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Abstract

Immunologically based clinical trials performed thus far have failed to cure type 1 diabetes (T1D),
in part because these approaches were nonspecific. Because the disease is driven by autoreactive
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CD4 T cells, which destroy B cells, transplantation of hematopoietic stem and progenitor cells
(HSPCs) has been recently offered as a therapy for T1D. Our transcriptomic profiling of HSPCs
revealed that these cells are deficient in programmed death ligand 1 (PD-L1), an important
immune checkpoint, in the T1D nonobese diabetic (NOD) mouse model. Notably, the
immunoregulatory molecule PD-L1 plays a determinant role in controlling/inhibiting activated T
cells and thus maintains immune tolerance. Furthermore, our genome-wide and bioinformatic
analysis revealed the existence of a network of microRNAs (miRNAS) controlling PD-L1
expression, and silencing one of key altered miRNAs restored PD-L1 expression in HSPCs. We
therefore sought to determine whether restoration of this defect would cure T1D as an alternative
to immunosuppression. Genetically engineered or pharmacologically modulated HSPCs
overexpressing PD-L1 inhibited the autoimmune response in vitro, reverted diabetes in newly
hyperglycemic NOD mice in vivo, and homed to the pancreas of hyperglycemic NOD mice. The
PD-L1 expression defect was confirmed in human HSPCs in T1D patients as well, and
pharmacologically modulated human HSPCs also inhibited the autoimmune response in vitro.
Targeting a specific immune checkpoint defect in HSPCs thus may contribute to establishing a
cure for T1D.

INTRODUCTION

Since the search for feasible and safe immunological approaches to reestablish tolerance
toward islet autoantigens and preserve f cell function in type 1 diabetes (T1D) began, little
progress has been made clinically (1-4). However, most immunotherapies tested thus far are
simply broadly immunosuppressive and are not linked to any immunological abnormalities
detected in T1D (5). Couri et al. (6) evaluated the safety and efficacy of autologous
hematopoietic stem and progenitor cell (HSPC) transplantation in combination with
thymoglobulin plus cyclophosphamide as induction in newly diagnosed T1D patients. The
latest multicenter analysis on 65 newly diagnosed T1D patients treated with autologous
HSPC transplantation achieved insulin independence in nearly 60% of treated patients (7),
suggesting that HSPCs may be a therapeutic option for selected T1D patients. HSPCs are
endowed with immunoregulatory properties, which have been shown to be linked to the
expression of the immune checkpoint PD-L1 (also known as CD274) (8). PD-L1 is the
ligand for the inhibitory programmed death 1 (PD-1) receptor, expressed primarily on
activated T cells (9). Crosslinking of PD-L1 and PD-1 inhibits T cell activation and favors
their exhaustion/apoptosis (10); mice deficient in PD-L1/PD-1 develop accelerated diabetes
(9). On the basis of these data, we hypothesized that a defect in expression of the immune
checkpoint PD-L1 in HSPCs plays a role in T1D and that genetic or pharmacological
restoration of this defect would cure T1D. PD-L1* HSPCs may play an important
endogenous immunoregulatory role, capable of eliminating autoreactive T cells but
eventually becoming defective in T1D. This deficiency may serve as a novel mechanism of
disease for T1D and allow for establishment of a therapeutic approach based on the
restoration of the PD-L1 defect in HSPCs.
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RESULTS

A defect in PD-L1 is evident in HSPCs from nonobese diabetic mice

To identify any defects in immunoregulatory molecules in HSPCs derived from nonobese
diabetic (NOD) mice, we performed broad transcriptomic profiling of immune-related
molecules in murine HSPCs. Sca-1*Lineage~c-kit* (KLS) cells (or a subset of murine
HSPCs) obtained from 10-week-old normoglycemic NOD mice had decreased PD-L1
transcripts as compared to HSPCs obtained from C57BL/6 mice (Fig. 1, A and B, and table
S1). Measurement of PD-L 1 mRNA expression by reverse transcription polymerase chain
reaction (RT-PCR) confirmed reduction in NOD HSPCs as well (Fig. 1C). We next used a
range of techniques to demonstrate the defect in PD-L1 expression in a variety of bone
marrow HSPCs, including KLS cells, Lineage™c-kit* (KL) cells, and long-term repopulating
HSPCs (CD41"CD48~CD150* and CD244-CD48~CD150™ cells), and compared it to the
expression observed in NOR (NOD-related diabetes-resistant) and C57BL/6 mice (Fig. 1, D
to G). The overall PD-L1 defect is primarily confined to NOD mice (Fig. 1, D to G). We
sought then to explore any association of the PD-L1 defect in HSPCs with age or disease
status. We noticed a slight decline in the number of KL-PD-L1* cells in both strains with
progressive age but again with a clear defect in NOD mice (Fig. 1H). Other costimulatory
molecules were evaluated as well, and no major significant differences were observed in
HSPCs (fig. S1, A to D), suggesting a uniqueness of the PD-L1 defect. The PD-L1 defect
was primarily confined to HSPCs in NOD mice, although other bone marrow—derived
myeloid immune cells were slightly deficient in PD-L1 expression (that is, F4/80* and
CD11b" cells; Fig. 11 and fig. S1, E to M). A subset of CD11c* cells in NOD mice were PD-
L1 high, whereas all CD11c* cells in C57BL/6 mice expressed a low level of PD-L1; this
could be a compensatory effect in myeloid cells (Fig. 11). To understand the extent of the
PD-L1 defect within the HSPC niche, we analyzed bone marrow tissues using confocal
imaging. Fewer c-kit*PD-L1" cells were observed in samples obtained from NOD as
compared to C57BL/6 control mice (Fig. 1, J and K). Western blotting confirmed reduced
PD-L1 protein expression on KL cells obtained from NOD bone marrow compared to
C57BL/6 bone marrow (Fig. 1L). Our data confirmed the existence of a defect in PD-L1
expression in HSPCs in NOD mice.

The PD-L1 defect is associated with an altered network of PD-L1-related microRNAs

To better understand the mechanism behind the PD-L1 defect in HSPCs of NOD mice, we
performed a series of in vitro experiments. We first tested the effect of high glucose on PD-
L1 expression and then evaluated the existence of any HSPC survival defect that could
explain the deficiency in PD-L1. Isolated KL cells from NOD and C57BL/6 mice were
cultured for 3 days in high glucose, and there was no evidence of a high glucose—associated
effect on PD-L1 expression (Fig. 2A), although we cannot exclude the fact that the observed
PD-L1 defect maybe caused by a metabolic derivative of high glucose. No differences in the
proliferation rate, and a slight difference in the percentage of apoptotic cells, were detected
among KL cells from NOD or C57BL/6 mice (Fig. 2, B and C).

When extending our investigation into analysis of gene expression profiles, Affymetrix
microarray analysis revealed 48 microRNAs (miRNAs) differentially expressed in KLS cells
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of NOD and C57BL/6 mice (Fig. 2, D to F, and table S2). Data related to up-regulated and
down-regulated miRNAs observed in the genome-wide analysis study (GWAS) performed
on KLS cells obtained from NOD and C57BL/6 mice are described in table S2, shown as an
MA plot in Fig. 2D and listed in Fig. 2 (E and F). Multiple databases and bioinformatics
tools [Mouse Genome Informatics (MGI), DIANA-microT-CDS (http://microrna.gr/microT-
CDS), and MouseMine (www.mousemine.org)] enabled us to identify ~330 miRNAs
predicted to target the PD-L1 gene and revealed a comprehensive miRNA network
associated with PD-L1 (Fig. 2G). Fourteen miRNAs appeared as both key players in
controlling PD-L1 expression and altered in KLS cells obtained from NOD mice (Fig. 2, E
to G). Next, to test the proof of concept that an altered miRNA network may have influenced
PD-L1 expression on HSPCs, we silenced miR-1905, one of the miRNAs found altered in
NOD HSPCs, in isolated KL cells extracted from bone marrow of NOD mice (Fig. 2, H and
). Although silencing one miRNA may influence other target genes, we chose to target
miR-1905 because of the fact that it was the only mature miRNA among the six identified as
relevant to PD-L1. Furthermore, miR-1905 was confirmed as having the higher miRNA
target gene score or prediction score by the online software “DIANA-microT-CDS
(www.microrna.gr/microT),” thus indicating a higher probability of affecting PD-L1
expression as compared to other miRNAs on the list. miR-1905 antagomir increased the
expression of PD-L1 transcripts and protein in HSPCs (Fig. 2, | and J). An altered network
of miRNAs may be responsible for PD-L1 reduced expression in HSPCs. Finally, we
demonstrated the absence of a methylation of the PD-L1 promoter in KLS cells from NOD
mice, which could have accounted for the PD-L1 defect (Fig. 2K).

