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Delivery of gene therapy as well as of biologic therapeuticgs often hampered by
the immune response of the subject receiving the therapy. Wéiave reported that
effective gene therapy for hemophilia utilizing plateletss a delivery vehicle engenders
profound tolerance to the therapeutic product. In this stug, we investigated whether
this strategy can be applied to induce immune tolerance to a on-coagulant protein and
explored the fundamental mechanism of immune tolerance ineted by platelet-targeted
gene delivery. We used ovalbumin (OVA) as a surrogate non-agulant protein and
constructed a lentiviral vector in which OVA is driven by thglatelet-speci ¢ allb promoter.
Platelet-speci c OVA expression was introduced by bone mawow transduction and
transplantation. Greater than 95% of OVA was stored in platet a-granules. Control
mice immunized with OVA generated OVA-specic IgG antibodis; however, mice
expressing OVA in platelets did not. Furthermore, OVA expssion in platelets was
suf cient to prevent the rejection of skin grafts from CAG-®A mice, demonstrating that
immune tolerance developed in platelet-speci ¢ OVA-tranduced recipients. To assess
the mechanism(s) involved in this tolerance we used OTII neicthat express CD4
effector T cells specic for an OVA-derived peptide. After [atelet-speci c OVA gene
transfer, these mice showed normal thymic maturation of th@ cells ruling against central
tolerance. In the periphery, tolerance involved eliminati of OVA-speci ¢ CD4C effector T
cells by apoptosis and expansion of an OVA-speci c regulatoy T cell population. These
experiments reveal the existence of natural peripheral &iance processes to platelet
granule contents which can be co-opted to deliver therapeutally important products.
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Luo et al. Gene Transfer Engenders Immune Tolerance

INTRODUCTION RESULTS

Immune responses to transgene products or viral vectors are-@rgeted_ Expression of OVAjEnCOding
major concern during gene therapy4). Immune responses Gene With the Platelet-Specic  allb
are also implicated in decreasing the therapeutic value ofymarPromoter Into HSCs Results in Its Storage

biologic drugs £-7). An example of the latter is the use of factor ; _
VIII (FVI) or factor IX (FIX) coagulant protein replacement in the a-Granules of Platelets

therapy for patients with hemophilia A or hemophilia B,
respectively. Introducing a therapeutic protein via gene apgr
is an attractive alternative for hemophilia treatment. Howe

To target OVA expression in platelets, we constructed a lefivir
vector (LV) in which OVA is driven by theallb promoter
(2bOVA) (Figure1l Supplemental Figure 1A Since von
. * . Willebrand factor (VWF) propeptide (Vp) can reroute unrelated
i/rzzgpe dsiizogiihca;pgri)c;;h;oﬁz/ Jl)“ (')I'roF::))r(e\c/)(rant'? égse\g:l secretory proteins to a storage pathwég@)(we designed a
immune responses that target transdu;:ed cells and neo-pimtei second vector, 2bVpOVARigure 1 Supplemental Figure 15
. . . . . - which contains Vp to secure OVA storage in platelet granules.
immune modulation _ strategies using ~ IMMUNOSUPPIESSIVEyo oy amined the capacity of 2bOVA or 2bVpOVA Ientiviral
r2n4()ad'2?1“?gsar ag\:aenebetﬁtr;r:p))(;l?:)?dhtlanmigltmizl vTiﬂd((jltas,ii\/((larS_the gene delivery to HSCs to express OVA in WT C57BL6 mice.
S . : . Sca-f cells from wild type (WT)/CD45.2 mice were transduced
m:SS'”g protein at sustained levels and promote IMMUNE, ., oh5yA or 2bVpOVA LV and transplanted into WT/CD45.1
tolerance.

While expression of FVIII in hematopoietic cells has recentlyrecumemS preconditioned with 660 cGy total body irradiatio

. . o . . (TBI). 2bGFP Figure 1 Supplemental Figure 1% in which
shown promise for treating hemophilia A in animal models, . .
: . o GFP expression was directed by the saab promoter, was
immune responses remain a signi cant concerl, ¢5-30).

Our previous studies have demonstrated that platelet-tadyet used as a control vector. Follpwmg transplantation of trares
. cells, engraftment gradually increased from around 60% akwe
expression of FVIII or FIX under control of the platelet-

0
speci c allb promoter (2bF8 or 2bF9) via lentiviral gene 3 to 90% at week 1(gures 1A,B. Bone marrow (BM) of the

delivery to hematopoietic stem cells (HSCs) can ecientlyreclplent mice were fully reconstituted by 12 weekig(re 18),

o . . -~ with similar levels of engraftment among the three groups (89
rescue the hemophilic bleeding phenotype and induce antigen 206, 86 5%, and 84 7% in the 2bOVA, 2bVpOVA, and

speci ¢ immune tolerance in hemophilia mouse modefsl{ . }
. i S 2bGFP groups, respectivelyigure 10).
33). Our further studies have shown that FVIll-speci c immune To conrm viable engraftment of OVA-transduced HSCs,

tolerance in hemophilia A mice after platelet-specic FVIII . . .

gene therapy is CD4 T cell-mediated and the immune toleranc ekusetd P(El_F; toosllztect O\{f‘ prowra:; ?NtAd'n. perlllphirailh

is transferable 34). Furthermore, HSCs that are genetically eu, ocytes. € . casselle was detected in all o €
animals that received 2bOVA- or 2bVpOVA-transduced cells

modi ed to promote platelet-specic FVIII expression can ¢ q - he i lular | i ¢ th
successfully engraft even in a setting of pre-existing antl(':Igure 1D). To determine the intraceliular location of the

FVIII immunity, resulting in sustained therapeutic expressi OVA transgene. protein, we employgd immunogold .Iabeling
of platelet-FVIIl that is coupled with loss of anti-FVIIl and electron microscopy. OVA protein was detected in OVA-

antibodies 85-37). In contrast, when FVIII expression is transduced platelets using either the 2bOVA or the 2bVpOVA

targeted to endothelial cells under control of the endotilel VECtor and was located within tha-granules of platelets. As

cell-specic Tie-2 promoter in a transgenic model, plasma2" internal control, VWF, an endogenous protein that locadiz
levels of FVIIl was fully normalized, but robust immune within plateleta-granules, was detected in both transduced and

responses against FVIIl occurred, and plasma FVIII droppedntransduced platelets{gure 18).

