
20 ng/mL of total TGF-B. These data indicate that other than TGF-B1,
the cytokines contained in the pltLys have little impact on the induction
of Foxp3 expression in vitro and that the majority of TGF-B1 in platelets
is in an inactive form.
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Representative histograms from flow cytometry are shown. Histogram of pltLys-iTreg cells is
repeated 3 times.

The cell phenotype and gene expression profiles of
pltLys-iTreg cells

We used flow cytometry analysis to determine the phenotype of iTreg
cells generated after a 72-hour culture with pltLys or purTGFB. We
examined the levels of several common proteins associated with Treg
cell function and compared them with those seen in nTreg cells
sorted from Foxp35Smice. As shown in Figure 1C, the mean
fluorescence intensity of CD25, CD44, GITR, and PD1 from iTreg
cells induced by either pltLys or purTGFP was greater than that
observed for nTreg cells. The expression of H57 among the 3 groups
was similar, whereas expression of Helios was seen only in the nTreg
cell population.

In contrast, genome-wide RNA profiling revealed marked differ-
ences in gene expression signatures between pltLys-iTreg and
purTGFB-iTreg cells. As shown in Figure 2, in aggregate, there were
1646 probe sets that were differentially expressed relative to
Tconv cells. Of these, 58% were common to both pltLys-iTreg and
purTGFB-iTreg cells, and 243 probe sets were unique to pltLys-
iTreg and 444 to purTGFB-iTreg cells. Relative to purTGFB-iTreg
cells, 37 gene transcripts showed a greater than threefold
increased and 53 transcripts with a more than threefold reduced
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Figure 2. The microarray analysis of gene expression profile. RNA was purified from pltLys-iTreg, purTGFB-iTreg, and Tconv cells. Samples were labeled and hybridized to

Affymetric 430 2.0 GeneChips. Data are averaged from 3 arrays for each subset. Image data were analyzed with Affymetrix Expression Console software and normalized with

Robust Multichip Analysis to determine signal log ratios. (A) Venn diagram showing commonly and uniquely regulated probe sets found in pltLys-iTreg and purTGFB-iTreg cells.

Probe sets that revealed a 1.4-fold or greater difference (|log2 ratio| > 0.5) and ranked a product false discovery rate of <10% relative to Tconv cells are shown. (B) Heat

map showing the fold change in expression of the 1646 differentially regulated probe sets identified in panel A. (C) Annotated heat map showing the expression levels of

selected differentially regulated probe sets. For panels B and C, the scale (—4-fold to +4-fold). (D) Bar graphs compare the fold change in expression of select prototypical

genes associated with immune functions in pltLys-iTreg and purTGFB-iTreg cells. (E) Flow cytometry analysis of GzmB (left) and IFN-vy (right) expression in pltLys-iTreg

and purTGFB-iTreg cells.

abundance in pltLys-iTreg cells. Of these 90 differentially expressed
transcripts, granzyme B (Gzmb), interferon vy (/fng), and //2 were the
most significantly different, showing 30-, 29-, and 18-fold more
abundance, respectively, in pltLys-iTreg compared with purTGFp-
iTreg cells. The dominant up- or downregulated genes, which are
known to regulate immune cell functions, are summarized in Table 1
and Figure 2C-D. GzmB and IFN-y protein expression were further
analyzed by flow cytometry (Figure 2E).

The suppressive functions of pltLys-iTreg cells

Next, we compared the suppressive functions of iTreg cells induced
by either pltLys or by purTGFp. Sorted EGFP™ iTreg cells were
cultured with effector T cells and their activity measured using an in
vitro CD4" T-cell suppression assay. Both purTGFB-iTreg and
pltLys-iTreg cells could suppress CD4™ T-cell proliferation in vitro,
and there was no statistically significant difference between the
2 groups. In both groups, the suppressive potency increased as the
ratio of Treg cells to effector CD4 ™ T cells increased. At the lowest
iTreg cell dose tested (1:8), CD4™ T-cell proliferation was
suppressed by 15% (Figure 3A-B).
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To compare the in vivo suppressive function and stability of Foxp3
expression of the 2 iTreg cell populations, we transferred 1 X 10°
sorted CD45.1 "EGFP™ iTreg cells generated with either purTGF@
or pltLys into CD45.2" F8™" mice followed by rhF8 immunization.
Six days after the first iTreg cell transfer and rhF8 immunization, we
determined the frequency of iTreg cells in the peripheral blood of
the transfer recipients. In the group that received pltLys-iTreg cells,
29.8 = 11.4% of CD45.1" cells remained EGFP™, which was
significantly higher than the group that received purTGFB-iTreg
cells (15.4 = 13.19%; P = .008; Figure 4B).

One week after the fourth infusion of pltLys-iTreg cells and rhF8,
45.5% of animals developed anti-FVIIl inhibitors and anti-FVIII
antibodies. In contrast, in the group that received purTGFB-iTreg
cells and rhF8 infusions, 66.7% of mice developed inhibitors and
83.3% developed anti-FVIIl antibodies. Without iTreg infusions,
85.2% of F8™" control mice developed inhibitors and 88.9%
developed anti-FVIIl antibodies. These data show that the incidence
of both inhibitor and anti-FVIl total antibody development in the
pltLys-iTreg group, but not in the purTGFB-iTreg group, was
significantly lower (P = .017 and .008) than in the control group
(Figure 4C-E). The inhibitor titers in groups that received either
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Table 1. Dominant gene transcripts related to immune functions in pltLys-iTreg and purTGFB-iTreg cells

Molecule pltLys-iTreg/purTGF-iTreg (fold change) Functions

Gzmb 30.99 Is important for CD8, natural killer T, and subsets of Treg cell
function®?