Genetically engineered NOD HSPCs abrogate the autoimmune response in vitro and in
vivo and revert hyperglycemia

We next tested the effect of a genetic engineering approach to overcome the PD-L1 defect in
NOD HSPCs. We genetically engineered murine KL cells ex vivo to generate PD-L1.Tg
(transgenic) KL cells (Fig. 3A) from normoglycemic NOD mice by using third-generation
self-inactivating lentiviral vectors (Lvs), a technique that has potential use in vivo because of
its high efficiency and low risk of genotoxicity (fig. S2A) (11). Immunofluorescence and
GWAS of these PD-L1.Tg KL cells confirmed the increase in PD-L1 expression compared
to mock-Lv-transduced KL cells (Fig. 3, B to D, and table S3). We then explored the
immunoregulatory properties of PD-L1.Tg KL cells in an autoimmune setting in vitro. PD-
L1.Tg KL cells generated from normoglycemic NOD mice were cocultured at different
ratios with T cells (1:1, 1:5, and 1:10) with CD11c* dendritic cells (DCs) and BDC2.5 Tg
CD4*CD25™ T cells in the presence of the CD4-restricted islet mimotope peptide BDC2.5.
A significant decrease (P< 0.05) in the percentage of interferon y-positive (IFN-y*)CD4* T
cells, as quantified by flow cytometry, was evident when naive T cells were cocultured with
PD-L1.Tg KL cells as compared to those cultured alone or cocultured with untransduced KL
cells (Fig. 3, E and F). The gating strategy was determined using nonreactive isotype-
matched control monoclonal antibodies (mAbs) in each culture condition, in which 99% of
nonreactive cells were excluded. When PD-L1.Tg KL cells were precultured at a ratio of 1:1
to T cells with an anti—-PD-L1-blocking mAb, the aforementioned immunoregulatory effect
was severely hampered (Fig. 3, E and F). The robust and PD-L1-dependent
immunoregulatory properties of PD-L1.Tg KL cells were confirmed using a CD8-restricted
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islet peptide—based assay [islet-specific glucose-6-phosphatase catalytic subunit-related
protein (IGRP)] (Fig. 3, G and H) and an assay not specific to the autoimmune setting [anti-
CD3/anti-CD28 stimulation (Fig. 3, I and J)], thus confirming that PD-L1. Tg HSPCs
abrogate the autoimmune response in vitro. BDC2.5 Tg CD4*CD25" T cells appear to be
more susceptible to the effect of PD-L1 up-regulation as compared to IGRP Tg CD8* T
cells. To understand the mechanism by which PD-L1.Tg KL cells exert their
immunosuppressive effects on autoreactive T cells, we performed an apoptosis assay in vitro
during a diabetogenic autoimmune response by coculturing IGRP Tg CD8* T cells from
NOD 8.3 (stimulated with the islet peptide IGRP) or CD4*CD25™ T cells from NOD
BDC2.5 (stimulated with the islet peptide BDC2.5) in the presence of PD-L1.Tg KL or WT
KL cells. PD-L1.Tg KL cells induced late cell death of autoreactive CD4* and CD8* T cells,
whereas only a minor effect was observed, primarily on autoreactive CD8* T cells, when
WT KL cells were added (Fig. 3, K and L). We explored whether a possible conversion into
myeloid-suppressive cells may partially explain the immunoregulatory effects of PD-L1. Tg
KL cells. Whereas after transduction the presence of T/B cell markers was very scant,
myeloid markers were strongly expressed (Fig. 3M and fig. S2B).

To evaluate the immunoregulatory properties of PD-L1.Tg KL cells in vivo, we adoptively
transferred newly hyperglycemic NOD mice intravenously with 3 x 106 PD-L1.Tg KL cells
(Fig. 3N), and they received doxycycline in the water (2 mg/ml) to induce PD-L1
expression, until the completion of the study, or with 3 x 108 untransduced KL cells (Fig.
3N), respectively. PD-L1.Tg KL cells successfully reverted hyperglycemia in 100% of
treated hyperglycemic NOD mice with nearly 30% of treated mice remaining
normoglycemic in the long term (Fig. 3N and fig. S2J), whereas none of the untreated
hyperglycemic NOD mice (Fig. 3N) or those treated with doxycycline (Fig. 3N) reverted to
normoglycemia. When untransduced KL cells were used, one hyperglycemic NOD mouse
reverted to normoglycemia, and another showed a mild transient improvement of glycemic
levels (Fig. 3N). Pathology of the pancreas of PD-L1.Tg KL cell-treated hyperglycemic
NOD mice revealed reduced islet infiltration, with fewer CD3™* cells, preserved insulin
staining, and improved insulitis score as compared to hyperglycemic untreated NOD mice
(Figs. 30 and 4A). We then evaluated whether immunocompetence was preserved in NOD
mice during treatment with PD-L1.Tg KL cells. PD-L1.Tg KL cell-treated NOD mice,
untransduced KL cell-treated NOD mice, and untreated NOD mice were immunized at day
14 after the onset of hyperglycemia with ovalbumin (OVA), and after 3 days, splenocytes
were harvested and rechallenged in vitro with OVA. In a 24-hour enzyme-linked
immunospot (ELISpot) assay, the T cell response against the OVA peptide was measured as
number of IFN-y-producing cells. Treated NOD mice were capable of mounting a regular
immune response to OVA similar to other groups tested and were thus immunocompetent
(Fig. 4B). Immunophenotyping of PD-L1.Tg KL cell-treated hyperglycemic NOD mice
showed at day 14 after treatment a twofold increase in the percentage of FoxP3* regulatory
CD4* T cells as compared to untreated mice (Fig. 4C). Furthermore, a reduction in IFN-y-
producing cells was evident in PD-L1.Tg KL cell-treated as compared to untreated
hyperglycemic NOD mice in an ex vivo assay, when splenocytes were challenged with islet
peptides at day 40 after treatment (Fig. 4D).
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Genetically engineered HSPCs traffic to the pancreas in hyperglycemic NOD mice