to undetectable levels when animals were immunized with N€xt we determined the levels of OVA protein in both
FVIII (39). platelets and plasma at various time points after transplaorati

The tolerance that results with neo-FVIIl expressed inby ELISA. Sustained OVA expression was observed in trandduce
platelets of FVIIl-de cient mice led us to question whether r€cipientsinboth 2bOVA and 2bVpOVA-transduced groups with
this process is specic for a coagulant factor or whether i@ 17-fold higher platelet-OVA expression in the ZbOVA group
represents a general tolerance mechanism associated with dipmpared to the 2bVpOVA groupHigures 2A,B. No OVA
platelet-targeted gene therapy approach. Further it was oféste  Was detected in 2bGFP-transduced recipients or untransduced
to determine the specic tolerogenic mechanisms that drivecontrol animals, as expected. When the distribution of OVA in
tolerance induction when platelets are engineered to delivethole blood were calculated, approximately 95% and 98% of
neo-proteins as a form of gene therapy. To this end, we usédVA protein in whole blood was stored in platelets with an
ovalbumin (OVA) as a surrogate non-coagulant protein andaverage OVA protein level of 24.228.72 ng/18and 1.41 0.73
constructed a lentiviral vector in which OVA is driven by the ng/1® platelets in 2bOVA and 2bVpOVA transduced recipients,
sameallb promoter that we used for FVIII and FIX studies respectivelygigures 2C—§. To investigate whether stored OVA
(31-37, 39). We show that protein delivery by platelet-basedin transduced platelets is released following platelet atti,
gene therapy e ectively utilizes multiple peripheral tolerancdsolated platelets were stimulated with an agonist cockéaiti

mechanisms and promotes profound immune tolerance to neoOVA levels in platelet releasates and lysates from residiiatpe
proteins. were quanti ed by ELISA. As shown iRigures 2F-G,84.8

Frontiers in Immunology | www.frontiersin.org 2 September 2018 | Volume 9 | Article 1950


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Luo et al. Gene Transfer Engenders Immune Tolerance

A WT controls B c .
—_ n.s. n.s.
Unstain WT/CD45.1 WT/CD45.2 o ® 4004 ~ |
0.00% 0.00%| {0.01% 0.09%| {99.5% 0.04% 23 100 2% L 4 %
.00% .09%| [99.5% .04% g8 .” ‘73_3800
L)
& == ~E e ¥ N2 60
P g OE
3 23S 4 g3 %
3 ﬁ : é og 20 05 20
% 0.00%| 10.93% 99:0%] 10.44% 0.00% X5 o0 X S o
| o 0:00%] 10.93% 190 200 K] i
cD45.1* Q Pre-BMT 3 8 12 = R W ‘(Q
Transduced recipients Post-BMT (weeks) (po 4‘?0 ,].90
53
2bOVA 2bVpOVA 2bGFP v
93% 0.08%| [92.3% 0.05%| {91.0% 0.06% D - Transduced
o ..
& L e o recipients
g (G L [ 3 = <
S " ~ £€s < 5 ]
¥ % & . 8= 3 2 8
0.39% 6.53%| 10.71% 6.94%| 10.26% 8.65% ¢ E5 2 3 -
AR T T X Do N ~ o
CD45.1* 5 —a — = =
= 3 3 # o
E
" WT mFVIIl
(233bp)

< -
=
.

OVA-transduced
platelets

<

Untransduced
platelets

FIGURE 1 | Platelet-targeted OVA gene transfer results in OVA expresd and stored in plateleta-granules. Sca-1C cells isolated from wild type (WT)/CD45 .8
donors were transduced with 2bOVA or 2bVpOVA lentivirus anttansplanted into WT/CD45.£ recipients that were preconditioned with 660 cGy total body
irradiation. The 2bGFP lentiviral vector was used as a comtrin parallel. Blood samples were collected from recipieststarting at 3 weeks after transplantation for
analysis. Chimerism was analyzed by ow cytometry. Intracellar location of OVA protein was determined by immunoeleain electron microscopy (EM). Samples
from WT/CD45.1 and WT/CD45.2 untreated animals were used as aatrols for assays.(A) Representative dot plots from ow cytometry analysis of chirerism 12
weeks post transplantation. Cells were stained for CD45.1CD45.2, CD4, and CD8. After staining, cells were analyzed byw cytometry. DAPI was used to exclude
dead cells. (B) Chimerism in the 2bOVA group over time after bone marrow trasplantation. (C) Chimerism in indicated groups at 16 weeks after transplantion.

(D) PCR analysis shows that OVA proviral DNA was detected in 2b@¥ and 2bVpOVA-transduced recipients. WT mouse FVIII was useal an internal control.

(E) Intracellular location of OVA determined by EM study. Trangge protein OVA was labeled with small colloidal gold as somiadicated by arrows. Endogenous
protein VWF was labeled with large colloidal gold as some inchted by arrow heads.