Ilfng 20.18 Plays a major role in immunosuppression mediated by IFN-
y—producing Tregs®®

12 17.94 Essential for Treg cell function®®

Chemokine (C-C motif) ligand 3 (Ccl3) 8.97 Essential for regulation of Foxp3 stability®”

Fas ligand (Fasl) 4.78 Plays a critical role in cell-killing activity and enhances Treg cell
suppressive activity®®

Neuritin 1 (Nrn1) 4.51 Is responsible for the persistence of Treg cells®®

Tumor necrosis factor superfamily, member 14 (Tnfsf14) 4.49 Is important for Treg suppressive function”®

Nuclear receptor subfamily 4, group A, member 2 (Nr4A2) 4.06 Plays important role in Treg cell development and suppressive
functions”’

Thyroglobulin (Tg) 4.03 Regulates Treg cell function in preventing autoimmune thyroiditis”?

Cytotoxic and Treg cell molecule (Crtam) 3.51 Regulates CD8, natural killer, and Treg cell-killing functions”®

CD36 antigen (Cd36) 3.47 Plays a role in Treg induction”*

CD83 antigen (Cd83) 3.24 Involved in Treg suppressive function”®

CD40 antigen (Cd40) —6.47 Plays roles in Treg differentiation”®

Cytotoxic T lymphocyte—associated protein 2 B (Ctla2b) —5.21 Is one of the serine protease inhibitors””

Acyl-CoA synthetase bubblegum family member 1 (Acsbg1) —3.33 Plays roles in T-cell demethylation (T helper 1 [Th1], Th17,

Treg, etc)”®

pltLys-iTreg or purTGFB-iTreg cell transfusion were significantly
lower than the titer in the control group that did not receive iTreg cell
transfusion (P = .0006 and .007, respectively; Figure 4Di-ii). The
inhibitor titer in the pliLys-iTreg group (7.8 = 13.0 BU/mL) appeared
lower than that in the purTGFB-iTreg group (15.6 + 21.4 BU/mL). In
terms of total anti-FVIIl antibodies, only the titer in the pltLys-iTreg
group, but not in the purTGFB-iTreg group, was significantly lower
than in the control group (P = .004; Figure 4F). Together, these
results demonstrate that the potency of iTreg cells derived from pltLys
is greater in suppression of anti-FVIll immune responses in F&8™"
mice, possibly because of improved stability of Foxp3 expression,
other mechanisms that impact cell division or cell death, or both.

In vivo platelet destruction induces antigen-specific
Treg cells

It has been shown that using anti-GPIb antibody R300 results in
acute platelet depletion in circulation and clearance in spleen and
liver.2 To investigate if there is a relationship between platelet
contents and Treg cell properties in vivo, we used the anti-GPlb
antibody to destruct platelets, releasing platelet contents locally in
spleen in F8"" mice, and subsequently analyzed Treg cells and anti-
FVIIl immune responses. As shown in supplemental Figure 3, 97%
of TGF-B1 is stored in platelets, and only 3% distributed in plasma
at steady state. When platelets were depleted using R300, the
platelet number dropped 92% and the plasma TGF-B1 (pTGF-31)
level decreased 84%. As expected, both platelet number and
pTGF-B1 levels were not affected in the group that received the IgG
isotype control antibody. pTGF-B1 levels were restored as platelet
number recovered, confirming that the level of pTGF-B1 is as-
sociated with the number of platelets.

As TGF-B1 signaling mediates both Treg cell homeostasis and
the production of iTreg cells, we examined Treg cell numbers
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in peripheral blood after antibody-mediated platelet depletion
followed by rhF8 immunization. We found that the frequency of
Treg cells (CD4"CD25" Foxp3™) increased with a peak at day 7
(Figure 5A-B). On day 7, the frequency of Treg cells was 6.7 =
0.4%, which is significantly higher than in the IgG control group
(5.1 = 0.4%) and in the naive F8™" mice (5.2 *+ 0.2%; Figure 5C).
The total number of Treg cells in the peripheral blood of the
platelet-depleted group was also significantly higher than in the
IgG control group (Figure 5D).

Because iTreg cell transfers reduce the incidence of inhibitor
development and antibody-mediated platelet depletion in-
creases the frequency and number of Treg cells, we measured
the effect of platelet destruction on the anti-FVIIl immune
response. For these studies, we also used F8"" mice from a
mixed C57BL/6:129S (B6/129) genetic background, which is
known to have a more robust anti-FVIIl antibody response than is
seen in F8™"'mice on the B6 background.®"*? Our preliminary
data showed that F8™'(B6/129) mice died after a second
platelet depletion plus rhF8 immunization even though the dose
of the R300 anti-GPIb antibody was reduced to one-eighth with a
2-week interval. Thus, in F8""(B6/129) animals, platelets were
depleted only once followed by 4 doses of rhF8 immunization.
The titer of inhibitors, but not total anti-FVIII antibodies, in the
platelet-depleted group was significantly lower than in the IgG
control group (Figure 6B-C). When we assessed the impact of
platelet depletion on the anti-F8 immune response in F8""(B6)
mice, all animals that received rhF8 immunizations survived the
full dose of the R300 antibody at the first week and the
subsequent one-fourth dose at week 3. The titers of both
inhibitors and total anti-FVIIl antibodies in the platelet-depleted
group were significantly lower than in the IgG control group
(Figure 6E-F).
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Figure 3. The suppressive function of pltLys-iTreg cells on T-cell proliferation in vitro. CD4 "EGFP™ Treg cells induced in vitro by pltLys or purTGFB were sorted

and cocultured with violet-labeled CD4* T cells (T effectors) at various ratios in the presence of anti-CD3/CD28 antibodies for 72 hours. Cells were harvested and stained with

anti-CD4 antibody. The daughter effector cells were analyzed by flow cytometry. Suppression assays were analyzed using the Proliferation Platform in FlowJo software.