To explore the fate of infused PD-L1.Tg KL cells in NOD mice, we performed a set of
tracking experiments in the pancreas, spleen, pancreatic draining lymph nodes (PLNs), and
bone marrow using the tracer ZsGreen, present on the vector used to transduce PD-L1. Tg
KL cells. PD-L1.Tg KL cells were adoptively transferred into normoglycemic and
hyperglycemic NOD mice, and tissues were harvested at days 1, 7, and 14 after infusion.
ZsGreen® cells and ZsGreen mRNA expression were quantified in all tissues by flow
cytometry and qRT-PCR, respectively. PD-L1.Tg KL cells preferentially trafficked to the
pancreas once infused into hyperglycemic NOD (Fig. 4, E and F), although they homed to a
lesser extent to the PLN, bone marrow, and spleen (Fig. 4, I, J, M, and N, and fig. S2C).
Conversely, in normoglycemic NOD mice, PD-L1.Tg KL cells rarely trafficked to the
pancreas, to the spleen, or to the PLN (Fig. 4, G, H, O, and P, and fig. S2D) but instead
preferentially homed to the bone marrow (Fig. 4, K and L). Confocal imaging confirmed that
ZsGreen® cells were absent in the pancreas of normoglycemic NOD mice (Fig. 4Q), whereas
they were detectable in the pancreata of hyperglycemic NOD mice, particularly at day 1
after PD-L1.Tg KL cell infusion (Fig. 4R). Although preferential homing of PD-L1.Tg KL
cells to the bone marrow and to the spleen in hyperglycemic NOD mice was observed based
on ZsGreen transcript quantification by gRT-PCR, flow cytometry and confocal imaging
consistently showed trafficking of PD-L1.Tg KL cells to the pancreas. We also performed a
tracking experiment using GFP* KL cells (WT, untransduced KL cells) infused into
hyperglycemic NOD mice and examined these mice by flow cytometry at days 1, 7, and 14;
results showed no migration into the pancreas (fig. S2E). Moreover, we explored the
chemokine receptor profile of PD-L1.Tg KL cells to determine which chemokine receptors
are more likely involved in the homing of Tg HSPCs. Results showed that CXCR4 is
expressed by the largest proportion of cells and thus highly involved in PD-L1.Tg KL cell
trafficking (table S4). Bioluminescence imaging of NOD mice adoptively transferred with
luciferase*PD-L1.Tg KL cells showed a rapid disappearance of luciferase*PD-L1.Tg KL
cells from the peripheral blood (Fig. 4, S and T). We also examined whether PD-L1.Tg KL
cells differentiated after their infusion into NOD mice. Tracking studies revealed a
predominant transformation into myeloid cells (for example, CD11b) into the PLN of treated
mice (fig. S2, F to 1). These PD-L1-expressing myeloid cells may interact with autoreactive
CD4 and CD8 T cells and may be contributing to their demise.

Pharmacologically modulated HSPCs abrogate the autoimmune response in vitro

To offer an alternative approach to gene therapy, we explored the feasibility of
pharmacological modulation of PD-L1. We first tested the ability of single agents potentially
capable of up-regulating PD-L1 in human CD34" cells (Fig. 5, A to C) and then established
a cocktail of three agents {IFN-B, IFN-vy, and polyinosinic-polycytidylic acid [poly(l:C)]},
which robustly up-regulates PD-L1 (Fig. 5, D and E). We then confirmed the ability of the
cocktail to up-regulate PD-L1 in murine KL cells isolated from normoglycemic NOD mice,
thus generating pharmacologically modulated KL (pKL) cells (Fig. 5, F to |, and tables S5
and S6). We then analyzed the expression of costimulatory molecules and proinflammatory
and anti-inflammatory cytokines by flow cytometry, which demonstrated up-regulation of
interleukin-4 (IL-4), PD-1, CD80, CD86, and ICOSL in pKL cells as compared to
unmodulated-KL (Vehicle-KL) cells, with CD40 comparatively down-regulated in pKL cells
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(fig. S3, A and B). We explored the immunoregulatory properties of pKL cells in an
autoimmune setting in vitro. pKL cells generated from normoglycemic NOD mice were
cocultured at ratios of 1:1, 1:5, and 1:10 to T cells with CD11c* DCs and BDC2.5 Tg
CD4*CD25" T cells in the presence of BDC2.5 peptide. Quantification by flow cytometry
revealed a pronounced and significant decrease (P < 0.01) in the percentage of IFN-y*CD4*
T cells when pKL cells were added to the assay as compared to when unmodulated KL cells
were used (Fig. 5, J and K). Immunoregulation was determined to be PD-L1-dependent by
preculturing pKL cells at a ratio of 1:1 to T cells with an anti-PD-L1-blocking mAb, which
resulted in a marked reduction in the immunoregulatory effect (Fig. 5, J and K). These
effects and PD-L1 dependency were confirmed in CD8-dependent (Fig. 5, M and N) and in
non-autoimmune-specific anti-CD3/anti-CD28 (Fig. 5, P and Q) assays. Finally, we
compared the immunosuppressive effects of PD-L1.Tg KL cells, pKL cells, and
unmodulated KL cells (WT) with that of CD4*CD25* regulatory T cells similarly obtained
from normoglycemic NOD mice. In the three aforementioned CD4- and CD8-restricted
autoimmune and anti-CD3/anti-CD28 assays, PD-L1.Tg KL and pKL cells exerted robust
immunoregulatory properties almost comparable or higher to those obtained with freshly
isolated CD4*CD25" regulatory T cells from normoglycemic NOD (10 weeks old); this was
particularly evident for PD-L1.Tg KL cells (Fig. 5, L, O, and R, and fig. S4, A to C). A less
pronounced effect (but still significantly suppressive; P < 0.05) was observed when
unmodulated KL cells (WT) were added to the assays. Pharmacologically modulated HSPCs
are thus endowed with immunoregulatory properties and abrogate the autoimmune response
in vitro.

Pharmacologically modulated HSPCs revert hyperglycemia in vivo

To evaluate the effect of pKL cells in vivo, newly hyperglycemic NOD mice were adoptively
transferred with 3 x 108 pKL cells (Fig. 6A). pKL cells successfully reverted diabetes in
40% of treated newly hyperglycemic NOD mice, with 30% remaining normoglycemic until
the completion of the study at day 40. Kaplan-Meier analysis showed a greater effect of PD-
L1.Tg KL cells in reverting hyperglycemia in NOD mice, as compared to pKL cells (Fig.
6B). Quantification of IFN-y-producing cells in an ex vivo assay where splenocytes were
challenged with islet peptides at day 40 (BDC2.5, IGRP, GAD-65, and insulin) revealed a
reduction in IFN-y-producing cells in pKL cell-treated hyperglycemic NOD mice (Fig. 6C).
Immunophenotyping of treated NOD mice at day 40 after treatment showed a marked
increase in FoxP3* regulatory CD4* T cells (Fig. 6D). A reduction in the peripheral levels of
proinflammatory (IL-2/IL-6; Fig. 6, E and F) and an increase in anti-inflammatory (I1L-4;
Fig. 6G) cytokines were evident in pKL cell-treated NOD mice. We then evaluated whether
immunocompetence was maintained during treatment of NOD mice with pKL cells, as we
did when using PD-L1.Tg KL cells. pKL cell-treated NOD mice were capable of mounting
a regular immune response to OVA once immunized and rechallenged in vitro with OVA
similar to untreated NOD mice and were thus immunocompetent (Fig. 6H). Pathology of the
pancreas of pKL cell-treated NOD mice revealed mild infiltration of the islets, with
preserved insulin staining and reduced insulitis score as compared to untreated
hyperglycemic NOD mice (Fig. 6, | to K). Finally, we tested the effects of a PD-1 signaling
mAb capable of mimicking PD-L1/PD-1 cross-linking. PD-1 mAb treatment did not delay
diabetes onset in prediabetic NOD mice nor did it revert diabetes in newly hyperglycemic
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NOD mice (fig. S4, D and E). It is possible that the mAb used was unable to reach the
inflamed islets within the pancreas, which conversely could be accessed by modified HSPCs
because of their CXCR4 expression, which allows the trafficking of HSPCs into inflamed
areas that release high levels of CXCL12.