2.3% and 98.2 3.6% of OVA in platelets were released in theno statistically signi cant dierences in the titers of OVA-
2bOVA and 2bVpOVA groups, respectively. specic IgG at 16 weeks after transplantation among the
Taken together, these data demonstrate that platelettadge three groups before or the 2bOVA and the 2bVpOVA groups
OVA gene transfer by lentiviral gene delivery to HSCs camafter OVA immunization. In contrast, the titer of OVA-
e ciently introduce OVA expression and storage in platel@t  speci c IgG antibodies in the 2bGFP control group signi cint
granules in peripheral blood and that OVA is released uporincreased from 84 50 to 4,889 5,079 after OVA challenge.
platelet activationin vitro. The continued presence of plasmaAlthough the total OVA expression level in the 2bOVA group
OVA also indicated that immune clearance was minimal. Thisvas 17-fold higher than in the 2bVpOVA group, the titer
was investigated further. of anti-OVA total IgG in the 2bVpOVA group was not
signi cantly di erent than that in the 2bOVA group. These
) ) data demonstrate that HSC-based gene delivery that targets
Platelet-Speci c OVA Gene Delivery Into the synthesis of the surrogate gene therapy product OVA
HSCs Induces Immune Tolerance speci cally within platelets under control of thallb promoter
To investigate whether anti-OVA immune tolerance was indlice can suppress the anti-OVA antibody response following primary
in recipients after platelet-specic OVA gene transfer, anti-immunization.
OVA antibody titers were monitored in transduced recipients To explore whether platelet targeted gene transfer can be
before and after OVA immunizationHigure 3A). There were applied to prevent a T cell-mediated immune response, skin
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FIGURE 2 | OVA expression levels in transduced recipients. Blood sanigs were collected from recipients monthly after transplaation and OVA expression was
quanti ed by ELISA assay on platelet lysates, platelet releases, and plasmas.(A) Average expression levels of platelet-OVA at each time pdin(B) Average
expression levels of plasma-OVA at each time poin{C) Average expression levels of platelet-OVA over the study ped. For individual mice analyzed more than once
over the study, the average platelet OVA was calculatedD) Average expression levels of plasma-OVA over the study ped. For individual mice analyzed more than
once over the study, the average plasma OVA was calculatedE) OVA distribution in whole blood in recipients. Greater thaB5% OVA was stored in platelets. The
unpaired studentt-test was used to compare the two groups. “n.s.” indicates nostatistically signi cant difference between the two groups (F) OVA expression levels
in platelet releasates(G) Percentage of OVA released from platelets upon agonist stiutation. The unpaired student-test was used to compare the two groups.
**p < 0.001. Data shown were summarized from two independent expements. Data were expressed as the mean SD.
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FIGURE 3 | Lentivirus-mediated platelet-speci ¢ OVA gene delivery t¢1SCs induces immune tolerance to OVA. To study if immune totance is induced after
platelet-targeted OVA gene transfer, anti-OVA antibodie CD45.1°/WT recipients that received 2bOVA- or 2bVpOVA-transduced D45C /WT transduced Sca-1¢
cells were monitored after gene transfer. Animals that redeed 2bGFP-transduced Sca-I cells were used as a control in parallel. Five months postdnsplantation,
animals were challenged with OVA to investigate whether imame tolerance was induced in platelet-targeted OVA-transaced recipients. The titers of anti-OVA total
1gG were determined by ELISA assay. Some animals were transpited with the skin graft from CAG-OVA transgenic mice, in whh OVA is expressed on the surface
of all cells. Animals were monitored for skin graft acceptare, and complete graft rejection was recorded(A) Anti-OVA total IgG titers. Data are presented as mean
SD and analyzed by one way ANOVA. “n.s.” indicates no statigtally signi cant difference between the two groups. **® < 0.001 and ***f < 0.0001. (B) Skin graft
survival rate.(C) Representative skin graft on the 2bOVA-transduced recipig (6 months after skin transplantation).
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transplantation was performed. Skin grafts from CAG-OVAthan the 2bVpOVA group Figures 5D-F, but there were no
transgenic mice, in which OVA is expressed under control ofli erences in spleen between the two groupigures 5A-Q.
the chicken beta-actin promoter and detected in all tissde, ( The reduced number of antigen-specic CD4 cells in the
were transplanted onto transduced recipients. Full-thideil periphery could be the result of central tolerance deleting th
skin successfully grafted onto 2bOVA- or 2bVpOVA-transddice number mature thymocytes able to populate the periphery.
recipients and was sustained during the study course (6 nonthThis would be compatible with central tolerance mechanism.
post-transplantation). In contrast, skin grafts were compglete Interestingly, there were no di erences in either the pereee
rejected in untransduced WT and 2bGFP-transduced animalsr the total cell number of donor-derived single positive
within 6 weeks Figures 3B,G. CD4C T cells (CD4-SP, CD45:ZD4°CD8 ) (Figures 6A-H,
Collectively, these results demonstrate that targetinglouble positive (DP, CD45°ZD4°CD8&C) (Figures 6F-G,
transgene expression to platelets can e ciently induce immun double negative (DN, CD45°ZD4 CD8 ) (Figures 6H-), or
tolerance to the targeted protein. single positive CD8 T cells (CD8-SP, CD45°ZD4 CD8&®)
(Figures 6J,K in the thymus among the 2bOVA, 2bVpOVA, and
2bGFP groups. The percentage and total number of OVA-speci ¢
Clonal Deletion of Antigen-Specic CD4T VaZCc\j/bSCd CD;CZCbggAT Ce”ds in (;he thymus of 2bVpOVA- "
. . . transduced an -transduced recipients were comparable
Cells Occurs in Perlpheral I__ymph0|d to those in 2bGFP-transduced recipientBigures 6B,B. To
Organs After F)|ate|(’:'t'8p(':'CI c OVA Gene investigate whether the T cell clonotype changes after platelet
Delivery Into HSCs speci ¢ OVA gene transfer, we further analyzed tha2f TCR
To explore how immune tolerance is established followingrain expression. The expression of donor-derived2? cells
platelet-speci c gene expression, we transduced Scadlls in the thymus was similar among the 3 groups as shown
from OT-1I/CD45.2 transgenic mice 4¢), in which 98% in representative ow cytometry histogramsFigures 7A,B
of CD4 T cells express major histocompatibility complexand the MFI (mean uorescence intensity)Figures 7C—F,
(MHC) class ll-restricted OVAp3 33g-specic Va2Vb5 TCR indicating that there was not apparent clonotype rearrangement
(T cell receptor), with lentivirus encoding 2bOVA, 2bVpOVA, in thymus after platelet-targeted OVA gene transfer. Thesa d
or 2bGFP and transplanted into WT/CD45.1 recipientsdemonstrate that central tolerance may not play a role in jpdte
preconditioned with 660 cGy TBI. After transplantation targeted gene therapy. Of note, the frequency and total nummbe
and BM reconstitution, platelet-OVA expression werethe remaining endogenous CB4T cells were similar among the
observed in the recipients that received either 2bOVA- o013 groups in peripheral blood and all lymphoid orgariidure 5
2bVpOVA-transduced OT-II/CD45.2 cells (26.48 4.47 Supplemental Figures 1A-G
ng/1C® platelets and 2.31 0.81 ng/18 platelets, respectively,  Since the lack of peripheral antigen-speci c CD4 T cells does
Figure 4A). This is similar to the levels observed in 2bOVA- not appear to be due to central tolerance, we investigatedvenet
or 2bVpOVA-transduced WT/CD45.2 cells Figure 2Q).  there was evidence for apoptotic cell loss in the periphery. To
Thus, the expression of OVA-specic T cells did not a ect this end, we stained cells with Annexin V, which revealed tha
platelet production of neo-protein OVA, possibly indicative of the percentage of apoptotic CD45@D4° T cells in the 2bOVA
tolerance. and 2bVpOVA groups were signi cantly higher than in the
The engraftments among the three groups were comparabRbGFP group in both spleen (23.0 8.80%, 13.51 4.91%,
both in term of donor-derived Figure 4B) and remaining and7.29 1.84%, respectivelyrigures 8A,B and lymph nodes
recipient cellsfigure 4CandFigure 4 Supplemental Figure)l  (26.45 12.11%, 10.32 5.69%, and 4.72 1.48%, respectively)
However, average donor-derived CD45CD4C T cells during  (Figures 8C,D), but not in the thymus (3.97 3.64%, 3.17
the study course in the 2bOVA (0.25 0.10%) and 2bVpOVA 1.79%, and 2.22 0.88%, respectivelyFigures 8E,§. There
groups (0.94 0.37%) were signi cantly lower than in the were no statistically signi cant di erences in the percergagf
2bGFP group (2.90 0.79%) in peripheral blood during the apoptotic CD45.£CD4C T cells (recipient-derived) among the
study course Figure 4D). The frequency and the total number three groups in spleen, lymphoid nodes, and thymEgy(re 8
of OVA-speci ¢ Va2CVh5° CD4C T cells in both the 2bOVA  Supplemental Figure L
and 2bVpOVA groups were signi cantly lower than in the  Together, these data demonstrate that antigen-speci ¢ €D4
2bGFP group Figures 4E,F, indicating that CD# T cells T cells are deleted in peripheral lymphoid organs after platelet-
with Va2CVb5C expression are susceptible to deletion aftesspeci c gene transfer, compatible with a peripheral tolerance
platelet-speci c OVA expression in a dose dependent mannemechanism.
When CD4 T cells in lymphoid organs were analyzed at 5