Representative histograms from flow cytometry (A) and summarized data (B). Experiments were repeated 6 times. “DI" represents division index, which is the average number of cell

divisions that a cell in the original population has undergone.

To explore the development of rhF8-Treg cell responses in
platelet depleted animals, splenocytes were isolated from Fgnu!
(B6/129S) mice 1 week after a single dose of platelet depletion
followed by 1 dose of rhF8 immunization and cultured for 96 hours
with or without rhF8 restimulation. When splenocytes were restimulated
with rhF8 in vitro, Treg cells proliferated significantly in contrast to
those without rhF8 restimulation, or to those with the unrelated
antigen rhF9 stimulation, or to those from IgG control mice
(Figure 7B-C), but not CD4"Foxp3™~ T cells (data not shown).
These data suggest that antigen-specific Treg cells devel-
oped after platelet depletion together with a single dose of rhF8
immunization.

Collectively, these results demonstrate that antigen-specific
Treg cells increased after platelet depletion followed by rhF8
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immunization in F8"" mice and that the anti-FVIIl immune re-
sponse was suppressed.

Discussion

The central finding of this report is that TGF-B1 from platelets along
with other platelet contents alters the gene expression profile of
iTreg cells and augments the capacity of Treg cells to suppress anti-
FVIII immune responses in hemophilia A mice. Unfractionated
pltLys containing TGF-B1 can efficiently drive Tconv cells to
express Foxp3 and become functional iTreg cells. In these pltLys-
iTreg cells, the unique gene signatures are associated with greater
stability and immunosuppressive function in vivo when compared
with purTGFB-iTreg cells. Immune responses that occur during
and shortly after acute antibody-mediated platelet depletion are
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Figure 4. The suppressive function of pltLys-iTregs in the immune response in vivo. One milion CD4"EGFP™ Treg cells (iTregs/CD45.1%) induced in vitro by pltLys

or purTGFB were sorted and transfused into F8™'/CD45.2" mice followed by rhF8 immunizations. (A) Schematic diagram of iTreg cells and thF8 transfusion in F8™'(B6) mice.

(B) Stability of Foxp3 expression on Treg cells induced by pltLys. FoxpSEGFP

expression was analyzed by flow cytometry on peripheral CD45.1 "CD4 ™" T cells 6 days after iTreg cell transfusion.

(C) The incidence of anti-FVIll inhibitor development. Bars represent percentages. (Di) The titers of inhibitory antibodies in immunized F8™" mice as determined by Bethesda assay.

The Kruskal-Wallis test was used to compare the 3 groups, and the Mann-Whitney U test was used for pairwise comparison. (Dii) The inhibitor titers in immunized F8™" mice that are
=100 BU/mL. This is a zoom-in look at the lower part of panel Di. (E) The incidence of total anti-FVIll antibody development. Bars represent percentages. (F) The total anti-FVIIl antibody

titers in immunized F8™" mice as determined by ELISA. The Kruskal-Wallis test was used to compare the 3 groups, and the Mann-Whitney U test was used for pairwise comparison.

suppressed, which correlates with an increased frequency of Treg
cells and the development of an antigen-specific Treg cell response.
Together, these data suggest that platelet contents are critical in
modulating Treg cell properties.

Our data support the emerging view that platelets and their granular
contents play a fundamental role in innate and adaptive immune
responses®® and complement other reports demonstrating that
TGF-B1 maintains the suppressive function of Treg cells and is a
critical mediator of iTreg cell induction.>® A study by Zhu et al®*
demonstrated that platelets promote Treg cell responses. These
investigators also showed that platelets augment and then
suppress (biphasic regulation) Th1 and Th17 cell development via
the TGF-B1 pathway when T cells were cocultured with platelets
in vitro. Similar to the TGF-B1 from other cell sources,®® the majority
of platelet-derived TGF-B1 is in a latent complex. We found that,
without acidification, the bioactivity of pltTGF in Treg cell induction
in vitro is only 1.6% of acidified pltTGFB. However, after transient
acidification, TGF-B1 in unfractionated pltLys has bioactivity
comparable to that of acidified purTGFp in terms of upregulating

€ blood advances 13 bEcEMBER 2016 - VOLUME 1, NUMBER 2

Foxp3 expression in Tconv cells activated by anti-CD3/CD28
antibodies in vitro. Although proteases, integrins, pH, and shear are
factors that can activate TGF-B1 in vitro, the underlying mecha-
nisms that activate TGF-B1 in vivo, however, are less well
characterized.®®3® Platelets also contain other growth factors,
such as insulin-like growth factor 12° and platelet-derived growth
factor,?® which may promote Treg cell proliferation. Our studies
demonstrate that the in vitro bioactivity of pltLys in Treg cell
induction was largely abrogated when neutralizing TGF-B1 antibody
was present, confirming that TGF-B1 is the crucial cytokine in
platelet content that induces Treg cells in our studies. However, our
studies also showed that components of platelet granules other
than TGF-B1 can alter gene expression and the immunosuppres-
sive function of iTreg cells. Together, our data suggest that TGF-31
from platelet granules acts in concert with other factors to promote
the expression of many genes including Foxp3, Gzmb, Ifng, and //2,
resulting in the stable conversion of Tconv to iTreg cells.