The PD-L1 defect is evident in human HSPCs from T1D patients and is associated with an
altered miRNA network, and pharmacologically modulated HSPCs reinstate PD-L1
expression and immunoregulatory properties

To assess whether patients with T1D displayed defects in HSPCs similar to those observed
in our preclinical models, PD-L1 expression was analyzed on CD34" cells isolated from
peripheral blood (table S7). In line with our findings in NOD mice, fewer PD-L1*CD34*
cells were detectable in T1D patients as compared to healthy controls (Fig. 7A). The defect
was evident in newly diagnosed T1D patients as well, when it is unlikely there is any effect
of high glucose (fig. S5A). Western blot and PCR analysis confirmed reduced PD-L1 protein
and mRNA expression in CD34* cells obtained from T1D patients as compared to those
obtained from healthy controls (Fig. 7, B and C). Other relevant immune cells were not
deficient in PD-L1 (fig. S5, B to D), thus confirming that the PD-L1 defect is mainly
restrained to HSPCs in T1D patients. PD-L2 was expressed on CD34" cells from T1D
patients at higher levels as compared to controls; however, PD-L2 has been described to be
less relevant for T1D onset as shown by the lack of effect when knocking down PD-L2 in
NOD mice (fig. S5, E to G) (9). PD-1 expression was significantly slightly reduced (P <
0.05) by MFI in T1D patients compared to healthy controls (fig. S5, H to J). Finally, we
confirmed by confocal imaging a reduced number ofPD-L1*CD34* cells in the bone marrow
of T1D patients as compared to healthy controls (Fig. 7, D and E). Our data confirmed the
existence of a defect in PD-L1 expression in HSPCs of T1D patients. We analyzed the effect
of plerixafor-mediated mobilization, used in clinic (8, 12), on PD-L1 expression in CD34*
cells obtained from five T1D patients and eight healthy controls (table S8). Whereas the
percentage and absolute number of CD34* cells significantly increased (P< 0.05), the
percentage of PD-L1"CD34* cells remained stable in T1D patients but decreased after
mobilization in healthy controls, highlighting that CD34* cell mobilization may have failed
in previous clinical trials because of PD-L1 down-regulation (fig. S8, A to C).

To understand the immunological basis of the PD-L1 defect in human HSPCs, we performed
in vitro experiments similar to those we performed in mice. We did not find any potential
high glucose-associated effect on PD-L1 expression on CD34" cells or only small
differences, if any, in the proliferation and apoptosis rate in CD34" cells obtained from T1D
patients and controls (Fig. 7, F to H). Bioinformatic analysis of miRNAs showed a humber
of miRNA species involved in controlling PD-L1 expression (Fig. 71). qRT-PCR analysis of
several relevant miRNAs confirmed that a number of miRNA species were differentially
expressed in human CD34" cells obtained from T1D patients as compared to controls (Fig.
7J), with no differences observed in the methylation status of the promoter of the PD-L1
gene (Fig. 7K). In line with preclinical findings, an altered miRNA network is evident in
HSPCs of T1D patients.
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We tested the effect of overcoming PD-L1 deficiency in human HSPCs by using the same
cocktail of small molecules tested in NOD mice. As shown by flow cytometric analysis,
confocal imaging, and gRT-PCR, modulation of CD34" cells with a cocktail of three agents
[IFN-B, IFN-vy, and poly(1:C)], up-regulated PD-L1 expression in human CD34* cells
obtained from T1D patients [pharmacologically modulated CD34* (pCD34%)] as compared
to unmodulated CD34* cells (Fig. 7, L to N). Immunophenotyping and transcriptome
profiling of pCD34" cells (figs. S6, A and B, and S7, A and B, and table S9) confirmed
specific PD-L1 up-regulation in pCD34" cells as compared to unmodulated CD34* cells. To
study the ex vivo immunoregulatory functions of pCD34*, CD34-depleted peripheral blood
mononuclear cells (PBMCs) were cocultured with unmodulated CD34* or pCD34* cells in
the presence of insulin-associated autoantigen 2 (I-A2), and the number of IFN-y-producing
cells was quantified in an ELISPot assay. The addition of unmodulated CD34* or pCD34*
resulted in a significant decrease (£ < 0.05) in the number of IFN-y-producing cells as
compared to those obtained when PBMCs were cultured without unmodulated CD34"/
pCD34™ cells in the presence of the islet peptide 1A-2 (Fig. 7, O and P). The suppression
was more pronounced when pCD34* cells were added, suggesting that pCD34* cells are
endowed with greater immunoregulatory activity than unmodulated CD34* cells (Fig. 7, O
and P). To further confirm that the immunosuppressive effect exerted by pCD34" cells was
primarily due to PD-L1 expression, we precultured pCD34* cells in the presence of an anti—
PD-L1-blocking mAb and then tested them in the autoimmune assay. Ab-mediated PD-L1
blockade hampered the immunoregulatory effect exerted by pCD34* cells (Fig. 7, Q and R).
Surprisingly, the effects of pCD34* were not confirmed in a non-autoimmune-specific anti-
CD3/anti-CD28 assay (Fig. 7S). Overall, our data confirmed that pCD34" cells are endowed
with PD-L1-dependent immunoregulatory properties.

DISCUSSION

T1D is regarded as one of the most aggressive autoimmune diseases and requires lifelong
exogenous insulin administration. Efforts to halt B cell decline or stall chronic complications
are ongoing (13-15); however, the immunotherapies tested thus far have failed, mostly
because of their lack of specificity as well as the fact that they are usually simply adopted
from other settings (for example, kidney transplantation) (16-18). The need for more T1D-
tailored therapies led us to explore the existence of immune checkpoint abnormalities that
may be relevant to the disease. Various pieces of evidence led us to hypothesize that an
HSPC-specific PD-L1 defect may be involved in the onset of T1D and that the resolution of
this defect may provide a cure for the disease. First of all, the expansion and reinfusion of
autologous HSPCs were the most potent therapy in reverting hyperglycemia in T1D patients
(7); second, there is a strong link between the PD-L1 defect and T1D (9, 19); and finally,
PD-L1 is a key player in HSPC immunobiology, such that the lack of PD-L1 reduces the
ability of HSPCs to abrogate the immune response (8). Whereas immunosuppressant
treatment alone [that is, antithymocyte globulin (ATG)] failed to preserve B cell function in
recent onset T1D, HSPCs plus immunosuppressant were successful in the Voltarelli trial
(20). This result suggests either that there is a synergistic effect between HSPCs and
immunosuppression or that a defect prevents HSPCs from being fully effective in their
suppression. Transcriptomic profiling, flow cytometric analysis, RT-PCR, and direct analysis
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of bone marrow showed a reduction in PD-L1 expression in HSPCs in both NOD mice and
T1D patients. Whereas high glucose, altered HSPC survival, or epigenetic abnormalities
cannot account for the impaired PD-L1 expression, gene expression profiling unveiled
abnormalities in the HSPC miRNA network in T1D that may be responsible for the PD-L1
defect. Therefore, we developed a genetic approach to overcome the PD-L1 defect and
generated PD-L1.Tg HSPCs, which successfully abrogated the autoimmune response in
vitro in a PD-L1-dependent manner. Notably, our PD-L1.Tg HSPCs successfully converted
all treated hyperglycemic NOD mice to normoglycemia, with suppression of the
autoimmune response. Tracking studies suggested that PD-L1.Tg HSPCs preferentially
homed to the inflamed pancreas, most likely because of substantial CXCR4 expression,
which is in line with the CXCL12 shown to be released by inflamed pancreatic islets (21).
The persistence of a regular immune response against OVA, but not against islet peptides,
suggests both the maintenance of immunocompetence and the idea that autoreactive T cells
only are strictly dependent from the PD-L1/PD-1 pathway for tolerance/anergy induction.