montEs afltgi trznsElantation, similzr tho the o:ata ogtaine(;nh Antigen-Speci C Regulatory T (Treg) Cells
peripheral blood, the frequency and the total number of donor- . . .

derived CD45.2CD4C T cells in both spleen and lymph nodes Are Increased in Peripheral Lymphoid

were signi cantly lower in the 2bOVA and 2bVpOVA groups Organs After Platelet-Targeted OVA Gene
compared to the 2bGFP groufFigures 5A-B. The frequency Transfer

and the total number of donor-derived CD4%5.¢D4° T cells  Since Treg cells are also modulators of immune tolerance,
in lymph nodes in the 2bOVA group were signi cantly lower we evaluated their abundance in OVA-transduced recipients.

Frontiers in Immunology | www.frontiersin.org 5 September 2018 | Volume 9 | Article 1950


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Luo et al. Gene Transfer Engenders Immune Tolerance

A B 100 ¢ R —e— 2bOVA (n = 10)
— n=
i » 5100 o | == 2VpOVA(n=11)
< §§80 ——N— 32 80 254 —v— 2bGFP (n=11)
2 o5 o
Q + 560 2 —e— 2bOVA (n = 10) [
5 l‘!-i'f —e— 2bOVA (n = 10) t—?.. 60 —O— 2bVpOVA (n = 11) +",3’3 1
< @ L4 —O— 2bVpOVA (n = 11) 65 4 —v— 2bGFP (n = 11) < 5 2 e
- o £ <o 40 =) 3
] a? —v— 2bGFP (n=11) ¥ 8 - H
o ©s20 0T 20 o o o 5 Sa1 Q\H——%]:
X= 0 x g =<0 ——9o o o
6 8 12 16 6 8 12 16 6 8 12 16
Weeks post-BMT Weeks post-BMT Weeks post-BMT
E n.s. ) A F il
5100 =
@ E ~ g
3575
+ +
o %
$ 8 50
o+
R
> 9 25
X a
S 0l —mm—
oY o K& XY
» > O O
S & T
o
Untransduced Transduced
controls recipients

FIGURE 4 | Targeting OVA expression to platelets results in OVA-speciCD4 T cell deletion in peripheral blood. To study the mechaisms by which immune
tolerance is established after platelet-targeted OVA gengansfer, Sca-1 cells from OVA-speci ¢ TCR transgenic mice (OT-I/CD45.2) wergansduced with 2bOVA
or 2bVpOVA lentivirus and transplanted into WT/CD45.1 recipnts that were preconditioned with 660 cGy total body irrachtion. Animals were analyzed by ELISA for
OVA expression and ow cytometry for chimerism and OVA-speat CD4 T cells in peripheral blood. For chimerism analysis, dis were stained with CD45.1, CD45.2,
CD4, and CD8 antibodies. For \d2Vb5 analysis, cells were stained with CD45.2, CD4, 82TCR, and \b5TCR antibodies. After staining, cells were analyzed by ow
cytometry. DAPI was used to exclude dead cells. Samples from®T-11/CD45.2 and WT/CD45.1 untreated animals were used as contts. (A) Average expression levels
of platelet-OVA over the study period. For individual micerealyzed more than once over the study, the average platelet\?A was calculated.(B) Average donor
(OT-1I/CD45.2)-derived cell percentage (chimerism) at eachnte point. (C) Average percentage of recipient (WT/CD45.1)-derived cell§D) Average percentage of
OVA-speci ¢ CD4 T cells among donor-derived leukocytes at eah time point. (E) Percentage of OVA-speci ¢ Va2C Vb5C cells in donor-derived CD4 T cells in
peripheral blood (3 months post-BMT)(F) Total number of OVA-speci ¢ Va2C Vs cells in peripheral blood (3 months post-BMT). Data shown we summarized
from two independent experiments. Data were expressed as tamean SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA.
*P < 0.05; *P < 0.01; and **P < 0.001. “n.s.” indicates no statistically signi cant diffeence between the two groups.