Because Treg cells maintain dominant immune tolerance,®*#® it has

long been appreciated that adoptive transfer of Treg cells may have
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Figure 5. Treg cell induction after depletion of platelets in vivo. F8""(B6/129S) mice were infused with anti-GPIb antibody (R300) or isotype IgG control (C301) followed by

rhF8 immunization. Blood samples were collected from retro-orbital bleed, and blood cell counts were analyzed using the scil Vet ABC Hematology Analyzer. Treg cells were

analyzed by flow cytometry. (A) Representative flow cytometry plots. CD4 ™ cells were gated for CD25™ and Foxp3™ analysis. (B) CD4"CD25 " Foxp3™ Treg cells at various

time points after platelet depletion and rhF8 immunization. (C) The frequency of CD4"CD25" Foxp3™ Treg cells in peripheral blood. (D) The number of CD4*CD25*Foxp3™ Treg

cells in peripheral blood 1 week after platelet depletion.

clinical applications in preventing graft rejection in organ transplanta-
tion or in suppressing undesired immune responses.*®*” The pltLys-
iTreg and purTGFB-iTreg cells drive very similar profiles compared with
Tconv cells. Both pltLys-iTreg and purTGFB-iTreg cells had similar cell
phenotypes and in vitro suppression in T-cell proliferation assay as
shown in Figures 1C and 3. Although exhibiting concordance, they are
distinct in potentially biologically relevant ways. Our studies demon-
strated that pltLys-iTreg cells improved cell recovery after transfer and
enhanced immune suppressive function compared with purTGFB-iTreg
cells in F8™" mice after rhF8 immunization. Indeed, we observed that the
percentage of Foxp3™ iTreg cells remained higher for pltLys-iTreg cells.
In agreement with the improved recovery of pltLys-iTreg cells in vivo, only
the animals that received pltLys-iTreg cell transfers had a significantly
lower incidence of inhibitor and total antibody development and in anti-
FVII total antibody titers compared with the control group that did not
receive iTreg cells. There was no statistical difference between animals
treated with purTGFB-iTreg cells and the control animals. These data
suggest that pltLys-iTreg cells may provide a mechanism to enhance
immunotherapy compared with purTGFB-iTreg cells.
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The mechanisms operative in pltLys that might improve the stability
of Foxp3 expression and improve anti-FVIIl immunosuppressive
function over purTGFB-iTreg cells in vivo could be because of the
upregulation of Gzmb, Ifng, and other genes as listed in Table 1.
GzmB has been shown to be involved in the suppressive function
of Treg cells. Treg cells that kill activated T cells through a GzmB
dependent mechanism have been described in both humans and
mice.*®®! Treg cells also use GzmB to suppress antitumor
responses.®? Treg subsets with specialized suppressive function
mediated by coexpression of the canonical transcription factors
associated with Th1 and Th2 polarization are essential for tolerance.?®
For example, IFN-y signaling in Treg cells induces T-bet, the canonical
Th1 transcriptional regulator.>* Thus, our descriptive data are consis-
tent with literature reports by others linking Treg-produced GzmB
and IFN-y and IFN-yR signaling to suppression by Treg subsets in
vivo. Further characterization of plyLys-iTreg properties and identifi-
cation of a specific component(s) from platelet contents that
impacts the gene signature and the functions of iTreg cells is
warranted.
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Figure 6. The titers of anti-FVIIl antibodies in hemophilia A mice after platelet depletion followed by rhF8 immunizations. (A) Schematic diagram of platelet depletion
and rhF8 infusion in F8""(B6/129S) mice. Ab, anti-GPlb antibody. Animals were infused IV with a single dose (2 mg/kg) of anti-GPIb antibody followed by 4 doses of rhF8
immunization (50 U/kg per week by IV injection). Isotype IgG was used in parallel as a control. (B) The inhibitor titers in F8™"(B6/129S) mice. One week after the last immunization,
anti-FVIIl inhibitors were determined by Bethesda assay. (C) The total anti-FVIIl antibody titers in F8™"(B6/129S) mice. One week after the last immunization, total anti-FVIIl

antibody titers were determined by ELISA. (D) Schematic diagram of platelet depletion and rhF8 infusion in F8""(B6) mice. Anti-GPlb antibody was infused at the first week at a dose

of 2 mg/kg and the third week at a quarter dose (0.5 mg/kg) followed by rhF8 immunizations (60 U/kg per week IV X 4). Isotype IgG was used in parallel as a control. (Ei) The

inhibitor titers in F8™"(B6) mice. One week after the last immunization, inhibitor titers were determined by Bethesda assay. (Eii) The titers of inhibitory antibodies in immunized
F8""(B6) mice with inhibitors =50 BU/mL. This is a zoom-in look at the lower part of panel Ei. (F) The total anti-FVIIl antibody titers in F8"'(B6) mice. One week after the last

immunization, total anti-FVIIl antibody titers were determined by ELISA.