Once in the pancreas, PD-L1.Tg HSPCs may induce cell death of autoreactive T cells or

may just render them unresponsive. The recent progress in the field of gene therapy (22)
provides a basis for the potential use of the aforementioned genetic approach in T1D as well.
Clinically relevant, our pharmacologically modulated HSPCs also exhibited
immunoregulatory effects because they markedly abrogated CD4- and CD8-restricted
autoimmune responses in vitro and reverted diabetes in nearly 40% of newly hyperglycemic
NOD mice. The human data parallel the preclinical findings, confirming the presence of the
PD-L1 defect in human CD34* cells. Our results have two major implications. First, we may
have identified a path involved in the onset of T1D, and the PD-L1 defect in HSPCs may
have a permissive role on the generation of autoreactive T cells (23). We can now propose a
working hypothesis, in which an altered network of miRNAs is responsible for the PD-L1
defect in HSPCs in T1D. The genetic and pharmacological restoration of this PD-L1 defect
in HSPCs in T1D generates a new pool of PD-L1* HSPCs, which, once adoptively
transferred, traffic to the pancreas, and they may be able to either delete or to render
unresponsive autoreactive T cells via a PD-L1/PD-1-dependent mechanism, thus reverting
hyperglycemia (fig. S8D). However, it is also possible that other HSPC-derived cells may
abrogate the autoimmune response in the pancreas.

Our study thus provides key insight into the potential role of miRNAs in the regulation of
PD-L1 expression of HSPCs and potentially of T1D pathogenesis. Second, expression of
PD-L1 in HSPCs may be used as a tool for targeted immunotherapy in T1D, which appears
more efficacious than mAbs in animal models and also appears to be safe (24, 25).

MATERIALS AND METHODS

Study design

The objective of our study was to demonstrate the existence of a defect in PD-L1 expression
on HSPCs in NOD mice and T1D individuals. We then sought to use genetic engineering/
pharmacological modulation to restore/up-regulate PD-L1 defect in HSPC and study their
effect on autoimmune diabetes. NOD mice were treated and followed until day 40 or earlier
to avoid the wasting syndrome. Between 10 and 15 NOD mice were allocated in the
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different treatment groups randomly with our NOD colony exhibiting a consistent diabetes
penetrance (that is, 80% at 25 weeks) (2, 3). Sample analysis and pathology were blinded.
Primary data were reported in table S10.

Human studies

T1D patients and healthy patients matched for age and gender were enrolled (table S7). This
study was conducted in accordance with Institutional Review Board approval (BCH 3851).

In vitro human studies

Isolated human CD34* hematopoietic stem cells were stimulated for 24 hours with human
IFN-B (hIFN-B), hIFN-vy, and poly(l:C). PD-L1 expression was evaluated before and after
culture by different techniques (QRT-PCR, FACS, and confocal imaging) (26). PBMCs
isolated from T1D patients were cultured for 2 days in the presence of 1-A2 peptide. Cells
were plated with or without CD34* or pCD34* cells. hIFN-y spots were counted using an
ELISpot reader.

Animal studies

Animal studies were conducted in NOD and C57BL/6 mice; all the mice were used
according to institutional guidelines, and animal protocol was approved by the Boston
Children’s Hospital Institutional Animal Care and Use Committee. A complete description
of the different murine strains used is provided in the Supplementary Materials.

In vitro murine studies

Murine bone marrow KL cells were transduced with PD-L1 lentivirus, and 24 hours after
transduction PD-L1 expression was evaluated by multiple techniques (QRT-PCR, FACS, and
confocal imaging). In vitro assays were performed by coculturing KL-PD-L1.Tg KL cells,
unmodulated KL cells, or pKL with CD4*CD257/CD8* T cells extracted from splenocytes
of NOD-BDC2.5 TCR Tg mice or 8.3 TCR Tg NOD mice in the presence of islet mimotope
peptides.

In vivo interventional murine studies

Newly diabetic NOD mice were treated with PD-L1.Tg KL cells, unmodulated KL cells, or
pKL, and glycemia was monitored daily (27). Mechanistic studies were conducted on
different groups of treated NOD mice and compared to untreated NOD mice (ELISPot, flow
cytometry, Luminex).

Statistical analysis

Unless otherwise indicated, all data, including human data, were shown as means + SEM.
Statistical analysis was performed using unpaired Student’s ftest. A two-sided value of P<
0.05 was considered statistically significant. Kaplan-Meier curve analysis with Wilcoxon
test was used to analyze the development of diabetes in mice. For multiple comparisons,
one-way ANOVA followed by Bonferroni posttest between the group of interests and all
other groups was used. For GWAS, data were presented as Robust Multi-array Average
normalized intensities, and statistical analysis was performed using pairwise ANOVA test.
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Two-tailed unpaired #test or two-tailed unpaired #test with Welch’s correction (if
applicable) was used for comparison between C57BL/6 and NOD mice. One-way ANOVA
followed by Bonferroni multiple comparison test was used for group comparison between
C57BL/6 mice (used as control) and NOD or NOR mice or DBA/1J or BALB/C and for
comparison between healthy control, long-standing T1D, and new-onset T1D. For
transcriptomic analysis, statistical analysis was performed using the software available (RT2
profiler PCR Array Data Analysis, Qiagen). For GWAS, statistical analysis was performed
using pairwise ANOVA test. Diabetes incidence among different groups of NOD mice
(untreated, WT-treated, pKL-treated, and Tg-treated mice) was analyzed with the log-rank
(Mantel-Cox) test. All mechanistic and in vitro studies were performed in triplicate (unless
otherwise indicated), and the statistical analyses used are reported in the figure legends. All
graphs and statistical tests were generated using GraphPad Prism software version 5.0b
(GraphPad Software Inc.) and were performed at the 5% significance level. More detailed
Materials and Methods are available in the Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PD-L 1 isdown-regulated In HSPCsfrom NOD mice.
(A and B) Transcriptomic profiling of KLS cells obtained from bone marrow of NOD and

C57BL/6 mice; n= 3 samples per group were evaluated. Statistical analysis was performed
also by using the software available (RT2 profiler PCR Array Data Analysis, Qiagen). TNF-
a, tumor necrosis factor—a.. (C) Bar graph representing mRNA expression of PD-L1 as
measured by quantitative RT-PCR (qRT-PCR) in KL cells, collected from bone marrow of
C57BL/6 and NOD mice. All samples were run in triplicate and normalized to expression of
the housekeeping gene GAPDH. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D
to G) Representative flow cytometric analysis and quantitative bar graphs assessing PD-L1
expression in four populations of HSPCs in C57BL/6 and NOD mice. (H) Representative
flow cytometry and quantitative bar graphs of PD-L1 expression in KL cells obtained from
the bone marrow of C57BL/6 and NOD mice at different ages; 7= 3 mice per group were
evaluated and for statistical analysis, one-way analysis of variance (ANOVA) followed by
Bonferroni multiple comparison test for group comparisons between C57BL/6 and NOD
mice. Lin, Lineage; Ab, antibody; Hglc, hyperglycemic. (1) Representative flow cytometric
analysis and quantitative bar graphs of PD-L1 expression in KL cells and in other
nonprogenitor cells from bone marrow or spleen respectively obtained from C57BL/6 and
NOD mice; n= 3 mice per group were evaluated. (J and K) Confocal imaging and
quantification of bone marrow sections of C57BL/6 and NOD mice for c-kit (shown in red)
and PD-L1 (shown in green) staining (/7= 5 sections per strain); the quantification of the
orange-stained bone marrow element was performed by ImageJ, and statistical significance
was performed using two-tailed unpaired ftest with Welch’s correction. Histology
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magnification, x63. Scale bar, 40 pm. (L) Western blotting and quantitative bar graphs
confirming reduced PD-L1 protein expression in KL cells obtained from bone marrow of
C57BL/6 and NOD mice (1= 3 samples per group), with GAPDH used as an internal
control. Data are expressed as means + SEM. Data are representative of at least 7= 3 mice.
*P<0.05; **P<0.01; ***P<0.001.
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Fig. 2. Mechanism of PD-L 1 down-regulation in NOD HSPCs.
(A) Bar graphs depicting percentage of PD-L1* cells within KL cells isolated from bone

marrow of C57BL/6 and NOD mice and cultured for 3 days in normal glucose, in 20 mM, or
in 35 mM high glucose. Experiments were run in triplicate. NG, normal glucose; HG-20, 20

mM high glucose; HG-35, 35 mM high glucose. (B) Proliferation rates of carboxy-

Page 17

fluorescein succinimidyl ester (CFSE)-labeled KL cells obtained from C57BL/6 and NOD
bone marrow at baseline and after 1 and 3 days of culture. (C) Frequency of apoptosis of KL
cells obtained from bone marrow of C57BL/6 and NOD mice at baseline and after 1 and 3

days of culture. For statistical analysis in (A) to (C), one-way ANOVA followed by