The frequencies of total regulatory T (Treg) cells in periglier number (Figures 9H-)) in the three groups were similar
blood in the 2bOVA and 2bVpOVA groups (5.64 0.81% to those obtained using the markers of donor-derived
and 5.23 0.89%, respectively) were signi cantly higher thanTreg (CD45.2CD4°CD25 FoxP¥) cells Figures 9C-F,
in the 2bGFP group (4.04 0.27%) Figure 9A and Figure 9  con rming that donor-derived Treg cells were OVA-speci c.
Supplemental Figure . Likewise, the frequencies of donor- There were no dierences in the total number of Treg cells
derived Treg cells in the 2bOVA and 2bVpOVA groups wereamong the three groups in the thymug-igure 9J). There
signi cantly higher than in the 2bGFP group in peripheral were no statistically signicant dierences in recipient-
blood (3.95 1.50%, 2.54 1.73%, and 0.29 0.08%, derived Treg (CD454CD4°CD25 Foxp¥) cells regardless
respectively) Figure 9B), spleen (4.97 2.17%, 3.90 1.94%, of frequency or total number among the three groups
and 0.80 0.40%, respectivelyFigure 90, and lymph nodes in peripheral blood Figure9 Supplemental Figure 2}
(6.85 1.06%, 3.72 2.07%, and 0.67 0.17%, respectively) spleen Figure9 Supplemental Figures 2B,)C lymph nodes
(Figure 9D), but not in the thymus (0.14 0.17%, 0.12 0.09%, (Figure 9 Supplemental Figures 2D-¥ and thymus Figure 9
and 0.15 0.20%, respectivelylrigure 9B). Supplemental Figures 2F-5

The total number of donor-derived Treg cells in the To investigate how donor-derived Treg and non-Treg
2bVpOVA group was signi cantly higher than in the 2bGFP CD4° T (eector T [Te]) cells in OVA-transduced
and 2bOVA groups in spleen and lymph nodes, but thereecipients respond to OVA stimulation, splenocytes were
was no statistical di erence between the 2bOVA and 2bGFksolated and cultured for 96 h with or without OVA. When
groups Figures 9F—-G. When donor-derived OVA-specic splenocytes were stimulated with OMA vitro, both donor-
Treg cells (CD452CD4A°CD25° FoxP$Va2CVbsC) in  derived Treg cells (CD4AS:ZDACFoxp¥) and CD4 Te
spleen were further analyzed, both the frequency and the totdCD45.5 CD4CFoxp3 ) cells proliferated signi cantly in
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FIGURE 5 | Targeting OVA expression to platelets results in OVA-speciCD4 T cell deletion in periphery lymphoid organs. Five mothis after transplantation of
OVA-transduced Sca-1¢ OT-1/CD45.2 cells, animals were sacri ced. Spleens (Spl) angiinph nodes (LN) were isolated from transduced recipients ahsingle cell
suspensions were prepared. One million cells were stainedith CD45.1, CD45.2, CD4, \a2TCR, and \Wb5TCR antibodies. After staining, cells were analyzed by ow
cytometry. DAPI was used to exclude dead cells. Samples fron®T-11/CD45.2 and WT/CD45.1 untreated mice were used as controlg(A) Percentage of CD4 T cells
among donor (OT-11/CD45.2)-derived leukocytes in spleer(B) Total donor-derived CD4T cells in spleen(C) Total donor-derived OVA-speci ¢ (\AZCVbSC) CDAT
cells in spleen.(D) Percentage of CD4 T cells among donor (OT-11/CD45.2)-derive@likocytes in lymph nodes.(E) Total donor-derived CD4 T cells in lymph nodes.
(F) Total donor-derived OVA-speci ¢ CD4 T cells in lymph nodes. Bta shown were summarized from two independent experimentsData were expressed as the
mean SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA.P < 0.05; **P < 0.01; ***P < 0.001; and ***? < 0.0001. “n.s.”
indicates no statistically signi cant difference betweentie two groups.

contrast to those without OVA stimulation, or to those with not conduct a direct OVA-speci ¢ suppressive functional test f
the unrelated antigen recombinant FIX (rhF9) stimulationthose expanded Treg cells. In contrast, there was no sigmi ca
(Figure 10A). There were no statistically signi cant di erences di erence in the 2bGFP and OT-II groups with or without OVA
in the percentage of daughter CB&e or Treg cells among the stimulation. These data demonstrate that OVA-speci ¢ Tregscell
2bOVA, 2bVpOVA, 2bGFP, and OT-Il group$igures 10B,§.  in 2bOVA- or 2bVpOVA-transduced recipients can speci cally
However, afterin vitro OVA stimulation, the percentage of respond to OVA stimulation.

donor-derived Treg cells in the 2bOVA group and the 2bVpOVA  Taken together, these results demonstrate that OVA-speci ¢
group was signi cantly increased (3.7- and 4.7-fold) complare Treg cells are positively selected and/or induced after gatel
to those before culture and was signi cantly higher thandbko speci c OVA gene transfer and that OVA-speci ¢ Treg cells can
in the 2bGFP (9.7- and 12.1-fold higher) and OT-II control expand to suppress Cl84Te cell proliferation when OVA is
groups Figures 10D, demonstrating that proliferated Treg encountered.