Previous studies have demonstrated that platelet-derived TGF-B1
contributes to pTGF-B1 levels.2"®® Our studies using the acute
platelet depletion confirm that the plasma level of TGF-B1 is
regulated by platelets and suggest that the acute release of
platelet contents can be applied to impact Treg differentiation. In
our model, we observed an increase in the frequency and number
of Treg cells 7 days after platelet depletion and rhF8 immunization.
Different mechanisms may contribute to this increase. TGF-B1
from destructed platelets may induce Tconv cells to express
Foxp3 in the spleen as Elzey et al have shown that platelets were
cleared in spleen and liver when platelets were acutely depleted
using anti-GPlb antibody.? Thus, when the FVIIl antigen is also
present, the result would be an oligoclonal population of Treg cells
that responds specifically to FVIIl. Indeed, coupling protein to

€ blood advances 13 bEcEMBER 2016 - VOLUME 1, NUMBER 2

apoptotic cells can induce antigen-specific immune tolerance.®®
Alternatively, platelet contents (including TGF-B1) may stimulate
nTreg proliferation, leading to a broad Treg expansion that is poly-
clonal and not antigen specific. Our T-cell proliferation assays showed
that Treg cells isolated from animals 1 week after a single platelet
depletion followed by a single dose of rhF8 immunization proliferated
when restimulated with rhF8 but did not respond to rhF9 compared
with the unstimulated control. Thus, the data demonstrate that
antigen-specific Treg cells were generated and possibly expanded by
acute antibody-mediated platelet depletion.

Importantly, the acute platelet depletion model is different from
immune thrombocytopenic purpura (ITP) in which platelets are
chronically destructed rather than an acute event.’® As noted,
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Figure 7. Ex vivo T-cell proliferation assay assesses CD4* CD25" Foxp3* Treg cells in response to rhF8 restimulation. Splenocytes from F8"'(B6/129S) mice

after single dose of R300 and rhF8 infusion were labeled with CellTrace Violet and cultured with or without rhF8 for 96 hours. Recombinant factor IX (rhF9) was used as a

nonrelevant antigen control. ConA was used as a positive control for T-cell proliferation assay. Isotype IgG-treated F8™!" mice were used as a control in parallel. Cells were

stained for CD4, CD25, and Foxp3 and analyzed by flow cytometry for daughter cells. (A) Schematic diagram of platelet depletion and rhF8 infusion in F8™(B6/129S).

(B) Representative flow cytometry histograms of Treg cell proliferation. (C) Treg cell proliferation graph.

numerical and functional deficiency of Treg cells has been
described in patients with ITP and in mouse models of the
disease.®”"®® A firm role for TGF-B1 in maintaining peripheral Treg
numbers and function has been established.®* The mechanisms
that link the changes in pTGF-B1 levels seen in ITP and Treg
deficiency remain unclear.”® For example, Treg deficiency might
reflect the more chronic process of platelet depletion that results
in low pTGF-B1 levels and reduced Treg homeostasis. Alterna-
tively, acquired or genetic Treg deficiency may underlie the break
in tolerance that culminates in ITP. Nevertheless, acute and
chronic ITP in humans and chronic ITP in mice are associated with
Treg deficiency.

In summary, our data demonstrate that pltLys can efficiently induce
functional iTreg cells in vitro and that iTreg cells induced by pltLys
have unique gene signatures and improved recovery, leading to
greater immune suppressive function in F8™" mice compared with
those induced by purTGF. This implies that pltLys-iTreg cells may
have advantages in emerging clinical applications utilizing iTreg
cells. Acute destruction of platelets by antibody-mediated platelet
depletion followed by rhF8 immunization can result in FVIlI-specific
Treg cell augmentation. Our data suggest that pitTGFB together
with other platelet contents may play important roles in Treg cell
development in vivo. Our data also provide a potential mechanism
for our observations'®2° that reconstitution of hemophilic mice with
platelets that express and store FVIIl or FIX together with other
platelet contents in a-granules provokes FVIII- or FIX-specific
immune tolerance.

148 HARIBHAI et al

Acknowledgments

The authors thank K. Yan (Section of Quantitative Health Sciences,
Department of Pediatrics, Medical College of Wisconsin) for her
assistant in statistical data analysis.

This work was supported by the National Institutes of Health,
National Heart, Lung, and Blood Institute (grant HL-102035) (Q.S.)
and National Institute of Allergy and Infectious Diseases (grants
Al073731 and Al085090) (C.B.W.); Children's Research Institute
Pilot Grant (Q.S.); Bayer Hemophilia Award (Q.S.); and generous
gifts from the Children’s Hospital of Wisconsin Foundation (Q.S.)
and Midwest Athletes Against Childhood Cancer Fund (Q.S.).

Authorship

Contribution: D.H., X.L,, and J.C. designed the study, performed
experiments, and analyzed data; S.J. and L.S. analyzed data; J.A.S.
performed experiments, analyzed data, and provided comments to
the manuscript; H-W. contributed to conception of this study and
made comments to the manuscript; M.J.H. contributed to the study
design and made comments to the manuscript; R.H.A. contributed
to study design; J.H. was X.L.'s PhD mentor; C.B.W. designed re-
search, interpreted data, and wrote the manuscript; and Q.S.
designed and conducted research, interpreted data, and wrote the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

13 DECEMBER 2016 - VOLUME 1, NUMBER 2 € blood advances

202 unp 80 U0 159NnB Aq Jpd €S| 00SPOUBADE/ZGY /L L8/6E L/Z/L/Pd-8]011IE/Sa0UBAPEPOO|G/oU"SUONEolaNdySE//:dNY WOl papeojumod



Correspondence: Qizhen Shi, Section of Hematology/BMT/ Pediatrics, Medical College of Wisconsin, MFRC Room 5052, 8701

Oncology, Department of Pediatrics, Medical College of Wisconsin, Watertown Plank Rd, Milwaukee, WI 53226; e-mail: cwiliam@mcw.edu;
8701 Watertown Plank Rd, Milwaukee, WI 53226; e-mail: gizhen.shi@ and Jianda Hu, Department of Hematology, Union Hospital, No. 11 Xin-
bew.edu; Calvin B. Wiliams, Section of Rheumatology, Department of quan Rd, Fuzhou, Fujian 350001, China; e-mail: jdhu@medmail.com.cn.