Bonferroni multiple comparison test for group comparisons between C57BL/6 and NOD
mice; in (A): P = not significant (ns); in (B): #£< 0.0001 versus all except NOD-day 0 (DO0)
(P=ns); in (C): 82< 0.0001 versus all except NOD-DO (P = ns) and NOD-D1 (P< 0.001);
#pP < 0.0001 versus all except NOD-D1 (P=ns). 7-AAD, 7-aminoactinomycin D. (D) MA
plot for GWAS performed in KLS cells obtained from bone marrow of C57BL/6 compared
to NOD mice; MA-plot, log, normalized expression levels of expression for KLS cells from
C57BL/6 (yaxis) in comparison with KLS cells from NOD (x axis). Avg, average. (E and F)
List of miRNAs significantly up-regulated (E) and down-regulated (F) in KLS cells obtained

from the bone marrow of NOD as compared to C57BL/6 mice. (G) miRNA network

controlling PD-L1 gene expression generated with MGI. (H and |) KL cells obtained from
bone marrow of NOD mice were cultured in the presence of miR-1905 inhibitor, and wild-
type (WT) (untreated KL) were used as controls. gRT-PCR of miR-1905 (H) and qRT-PCR
of PD-L1 (I) are shown. Experiments were run in triplicate, and statistical significance was
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determined using two-tailed unpaired Student’s Ztest. (J) Western blotting and quantitative
bar graphs of PD-L1 protein expression in KL cells obtained from bone marrow of NOD
mice cultured in the presence of miR-1905 inhibitor, and WT (untreated KL) were used as
controls, with GAPDH used as an internal control. Experiments were run in triplicate, and
statistical significance was determined using two-tailed unpaired Student’s ftest (P=
0.0005). (K) Methylation status of the PD-L1 locus in KLS cells obtained from the bone
marrow of C57BL/6 and NOD mice. Experiments were run in triplicate, and statistical
significance comparing methylated CpG% of C57BL/6 to NOD was determined using two-
tailed unpaired Student’s ztest. Data are expressed as means + SEM. Data are representative
of at least 7= 3 mice. *P< 0.05; **P<0.01; ***P< 0.0001.
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Fig. 3. Genetically engineered PD-LI.Tg KL cells abrogate the autoimmune responsein vitro and
revert diabetesin hyperglycemic NOD micein vivo.

(A) Freshly isolated murine KL cells were transduced with PD-L1 lentiviral particles, and 24
hours after transduction, cells were collected for fluorescence-activated cell sorting (FACS)
analysis; representative flow cytometric analysis and quantitative bar graph of KL cells
obtained from bone marrow of NOD mice before and after transduction with PD-L1
lentivirus. Experiments were run in triplicate, and statistical significance comparing WT to
Tg postlentiviral PD-L1 transduction was determined by using two-tailed unpaired #test. (B)
Confocal imaging of KL cells obtained from bone marrow of NOD mice pre- and
postlentiviral PD-L1 transduction confirmed PD-L1 up-regulation. Histology magnification,
x63. Scale bar, 50 um. DAPI, 4’,6- diamidino-2-phenylindole. (C and D) MA plot and PD-
L1 fold change for gene expression level in KL cells obtained from bone marrow of NOD
mice transduced with PD-L1 lentivirus as compared to mock-transduced KL cells,
demonstrating PD-L1 up-regulation. Experiments were run in triplicate, and statistical
analysis was performed using pairwise ANOVA test. (E and F) Representative flow
cytometric analysis and quantitative bar graph of IFN-y*CD4* T cells isolated from NOD-
BDC2.5 T cell receptor (TCR) Tg mice stimulated with BDC2.5 peptide in the presence of
DCs (control) or upon coculture with untransduced KL cells (WT), with PD-L1.Tg KL cells
(at different ratios), or with PD-L1.Tg KL cells pretreated with anti-PD-L1-blocking mAb,
with the isotype control also shown. aPD-L1, anti—-PD-L1-blocking mAb. (G and H)
Representative flow cytometric analysis and quantitative bar graph of IFN-y*CD8" T cells
isolated from NOD-8.3 TCR Tg mice stimulated with IGRP peptide in the presence of DCs
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(control), or upon coculture with WTKL cells, with PD-L1.Tg KL cells (at different ratios),
or with PD-L1.Tg KL cells pretreated with PD-L1-blocking mAb. Experiments were run in
triplicate, and statistical significance was determined by using two-tailed unpaired ttest; #2
< 0.05 versus all except Tg 1:10 and anti—PD-L1-blocking mAb (P = ns); 82 < 0.05 versus
all. (I and J) Representative flow cytometric analysis and quantitative bar graph of IFN-y
*CD4* T cells isolated from normoglycemic NOD mice stimulated with soluble anti-CD3/
anti-CD28 (control), or upon coculture with WT KL cells, with PD-L1.Tg KL cells (at
different ratios), or with PD-L1.Tg KL cells pretreated with PD-L1-blocking mAb. PD-
L1.Tg KL cells strongly abrogate the CD4- and CD8-restricted autoimmune response and
anti-CD3/CD28-dependent T cell stimulation in vitro. All experiments were run at least in
triplicate, and statistical significance was determined using two-tailed unpaired ztest; #P<
0.05 versus all except WT (P=ns); 8P< 0.05 versus all. (K and L) Naive CD4*CD25~ T
cells isolated from BDC2.5 TCR Tg NOD mice or CD8* T cells from 8.3 TCR Tg NOD
mice and stimulated with BDC2.5 or IGRP islet peptides and CD11c* DCs were cocultured
with KL cells (WT) or PD-L1.Tg KL cells, and the rate of apoptosis of CD4 or CD8T cells
was assessed by flow cytometry. PD-L1.Tg KL cells” effect on cell death in autoreactive
CD4" and CD8™T cells as compared to WT KL cells. Experiments were run in triplicate,
and statistical significance was determined by using two-tailed unpaired #test. (M)
Quantitative bar graphs for lymphoid and myeloid markers of isolated KL cells before and
after lentiviral transduction. GFP*, green fluorescent protein. (N) Newly hyperglycemic
NOD mice were treated with WT KL cells, with PD-L1.Tg KL cells, and with doxycycline
or were left untreated. (O) Representative immunohistochemical hematoxylin and eosin
(H&E) analysis and CD3/insulin staining in serial pancreatic islet tissue sections from PD-
L1.Tg KL cell-treated or untreated newly hyperglycemic NOD mice. Histology
magnification, x20. Scale bars, 200 mm. *P < 0.05; **P <0.01; ***P < 0.0001.
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Fig. 4. Genetically engineered PD-L 1.Tg KL cellstraffic to the pancreasin hyperglycemic NOD
mice.