cells in the 2bOVA and 2bVpOVA groups suppressed €D4

Te cell expansion when OVA is encountered. Furthermore,D|SCUSSION

after OVA stimulation, the percentage of daughter Treg cells

among donor-derived CD4 T cells in the 2bOVA group and The central nding of this report is that platelet-speci ¢ gene
the 2bVpOVA group signi cantly increased compared to thosetransfer can e ciently induce immune tolerance targeted to
without OVA restimulation, or those in the 2bGFP and OT-II proteins expressed in platelatgranules that are not normally
control groups Figures 10B. This proportional increase in associated with the hemostatic role of platelets. Tolerance
Treg cells after OVA stimulation in the co-culture conditi®is  involves suppression of speci ¢ antibody production and can
consistent with OVA-speci ¢ Treg cell suppression of CDfle a ord protection from skin graft rejection. Our studies reved
cell proliferation when OVA is encountered, although we didtwo distinct mechanisms involving peripheral CD4 T cells: clonal
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FIGURE 6 | OVA-speci ¢ thymocytes are untouched after targeting OVA epression to platelets. Five months after BMT, animals wereagri ced. Cells were isolated
from thymus (Thy) and stained with CD45.1, CD45.2, CD4, CD8/a2TCR, and \b5TCR antibodies. After staining, cells were analyzed by owytometry. DAPI was
used to exclude dead cells. Samples from OT-11/CD45.2 and WT/CDBL1 untreated mice were used as controls. Donor-derived (CZIG.ZC) leukocytes were gated and
analyzed for CD4 and CD8T cells(A) Representative dot plots of donor-derived T cells in thymugB) Representative dot plots of \A2Vb5 staining of donor-derived
single positive (CD4-SP) T cells in thymugC) Percentage of donor-derived single positive CD4 T cells ihymus. (D) Total donor-derived single positive CD4
(CD4-SP) T cells in thymus(E) Total donor-derived OVA-speci ¢ CD4-SP T cells in thymugF) Percentage of double positive (DP) (CIIﬁCDSC) T cells among
donor-derived (CD45.%) cells in thymus.(G) Total number of donor-derived double positive T cells in thyus. (H) Percentage of double negative (DN) (CD4CD8 ) T
cells among donor-derived (CD45.§) cells in thymus.(l) Total number of donor-derived double negative T cells in thigus. (J) Percentage of CD8 single positive
(CD8-SP) T cells among donor-derived leukocytes in thymugK) Total number of donor-derived CD8-SP T cells in thymus. Datahown were summarized from two
independent experiments. Data were expressed as the mean SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA and there
are no statistically signi cant differences among groups.

deletion of peripheral antigen-speci ¢ e ector CI54T cells; observed for FVII or FIX could be extended to a neo-protein not
and expansion of antigen-speci c Treg cells. Despite meagirakinvolved in thrombosis or hemostasis, although it is uncleawh
circulating levels of the neo-protein, there was no evidencaeo-proteins tra ¢ into storage granules. This process appears
for central tolerance mediated by changes in thymic sedacti to be independent of adding a chaperone function associated
Tolerance to platelet cargo is therefore primarily a robuswith targeting proteins to the granules. The storage property
peripheral process that can be co-opted for use in gene therapyof platelets is critical for delivery of therapeutic proteinr fo
Immune responses to neo-proteins can be problematidjemostasis in hemophilia models. This feature may also be
reducing the therapeutic e cacy of gene and protein replacemenfundamental in prompting the immune tolerance to neo-protein
strategies, eliminating biologic therapeutic drugs, andsgag in platelet-speci ¢ gene therapy when gene therapy products are
graft rejection. Indeed, immune responses against FVIIl are stored together with many cytokines and chemokines, iniclgd
signi cant concern in both protein replacement therapy anda signi cant amount of transforming growth factdsl (TGFb1),
gene therapy of hemophilia A. Taking the advantage of plateleta critical immune modulator43).
unique biological capacities as a storage cargo and delivery In the current study, functional immune tolerance was
vehicle ¢3), we have developed a platelet-speci c gene therapgvidenced by three means. First, transduced recipients were
protocol that can e ciently restore hemostasis and engendetolerized to 2bOVA- and 2bVpOVA-transduced cells amig
profound immune tolerance to the therapeutic products innovo platelet-derived OVA protein after 2bOVA or 2bVpOVA
hemophilia models31-33). Here, we determined that what we lentiviral gene delivery to HSCs. Secondly, platelet-tathete
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FIGURE 7 | Flow cytometry analysis of the clonotype TCR &2 in donor-derived thymocytes. Five months after BMT, aninla were sacri ced. Cells were isolated from
thymus (Thy) and stained with CD45.1, CD45.2, CD4, CD8,a2TCR, and \b5TCR antibodies. After staining, cells were analyzed by owytometry. Donor-derived
(CD45.X) leukocytes were gated and analyzed for CD4 and CD8 T cellsavious compartments: CD4 single positive (CD4-SP); CD4 an@D8 double positive (DP) T
cells; CD4 and CD8 double negative (DN) T cells; and CD8 sirggpositive (CD8-SP) were gated separately and analyzed folCR Va2 expression. (A) Representative
histograms from various groups.(B) Merged histograms from various groups(C) The MFI of TCR 2 expression in donor-derived CD4-SP compartment in thymus
(D) The MFI of TCR 42 expression in donor-derived double positive T cell compament in thymus. (E) The MFI of TCR 2 expression in donor-derived double
negative T cell compartment in thymus(F) The MFI of TCR 42 expression in donor-derived CD8-SP compartment in thymusData shown were summarized from
two independent experiments. Data were expressed as the mea SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA and
there are no statistically signi cant differences among grops.

OVA gene transfer suppressed anti-OVA humoral immunea complete central tolerance by clonal de ection of antigen-
responses even after animals were challenged with exogenaeci c CD4T cells in thymus. In their model, the neo-protein
full-length OVA protein. Lastly, the 2bOVA- and 2bVpOVA- was expressed in many tissues, including the thymic corgicdl
transduced recipients were tolerized to the skin graft frodMG  medullary epithelium. They showed that partial central tofera
OVA transgenic mice leading to prevention of graft rejection could be achieved even with low serum level<0.(L ng/ml)
The speci ¢ peripheral tolerogenic mechanisms engaged wefé7). In our platelet-speci c OVA model, 95-98% of the OVA
related to the level of OVA protein in platelets. At higher protein in blood circulation was stored in platelets, and free
levels (the 2bOVA group), clonal deletion of e ector T cellsOVA in the plasma was approximately 20ng/ml, which was
was the prominent mechanism. In the 2bVpOVA group, wherehigher than the threshold reported by Haribhai et afl7)
OVA protein was about 6% of that obtained in the 2bOVA Interestingly, donor-derived OVA-specic CB4 T cells were
group, clonal deletion was less prominent and expansion dfrgely eliminated by apoptosis in peripheral lymphoid organs,
antigen-speci ¢ Treg cells was observed. These studiesatedi while OVA-speci ¢ thymocyte development was intact. Thus
that in our system, the proportional engagement of di erenttransplantation studies, which by design limit any transgene
peripheral tolerogenic mechanisms is linked to the level oéxpression to the hematopoietic compartment, indicate that