References

»

© © N o o

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
283.

24.

25.

26.

27.

28.

Rondina MT, Garraud O. Emerging evidence for platelets as immune and inflammatory effector cells. Front Immunol. 2014;5:653.

Elzey BD, Tian J, Jensen RJ, et al. Platelet-mediated modulation of adaptive immunity. A communication link between innate and adaptive immune
compartments. Immunity. 2003;19(1):9-19.

Gawaz M, Langer H, May AE. Platelets in inflammation and atherogenesis. J Clin Invest. 2005;115(12):3378-3384.

Smyth SS, McEver RP, Weyrich AS, et al; 2009 Platelet Colloquium Participants. Platelet functions beyond hemostasis. J Thromb Haemost. 2009;7(11):
1759-1766.

Semple JW, ltaliano JE Jr, Freedman J. Platelets and the immune continuum. Nat Rev Immunol. 2011;11(4):264-274.

Jenne CN, Urrutia R, Kubes P. Platelets: bridging hemostasis, inflammation, and immunity. Int J Lab Hematol. 2013;35(3):254-261.

Bentfeld ME, Bainton DF. Cytochemical localization of lysosomal enzymes in rat megakaryocytes and platelets. J Clin Invest. 1975;56(6):1635-1649.
Blair P, Flaumenhaft R. Platelet alpha-granules: basic biology and clinical correlates. Blood Rev. 2009;23(4):177-189.

Nayak MK, Kulkarni PP, Dash D. Regulatory role of proteasome in determination of platelet life span. J Biol Chem. 2013;288(10):6826-6834.

Alonzo MT, Lacuesta TL, Dimaano EM, et al. Platelet apoptosis and apoptotic platelet clearance by macrophages in secondary dengue virus infections.
J Infect Dis. 2012;205(8):1321-1329.

Wang Y, Hayes V, Jarocha D, et al. Comparative analysis of human ex vivo-generated platelets vs megakaryocyte-generated platelets in mice: a cautionary
tale. Blood. 2015;125(23):3627-3636.

Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I. Inmunosuppressive effects of apoptotic cells. Nature. 1997;390(6658):350-351.

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM. Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J Clin Invest. 1998;101(4):890-898.

Chen W, Frank ME, Jin W, Wahl SM. TGF-beta released by apoptotic T cells contributes to an immunosuppressive milieu. Immunity. 2001;14(6):
715-725.

Chung EY, Liu J, Homma Y, et al. Interleukin-10 expression in macrophages during phagocytosis of apoptotic cells is mediated by homeodomain proteins
Pbx1 and Prep-1. Immunity. 2007;27(6):952-964.

Shi Q, Wilcox DA, Fahs SA, et al. Factor VIl ectopically targeted to platelets is therapeutic in hemophilia A with high-titer inhibitory antibodies. J Clin
Invest. 2006;116(7):1974-1982.

Shi Q, Wilcox DA, Fahs SA, et al. Lentivirus-mediated platelet-derived factor VIl gene therapy in murine haemophilia A. J Thromb Haemost. 2007;5(2):
352-361.

Kuether EL, Schroeder JA, Fahs SA, et al. Lentivirus-mediated platelet gene therapy of murine hemophilia A with pre-existing anti-factor VIIl immunity.
J Thromb Haemost. 2012;10(8):1570-1580.

Schroeder JA, Chen Y, Fang J, Wilcox DA, Shi Q. In vivo enrichment of genetically manipulated platelets corrects the murine hemophilic phenotype and
induces immune tolerance even using a low multiplicity of infection. J Thromb Haemost. 2014;12(8):1283-1293.

Chen Y, Schroeder JA, Kuether EL, Zhang G, Shi Q. Platelet gene therapy by lentiviral gene delivery to hematopoietic stem cells restores hemostasis and
induces humoral immune tolerance in FIX(null) mice. Mol Ther. 2014:22(1):169-177.

Meyer A, Wang W, Qu J, et al. Platelet TGF-B1 contributions to plasma TGF-B1, cardiac fibrosis, and systolic dysfunction in a mouse model of pressure
overload. Blood. 2012;119(4):1064-1074.

Li G, Li J, Li Y et al. Crosstalk between platelets and the immune system: old systems with new discoveries. Adv Hematol. 2012;2012:384685.

Haribhai D, Lin W, Relland LM, Truong N, Williams CB, Chatila TA. Regulatory T cells dynamically control the primary immune response to foreign antigen.
J Immunol. 2007;178(5):2961-2972.

Williams CB, Engle DL, Kersh GJ, Michael White J, Allen PM. A kinetic threshold between negative and positive selection based on the longevity of the
T cell receptor-ligand complex. J Exp Med. 1999;189(10):1531-1544.

Schmitt EG, Haribhai D, Williams JB, et al. IL-10 produced by induced regulatory T cells (iTregs) controls colitis and pathogenic ex-iTregs during
immunotherapy. J Immunol. 2012;189(12):5638-5648.

Haribhai D, Ziegelbauer J, Jia S, et al. Alternatively activated macrophages boost induced regulatory T and Th17 cell responses during immunotherapy for
colitis. J Immunol. 2016;196(8):3305-3317.

Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository. Nucleic Acids Res. 2002;
30(1):207-210.

McMurchy AN, Levings MK. Suppression assays with human T regulatory cells: a technical guide. Eur J Immunol. 2012;42(1):27-34.