(A) Insulitis score: n=9 sections per group were analyzed. Unt, untreated. (B) OVA
rechallenge test. Data are representative of one experiment performed in three mice per
group, and statistical significance was determined by using two-tailed unpaired ¢test.
Unimm Unt, unimmunized untreated; Imm Unt, immunized untreated; Imm WT, immunized
treated with KL; Imm Tg, immunized treated with PD-L1.Tg KL cells. (C)
Immunophenotypic analysis of lymphocytes isolated from spleens by flow cytometry of
FoxP3* regulatory T cells (Tregs) in PD-L1.Tg KL cell-treated NOD mice as compared to
untreated NOD mice. Data are representative of one experiment performed in three mice per
group, and statistical significance was determined by using two-tailed unpaired ¢test. (D)
Quantification of IFN-y-producing cells (with number of spots normalized for background)
in an ex vivo assay, in which splenocytes were challenged with islet peptides [BDC2.5,
IGRP, glutamic acid decarboxylase 65 (GAD-65), and insulin] 40 days after treatment in
newly hyperglycemic PD-L1.Tg KL cell-treated NOD mice or in untreated hyperglycemic
NOD mice. Data are expressed as means + SEM, and statistical significance was determined
by using two-tailed unpaired #test. Data are representative of at least 7= 3 mice. *~< 005;
**p<(0,01; ***P < 0.001. #P < 0.05 versus all; 87 < 0.05 versus all. (E and G)
Representative flow cytometric analysis and quantitative bar graphs of ZsGreen*PD-L1. Tg
KL cells in the pancreas of hyperglycemic (Hyper) and normoglycemic (Normo) NOD mice
at 1,7, and 14 days after treatment with PD-L1.Tg KL cells. Experiments were run in
triplicate [in (F): in duplicate], and statistical significance was determined by using two-
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tailed unpaired ¢test. (F and H) Quantification of ZsGreen mRNA in the pancreas of
hyperglycemic and normoglycemic NOD mice by gRT-PCR after treatment with PD-L1.Tg
KL cells. (I and K) Bar graphs depicting flow cytometric quantification of ZsGreen*PD-
L1.Tg KL cells and (J and L) quantification of ZsGreen mRNA by gRT-PCR in the bone
marrow of hyperglycemic and normoglycemic NOD mice, after treatment with PD-L1.Tg
KL cells. Experiments were run in triplicate [in (M): in duplicate], and statistical
significance was determined by using two-tailed unpaired ¢test. (M and O) Bar graphs for
flow cytometric quantification of ZsGreen*PD-L1.Tg KL cells and (N and P) quantification
of ZsGreen mMRNA by gRT-PCR in the spleen of hyperglycemic and normoglycemic NOD
mice. (Q and R) Confocal imaging of pancreatic sections obtained from normoglycemic or
hyperglycemic NOD mice after 1,7, and 14 days after treatment with ZsGreen*PD-L1.Tg
KL cells. Histology magnification, x63 in all confocal images. Scale bars, 5 um. (Sand T)
Luminescent images of NOD mice adoptively transferred with luciferase*PD-L1.Tg KL
cells after 1 and 7 days of treatment. Data are expressed as means + SEM. Data are
representative of at least 7= 2 mice. Statistical significance was determined using two-tailed
unpaired ttest. *£< 0.05; **P< 0.01; ***P< 0.001. CTRL, control.
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Fig. 5. pKL cellsabrogate the autoimmune responsein vitro.
(A to C) Results of screening of small molecules tested for their ability to up-regulate PD-

L1 [mean fluorescence intensity (MFI)] on mobilized CD34" cells obtained from healthy
controls, the three-color coding shown in (C) represents lowest PD-L1 MFI values (orange),
median PD-L1 MFI values (yellow), and highest PD-L1 MFI values (green). TLR, toll-like
receptor; wp, well plate. (D and E) PD-L1 expression (MRNA and MFI) fold change was
quantified for each component of the small-molecule cocktail tested singularly or in
combination. Tx, treatment. (F) Representative flow cytometric analysis and quantitative bar
graph of PD-L1 expression on KL cells from NOD mice pre- and postpharmacological
modulation with a cocktail of small molecules (7= 3 from two independent experiments),
and statistical significance was performed by using twotailed unpaired #test. (G) Confocal
imaging of KL cells pre- and postmodulation with cocktail of small molecules, showing
DAPI (in blue) and PD-L1 (in red) staining. Histology magnification, x63. Scale bar, 50 um.
(H and I) MA plot and fold change for gene expression in KL cells obtained from bone
marrow of NOD mice and pKL as compared to unmodulated KL cells (Vehicle-KL cells,
WT) n =3 samples per condition, and statistical significance was performed using pairwise
ANOVA test. (J and K) Representative flow cytometric analysis and quantitative bar graph
for IFN-y*CD4* T cells isolated from NOD-BDC2.5 TCRTg mice and stimulated with
BDC2.5 peptide in the presence of DCs (Controls) or upon coculture with unmodulated KL
(WT), with pKL cells (at different ratios), or with pKL cells pretreated with anti-PD-L1-
blocking mAb with the isotype control also shown; /7= 3 samples per condition, and
statistical significance was performed using two-tailed unpaired ftest. #2< 0.05 versus all;
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8P < 0.05 versus all except Tg. 1:10. (L) Bar graph for flow cytometric quantification of
IFN-y*CDA4*T cells after coculture of CD4* T cells isolated from NOD-BDC2.5 TCR Tg
mice stimulated with BDC2.5 peptide in the presence of DCs (control) or upon coculture
with unmodulated KL cells (WT), with pKL cells, with PD-L1.Tg KL cells, or with
CD4*CD25* T regulatory cells; 7= 4 samples per condition were used, and statistical
significance was performed using two-tailed unpaired ttest; #2< 0.05 versus all. (M and N)
Representative flow cytometric analysis and quantitative bar graph for IFN-y*CD8* T cells
isolated from NOD-8.3 TCR Tg mice and stimulated with IGRP peptide in the presence of
DCs (control) or upon coculture with unmodulated KL cells (WT), with pKL cells (at
different ratios), or with pKL cells pretreated with anti—-PD-L1-blocking mAb. Experiments
were run in triplicate (n7= 3 for controls, all the rest 7= 5), and statistical analysis was
performed using two-tailed unpaired #test. (O) Bar graph for flow cytometric quantification
of IFN-y*CD8*T cells after coculture of CD8*T cells isolated from NOD-8.35 TCR Tg
mice stimulated by IGRP peptide in the presence of DCs (control) or upon coculture with
unmodulated KL cells(WT), with pKL cells, with PD-L1.Tg KL cells, or with
CD4*CD25*T regulatory cells. Experiments were run in triplicate (n7= 4 for controls and
WT, all the rest 7= 3), and statistical analysis was performed using two-tailed unpaired #test
(P and Q) Representative flow cytometric analysis and quantitative bar graph for IFN-y
*CD4* T cells isolated from NOD mice and stimulated with soluble anti-CD3/anti-CD28
(control) or upon coculture with unmodulated KL cells (WT), with pKL cells (at different
ratios), or with pKL cells pretreated with PD-L1 -blocking/-neutralizing mAb. Experiments
were run in triplicate [7= 3 for all conditions except for anti—-PD-LI (n= 4)], and statistical
analysis was performed using two-tailed unpaired ttest; in (R): #P< 0.05 versus all except
anti-PD-LI-blocking mAb and pKL 1:10 (2= ns); 3P< 0.05 versus all. (R) Bar graph
depicting flow cytometric quantification of IFN-y*CD4" Tcells within CD4*CD25~ T cells
isolated from NOD mice and stimulated with soluble anti-CD3/anti-CD28 (control) or upon
coculture with WT, with pKL, with PD-L1.Tg KL cells, or with CD4*CD25* T regulatory
cells. Experiments were run in triplicate [/7= 3 for all conditions, except for WT (n= 4)],
and statistical analysis was performed using two-tailed unpaired #test. Data are expressed as
means + SEM. *P< 0.05; **P< 0.01; ***P< 0.0001. “£< 0.05 versus all; 8, < 0.05 versus
all.
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Fig. 6. pKL cellsrevert hyperglycemiain NOD micein vivo.
(A and B) Newly hyperglycemic NOD mice were treated with WT cells, pKL cells, or Tg