protein expression. tolerance to platelet cargo is largely a peripheral rather than
The development of immune tolerance to circulating proteinscentral process.
can involve central and/or peripheral mechanismg+46). Our Multiple lines of evidence suggest that clearance of apoptotic

results from the OVA-specic TCR transgenic OT-Il mouse cells results in immune tolerance induction to the cleared
model studies demonstrate that the tolerance induced aftemntigens derived from ingested apoptotic cefls-{52). Coupling
platelet-speci ¢ gene transfer involves the peripheral praegssantigen to apoptotic cells can induce immune tolerance thioug

of clonal deletion and Treg cell expansion. Previous stublies Treg cell induction §3). In the body, normal physiological
Haribhai and colleagues have demonstrated that a low level aged platelets undergo apoptosis. Thus, the storage of the neo-
a neo-protein circulating in the serum is su cient to induce protein from platelet-speci c gene therapy in platetegranules
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FIGURE 8 | Platelet-targeted OVA expression results in OVA-speci ¢ CoF T cells undergoing apoptosis in spleen and lymph nodes, butat in thymus. Five months
after transplantation of OVA-transduced Sca-¥ OT-1/CD45.2 cells, animals were sacri ced. One million cellsém spleens, lymph nodes, and thymi were stained with
CD45.1, CD45.2, CD4, Annexin V, and DAPI. After staining, dslwere analyzed by ow cytometry. Cells from OT-11/CD45.2 and W/CD45.1 mice were used as
controls in parallel for staining(A) Representative dot plots from ow cytometry analysis of dono (OT-1/CD45.2)-derived apoptotic CD% T cells in spleen.(B)
Percentage of donor-derived apoptotic CD# Tcellsin spleen.(C) Representative dot plots from ow cytometry analysis of dono-derived apoptotic CD4C T cells in
lymph nodes. (D) Percentage of donor-derived apoptotic CD# T cellsin lymph nodes.(E) Representative dot plots from ow cytometry analysis of dono-derived
apoptotic single positive CD4 T cells in thymus(F) Percentage of donor-derived apoptotic single positive CDZ cells in thymus. Data shown were summarized from
two independent experiments. Data were expressed as the mea SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA.
*P < 0.05; *P < 0.01; **P < 0.001; and ***P < 0.0001. “n.s.” indicates no statistically signi cant diffeence between the two groups.

together with TGFp1, which is essential in maintain Treg the target protein are low. Indeed, there were still OVA-speci ¢
suppressive function and a critical mediator of iTreg indooti  CD4® Te cells remaining in 2bVpOVA-transduced recipients.
may facilitate induction of antigen-speci ¢ Treg cells. Gmdies The remaining OVA-specic CD% Te cells still reacted to
show that OVA-speci c Treg cells are maintained and potetiial exogenous OVAn vitro. Whether the remaining Te cells after
induced. They can expand when needed in platelet-speci platelet-speci ¢ OVA gene transfer are anergic is still unclea
OVA-transduced recipients. Expansion of the antigen-speci and warrants further investigation. Importantly Treg cellerh
Treg compartment may complement clonal deletion strategieshese recipients also proliferated speci cally in response t& OV
which are likely to be incomplete when circulating levels ofstimulation and suppressed e ector CB4T cell proliferation.
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FIGURE 9 | Platelet-targeted OVA expression results in Treg cell indtion. Leukocytes from peripheral blood (4 months post-BMTof OVA-transduced Sca-I©
OT-11/CD45.2 cells) or lymphoid organs (5 months post-BMT) werstained with CD45.1, CD45.2, CD4, CD25, and Foxp3 antibodis. Samples from OT-11/CD45.2
mice and WT/CD45.1 mice were used as controls for staining inarallel. After staining, cells were analyzed by ow cytomeyr (A) Percentage of Treg cells
(CD25° Fopx3®) among total CD4 T cells in peripheral blood(B) Percentage of Treg cells among donor (OT-1I/CD45.2)-derived @ T cells in peripheral blood.
(C) Percentage of Treg cells among donor-derived CD4 T cells inpdeen. (D) Percentage of Treg cells among donor-derived CD4 T cells iryinph nodes. (E)
Percentage of Treg cells among donor-derived CD4 T cells irhymus. (F) Total number of donor-derived Treg cells in spleen(G) Total number of donor-derived Treg
cells in lymph nodes.(H) Percentage of Treg cells among donor-derived OVA-speci ¢ CB (CD45.2C CD4CVa20Vb5C) T cells in spleen(l) Total number of
donor-derived OVA-speci ¢ Treg (CD45.§ CcD4CcD25C Foxp3CVa20Vb50) cells in spleen.(J) Total number of donor-derived Treg cells in thymus. Data shen were
summarized from two independent experiments. Data were exgssed as the mean SD. Statistical comparisons of experimental groups were aluated by the one
way ANOVA. P < 0.05; **P < 0.01; ***P < 0.001; and *** < 0.0001. “n.s.” indicates no statistically signi cant diffeence between the two groups.