€ blood advances 13 pecemser 2016 - vOLUME 1, NUMBER 2 PLATELET CONTENT AND Treg CELLS 149

202 unp 80 U0 159NnB Aq Jpd €S| 00SPOUBADE/ZGY /L L8/6E L/Z/L/Pd-8]011IE/Sa0UBAPEPOO|G/oU"SUONEolaNdySE//:dNY WOl papeojumod


mailto:qizhen.shi@bcw.edu
mailto:qizhen.shi@bcw.edu
mailto:cwilliam@mcw.edu
mailto:jdhu@medmail.com.cn

290.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.
40.
41.
42.

43,
44,

45.
46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

50.

60.

Kim S, Garcia A, Jackson SP, Kunapuli SP. Insulin-like growth factor-1 regulates platelet activation through PI3-Kalpha isoform. Blood. 2007;110(13):
4206-4213.

Lo Re S, Lecocq M, Uwambayinema F, et al. Platelet-derived growth factor-producing CD4+ Foxp3+ regulatory T lymphocytes promote lung fibrosis.
Am J Respir Crit Care Med. 2011;184(11):1270-1281.

Shi Q, Fahs SA, Wilcox DA, et al. Syngeneic transplantation of hematopoietic stem cells that are genetically modified to express factor VIIl in platelets
restores hemostasis to hemophilia A mice with preexisting FVIIl immunity. Blood. 2008;112(7):2713-2721.

Skupsky J, Zhang AH, Su Y, Scott DW. B-cell-delivered gene therapy induces functional T regulatory cells and leads to a loss of antigen-specific effector
cells. Mol Ther. 2010;18(8):1527-1535.

Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-betal maintains suppressor function and Foxp3 expression in CD4+CD25+ regulatory T cells. J Exp
Med. 2005;201(7):1061-1067.

Zhu L, Huang Z, Stalesen R, Hansson GK, Li N. Platelets provoke distinct dynamics of immune responses by differentially regulating CD4+ T-cell
proliferation. J Thromb Haemost. 2014;12(7):1156-1165.

Grainger DJ, Mosedale DE, Metcalfe JC. TGF-beta in blood: a complex problem. Cytokine Growth Factor Rev. 2000;11(1-2):133-145.
Barcellos-Hoff MH, Dix TA. Redox-mediated activation of latent transforming growth factor-beta 1. Mo/ Endocrinol. 1996;10(9):1077-10883.
Wipff PJ, Hinz B. Integrins and the activation of latent transforming growth factor beta1 - an intimate relationship. Eur J Cell Biol. 2008;87(8-9):601-615.

Ahamed J, Burg N, Yoshinaga K, Janczak CA, Rifkin DB, Coller BS. In vitro and in vivo evidence for shear-induced activation of latent transforming growth
factor-betal. Blood. 2008;112(9):3650-3660.

Sakaguchi S. Regulatory T cells: key controllers of immunologic self-tolerance. Cell. 2000;101(5):455-458.
Shevach EM. CD4+ CD25+ suppressor T cells: more questions than answers. Nat Rev Immunol. 2002;2(6):389-400.
Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and restraining inflammation. Cell. 2010;140(6):845-858.

Haribhai D, Williams JB, Jia S, et al. A requisite role for induced regulatory T cells in tolerance based on expanding antigen receptor diversity. Immunity.
2011;35(1):109-122.

Schmitt EG, Williams CB. Generation and function of induced regulatory T cells. Front Immunol. 2013;4:152.

Curotto de Lafaille MA, Lafaille JJ. Natural and adaptive foxp3+ regulatory T cells: more of the same or a division of labor? Immunity. 2009;30(5):
626-635.

Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol. 2008;8(7):523-532.

Fan H, Cao P, Game DS, Dazzi F, Liu Z, Jiang S. Regulatory T cell therapy for the induction of clinical organ transplantation tolerance. Semin Immunol.
2011;23(6):453-461.

Esensten JH, Wofsy D, Bluestone JA. Regulatory T cells as therapeutic targets in rheumatoid arthritis. Nat Rev Rheumatol. 2009;5(10):560-565.

Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ. Human T regulatory cells can use the perforin pathway to cause autologous
target cell death. Immunity. 2004;21(4):5689-601.

Grossman WJ, Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP, Ley TJ. Differential expression of granzymes A and B in human cytotoxic lymphocyte
subsets and T regulatory cells. Blood. 2004;104(9):2840-2848.

Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle RJ. Cutting edge: contact-mediated suppression by CD4+CD25+ regulatory cells involves a
granzyme B-dependent, perforin-independent mechanism. J Immunol. 2005;174(4):1783-1786.

Xu D, Alipio Z, Fink LM, et al. Phenotypic correction of murine hemophilia A using an iPS cell-based therapy. Proc Natl Acad Sci USA. 2009;106(3):
808-813.

Cao X, Cai SF, Fehniger TA, et al. Granzyme B and perforin are important for regulatory T cell-mediated suppression of tumor clearance. Immunity. 2007
27(4):635-646.

Josefowicz SZ, Niec RE, Kim HY, et al. Extrathymically generated regulatory T cells control mucosal TH2 inflammation. Nature. 2012;482(7385):
395-399.

Koch MA, Thomas KR, Perdue NR, Smigiel KS, Srivastava S, Campbell DJ. T-bet(+) Treg cells undergo abortive Th1 cell differentiation due to impaired
expression of IL-12 receptor B2. Immunity. 2012;37(3):501-510.

Prasad S, Xu D, Miller SD. Tolerance strategies employing antigen-coupled apoptotic cells and carboxylated PLG nanoparticles for the treatment of
type 1 diabetes. Rev Diabet Stud. 2012;9(4):319-327.

McKenzie CG, Guo L, Freedman J, Semple JW. Cellular immune dysfunction in immune thrombocytopenia (ITP). Br J Haematol. 2013;163(1):10-23.