cells. Data are representative of 10 untreated mice, 10 mice treated with WT cells, 10 mice
treated with pKL cells, and 15 mice treated with Tg cells. Incidence of diabetes in all groups
of NOD mice (untreated, WT-treated, pKL-treated, and Tg-treated mice) was compared
using the log-rank (Mantel-Cox) test;#/2<0.0001 versus all, P< 0.0001 for Tg versus WT,
and P <0.05 for pKL versus WT. (C) Quantification of IFN-y—producing cells in an in vitro
assay, in which splenocytes isolated from newly hyperglycemic pKL-treated NOD mice or
in untreated hyperglycemic NOD mice 40 days after treatment were challenged with islet
peptides after treatment with pKL, normalized for background. Experiments were run in
triplicate, and statistical analysis was performed using two-tailed unpaired #test. (D)
Immunophenotype of lymphocytes isolated from spleen of pKL-treated newly
hyperglycemic NOD mice showed an increase in the percentage of FoxP3* regulatory T
cells. Experiments were run in triplicate (7= 3 pKL-treatedand n =5 untreated), and
statistical analysis was performed using two-tailed unpaired ztest. (E to G) Bar graph
showing the levels of pro- (IL-2/1L-6) and anti-inflammatory (IL-4) cytokines as measured
by Luminex in the serum of untreated or pKL-treated newly hyperglycemic NOD mice at
baseline and at 7 days after treatment. Experiments were run in triplicate per group, and
condition (D0 and D7) and statistical analysis were performed using two-tailed unpaired ¢
test. (H) OVA rechallenge. Experiments were run in triplicate per group, and statistical
analysis were performed using two-tailed unpaired ftest, #2< 0.05 versus all. (1) Insulitis
score in untreated and pKL-treated newly hyperglycemic NOD mice. (J and K)
Representative immunohistochemical H&E analysis and CD3/insulin staining in serial
pancreatic islet tissue sections from pKL-treated or untreated NOD mice; /7= 9 sections per
group were analyzed. Histology magnification, x20. Scale bars, 200 pm. Data are expressed
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as means + SEM. Data are representative of at least 7= 3 mice. *£< 0.05; **P< 0.01; ***P
<0.0001; #P < 0.05 versus all.
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Fig. 7. The PD-L 1 defect isevident in HSPCsfrom T1D patients.
(A) Representative flow cytometric and quantitative bar graph of PD-L1*CD34* cells from

patients with T1D as compared to healthy controls (n7= 10 from each group), and statistical
significance was performed by using two-tailed unpaired ftest. (B) Western blot analysis
and (C) gRT-PCR confirmed the PD-L1 defect in CD34* cells from T1D patients (7= 3 in
each group), and statistical significance was performed by using two-tailed unpaired #test.
(D and E) Confocal imaging and quantitative bar graph of bone marrow sections obtained
from T1D patients and healthy controls showing PD-L1 (green) and CD34 (red) staining; the
quantification of the orange-stained bone marrow element was performed by ImageJ. Data
are representative of /7=5 sections per group, and statistical significance was performed
using two-tailed unpaired #test with Welch’s correction. Histology magnification, x63. Scale
bar, 40 um. (F) Bar graph depicting the percentage of PD-L1 on CD34* cells obtained from
peripheral blood of T1D patients or healthy controls at baseline or cultured for 3 days in
normal glucose, in 20 mM, or in 35 mM high glucose (n = 3 samples from each group), and
statistical significance was performed using two-tailed unpaired ¢test; #2< 0.05 versus all
except T1D HG-35 and CTRL HG-20; 8P < 0.05 versus all except T1D HG-35 (ns) and T1D
HG-20 (ns). (G) CFSE-based proliferation assay of peripheral CD34* cells obtained from
T1D and healthy control patients at baseline and after 1 and 3 days of culture (n =3 samples
from each group), and statistical significance was performed using two-tailed unpaired #test;
#P < 0.0001 versus all except T1ID-DO; 82 < 0.0001 versus all except CTRL-DO (ns). (H)
Frequency of apoptosis of CD34" cells obtained from T1D and healthy control patients at
baseline and after 1 and 3 days of culture. Experiments were run in triplicate, and statistical
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significance was performed using two-tailed unpaired #test. (I) Table of human miRNAs,
discovered by bioinformatic approach, involved in the regulation of PD-L1 expression. (J)
qRT-PCR showed differentially expressed miRNA in human CD34" cells obtained from
T1D patients as compared to controls (at least 7= 5 samples from each group), and
statistical significance was performed using two-tailed unpaired #test with Welch’s
correction. (K) DNA methylation status of the PD-L1 gene promoter in peripheral CD34*
cells obtained from T1D patients as compared to healthy controls (7= 2 samples from each
group). Statistical significance was performed using two-tailed unpaired #test with Welch’s
correction. (L) Representative flow cytometric and quantitative bar graph of PD-L1
expression on peripheral CD34* cells from T1D patients pre- and postpharmacological
modulation with a cocktail of small molecules. Experiments were run in triplicate, and
statistical significance was performed using two-tailed unpaired ¢test. (M) Confocal
imaging of PD-L1 expression on CD34" cells from T1D patients pre- and
postpharmacological modulation. Histology magnification, x63. Scale bar, 50 um. (N) PD-
L1 expression fold change in pCD34™ after 24 hours and in vehicle-treated CD34" cells as
assessed by RT-PCR. Experiments were run in duplicate, and statistical significance was
performed using two-tailed unpaired ¢test. (O to R) Quantification of IFN-y—producing
cells where human PBMCs from T1D were challenged with 1A-2 in the presence of
unmodulated CD34* or pCD34" cells with or without an anti-PD-L1-blocking mAb.
Experiments were run in triplicate, and statistical significance was performed using two-
tailed unpaired #test. Experiments were performed at least in triplicate; in (R): Data related
to anti-PD-L1 treatment were performed in duplicate, and statistical significance was
performed using two-tailed unpaired ¢test. (S) Quantification of IFN-y—producing cells
where human PBMCs from T1D already stimulated with anti-CD3/anti-CD28 were
cocultured in the presence of unmodulated CD34* or pCD34* cells with or without an anti-
PD-L1-blocking mAb. Experiments were run in duplicate, and statistical significance was
performed using two-tailed unpaired ¢test. Data are expressed as means + SEM. *£ < 0.05;
**P<0.01; ***P< 0.001. #P< 0.05 versus all.

Sci Transl Med. Author manuscript; available in PMC 2018 October 04.



	Abstract
	INTRODUCTION
	RESULTS
	A defect in PD-L1 is evident in HSPCs from nonobese diabetic mice
	The PD-L1 defect is associated with an altered network of PD-L1–related microRNAs
	Genetically engineered NOD HSPCs abrogate the autoimmune response in vitro and in vivo and revert hyperglycemia
	Genetically engineered HSPCs traffic to the pancreas in hyperglycemic NOD mice
	Pharmacologically modulated HSPCs abrogate the autoimmune response in vitro
	Pharmacologically modulated HSPCs revert hyperglycemia in vivo
	The PD-L1 defect is evident in human HSPCs from T1D patients and is associated with an altered miRNA network, and pharmacologically modulated HSPCs reinstate PD-L1 expression and immunoregulatory properties

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Human studies
	In vitro human studies
	Animal studies
	In vitro murine studies
	In vivo interventional murine studies
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