Nishimoto T, Kuwana M. CD4+CD25+Foxp3+ regulatory T cells in the pathophysiology of immune thrombocytopenia. Semin Hematol. 2013;
50(suppl 1):S43-S49.

Nishimoto T, Satoh T, Takeuchi T, lkeda Y, Kuwana M. Critical role of CD4(+)CD25(+) regulatory T cells in preventing murine autoantibody-mediated
thrombocytopenia. Exp Hematol. 2012;40(4):279-289.

Fahim NM, Monir E. Functional role of CD4+CD25+ regulatory T cells and transforming growth factor-beta1 in childhood immune thrombocytopenic
purpura. Egypt J Immunol. 2006;13(1):173-187.

Liu B, Zhao H, Poon MC, et al. Abnormality of CD4(+)CD25(+) regulatory T cells in idiopathic thrombocytopenic purpura. Eur J Haematol. 2007;78(2):
139-148.

150 HARIBHAI et al 13 DECEMBER 2016 - VOLUME 1, NUMBER 2 & blood advances

202 unp 80 U0 159NnB Aq Jpd €S| 00SPOUBADE/ZGY /L L8/6E L/Z/L/Pd-8]011IE/Sa0UBAPEPOO|G/oU"SUONEolaNdySE//:dNY WOl papeojumod



61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

Bao W, Bussel JB, Heck S, et al. Improved regulatory T-cell activity in patients with chronic immune thrombocytopenia treated with thrombopoietic
agents. Blood. 2010;116(22):4639-4645.

Aslam R, Hu Y, Gebremeskel S, et al. Thymic retention of CD4+CD25+FoxP3+ T regulatory cells is associated with their peripheral deficiency and
thrombocytopenia in a murine model of immune thrombocytopenia. Blood. 2012;120(10):2127-2132.

Ma L, Simpson E, Li J, et al. CD8+ T cells are predominantly protective and required for effective steroid therapy in murine models of immune
thrombocytopenia. Blood. 2015;126(2):247-256.

Wan YY, Flavell RA. TGF-beta and regulatory T cell in immunity and autoimmunity. J Clin Immunol. 2008;28(6):647-659.

Daniel V, Wang H, Sadeghi M, Opelz G. Interferon-gamma producing regulatory T cells as a diagnostic and therapeutic tool in organ transplantation. /nt
Rev Immunol. 2014;33(3):195-211.

de la Rosa M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is essential for CD4+CD25+ regulatory T cell function. Eur J Immunol. 2004;34(9):
2480-2488.

Chen L, Wu J, Pier E, Zhao Y, Shen Z. mTORC2-PKBa/Akt1 Serine 473 phosphorylation axis is essential for regulation of FOXP3 Stability by chemokine
CCLS3 in psoriasis. J Invest Dermatol. 2013;133(2):418-428.

Yolcu ES, Kaminitz A, Mizrahi K, et al. Imnmunomodulation with donor regulatory T cells armed with Fas-ligand alleviates graft-versus-host disease. Exp
Hematol. 2013;41(10):903-911.

Barbi J, Yu H, Pardoll D, Pan F. Neuritin promotes the expansion and persistence of regulatory T cells in vitro and in vivo [abstract]. J Immunol. 2013;
190(suppl 1):139.15. Abstract P1051.

Tao R, Wang L, Murphy KM, Fraser CC, Hancock WW. Regulatory T cell expression of herpesvirus entry mediator suppresses the function of B and
T lymphocyte attenuator-positive effector T cells. J Immunol. 2008;180(10):6649-6655.

Sekiya T, Kashiwagi |, Yoshida R, et al. Nr4a receptors are essential for thymic regulatory T cell development and immune homeostasis. Nat Immunol.
2013;14(3):230-237.

Kong YM, Brown NK, Morris GP, Flynn JC. The essential role of circulating thyroglobulin in maintaining dominance of natural regulatory T cell function to
prevent autoimmune thyroiditis. Horm Metab Res. 2015;47(10):711-720.

Takeuchi A, Badr MS, Miyauchi K, et al. CRTAM determines the CD4+ cytotoxic T lymphocyte lineage. J Exp Med. 2016;213(1):123-138.

Geys L, Vranckx C, Lijnen HR, Scroyen |. CD36 deficiency blunts effects of diet on regulatory T cells in murine gonadal adipose tissue and mesenteric
lymph nodes. Cell Immunol. 2015;298(1-2):33-36.

Kreiser S, Eckhardt J, Kuhnt C, et al. Murine CD83-positive T cells mediate suppressor functions in vitro and in vivo. Immunobiology. 2015;220(2):
270-279.

Martin S, Agarwal R, Murugaiyan G, Saha B. CD40 expression levels modulate regulatory T cells in Leishmania donovani infection. J Immunol. 2010;
185(1):551-559.

Haribhai D, Lin W, Edwards B, et al. A central role for induced regulatory T cells in tolerance induction in experimental colitis. J Immunol. 2009;182(6):
3461-3468.

Yang BH, Floess S, Hagemann S, et al. Development of a unique epigenetic signature during in vivo Th17 differentiation. Nucleic Acids Res. 2015;43(3):
1537-1548.

€ blood advances 13 pecemser 2016 - vOLUME 1, NUMBER 2 PLATELET CONTENT AND Treg CELLS 151

202 unp 80 U0 159NnB Aq Jpd €S| 00SPOUBADE/ZGY /L L8/6E L/Z/L/Pd-8]011IE/Sa0UBAPEPOO|G/oU"SUONEolaNdySE//:dNY WOl papeojumod