These results suggest that there are two distinct mechatisat  understand the precise mechanism of the tolerance induction
doubly secure the immune tolerance in platelet-targetedegernprocess after platelet-speci c gene therapy.
therapy. One is antigen-speci ¢ CD4 T cell clone deletion arel th

other is antigen-speci ¢ Treg cell induction/expansion. Qlata MATERIALS AND METHODS
indicate that overlapping peripheral mechanisms are an esdenti

feature of the robust tolerance that develops in our geneapner  Antibodies and Reagents
model. The following rat anti-mouse monoclonal antibodies (MoAbs)
Immune tolerance generated to specic type's self-proteinsgirectly conjugated with uorophore purchased from eBiosuie
such as those contained in platelet granules, is remarkatule a(San Diego, CA) were used in our studies for ow cytometry
of considerable interest when considering the safest appesac analysis: CD45.1, CD45.2, CD4, CD8, CD25, Foxp3, TGR V
to gene therapy. We have revealed two peripheral tolerancgd TCR \b5. The Foxp3 Transcription Factor Staining Bu er
mechanisms that are centered on tolerance to proteins exguessSet and the Annexin V-PE Apoptosis Detection Kit were
in the circulating progeny of megakaryocytes after plateletpurchased from eBioscience. Mouse BD Fc Block (Puri ed rat
specic gene therapy. Data from the current study stronglyanti-mouse CD16/CD32) was purchased from BD Pharmingen
suggest that platelet-targeted gene therapy can be utilizgetha (Franklin Lakes, NJ). The Easy3¢pMouse SCA1 Positive
e ective approach to induce antigen-speci ¢ immune tolerance Selection Kit was purchased from StemCell Technologies Inc.
It will be interesting to determine if this pathway can be exted  (Cambridge, MA). Chicken Egg Ovalbumin ELISA Kit was
to additional non-hemostatic proteins and to targets of auto purchased from Alpha Diagnostic International Inc. (San
or alloimmune responses. In future studies, it will be critita  Antonio, TX). Rabbit anti-OVA polyclonal antibody (PoAb) was
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FIGURE 10 | Treg cells induced in recipients after platelet-targeted @A expression suppressed effector T cell (Teff) proliferan in response to OVA stimulatiorin
vitro. Five months after transplantation of OVA-transduced Sca® OT-1I/CD45.2 cells, animals were sacri ced. Spleen was isolat# grinded, and single cell
suspension was prepared. Splenocytes were labeled with CHIrace Violet and cultured with or without OVA for 96 h. Celleere stained for mouse CD45.2, CD4,
Foxp3 and analyzed by ow cytometry. Recombinant human facto IX (rhF9) was used as an unrelated antigen control. Con A wased as a positive control for CD4 T
cell proliferation.(A) Representative dot plots of Treg and non-Treg (CD‘i T effector [Teff]) cell proliferation in response to OVA stulationin vitro. (B) Percentage of
donor-derived daughter CD4 Teff cells(C) Percentage of donor-derived daughter Treg cells(D) The percentage of Treg cells among donor-derived CD4 T cellsefore
and after OVA stimulationin vitro. (E) Percentage of donor-derived daughter Treg cells among donederived CD4 T cells after OVA stimulatiom vitro. Data were
expressed as the mean SD. Statistical comparisons of experimental groups were aluated by the one way ANOVA.P < 0.05; **P < 0.01; and ***P < 0.001. “n.s.”
indicates no statistically signi cant difference betweentte two groups.

purchased from Abnova (Walnut, CA). HRP-labeled Goat antiin each group was determined by the Resource Equation Method
mouse IgG antibody was purchased from Invitrogen (Carlsbad54-56).
CA). X-VIVO 10 media was purchased from Lonza Walkersville

Inc. (Walkersville, MD). The QlAamp DNA Blood Mini Kit \ector Construction and Lentivirus
was purchased from QIAGEN (Germantown, MD). GoTaq Production

Green Master. Mix was purchased from Promega (Mgdisonrhe full-length cDNA for chicken ovalbumin was a kind gift
WI). Ovalbumin (OVA) protein was purchased from Sigma o0 pr. 3ohn Routes (Medical College of Wisconsin, Milwaukee,

(St. Louis, MO). 3-[(3-cho|amidopropyl)_dimethylammonio]- WI). The lentiviral vector pWPT-2bOVA, harboring the OVA
1-propanesulfonate (CHAPS, the zwitterionic detergent) Waﬁxpression cassette under control of the platelet-speallb

purchased from MP Biomedicals (Solon, OH). Dulbecco$ oy ter was constructed by replacing the FVIII cassette in

Phosphate-Bu ered Saline (DPBS) was purchased from Therm@ s ,\vpT.2bF8 vectoryl) with full-length chicken ovalbumin
Fisher Scienti ¢ (Carlsbad CA). Nexaband surgical gluefias (1.16kb) cDNA. For the pWPT-2bVpOVA lentiviral vector,

3M Animal Care Products (St.Paul, MN). a 2.31kb VWF propeptide cassette with mutated PACE/furin
_ cleavage siteg () was incorporated into pWPT-2bOVA between
Mice the allb promoter and the OVA expression cassette. For the

All the animals used in this study were in a C57BL/6pWPT-2bGFP lentiviral vector, the GFP expression casseite fr
genetic background. WT/CD45.1, WT/CD45.2, OT-11/CD45.2,the pWPT-GFP vector was used to replace the FVIII cassette in
and CAG-OVA mice used in this study were purchased fromthe pWPT-2bF8 vectord(l).

the Jackson Laboratory (Bar Harbor, ME) and maintained in Recombinantlentivirus was generated using a similar protocol
our animal facility. Iso urane or Xylazine/Ketamine waseas as described in our previous report3l( 57). Brie y, lentivirus

for anesthesia. All mice were kept in pathogen-free microteola were generated from HEK 293T cells cotransfected by calcium
cages at the animal facilities operated by the Medical Collegihosphate precipitation of 3 plasmids: (1) pWPT-2bOVA,
of Wisconsin. Animal studies were performed according to ggWPT-2bVpOVA, or pWPT-2bGFP; (2) pCMYR8.91; and (3)
protocol approved by the Institutional Animal Care and UsepMD.G, using the roller bottle system. After 18 h, cell medium
Committee of the Medical College of Wisconsin. Animal numberwas replaced by fresh medium containing 10 mM n-butyric
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acid (Sigma). Viral supernates were harvested at 48 and 7ammunogold Electron Microscopy

after transfection. The infectious lentivirus was concategd by EM studies were performed by Clive W. Wells in the Electron
centrifugation at 4C, 6,000g for 20h and resuspended in X-Microscopy Facility at the Medical College of Wisconsin. Plagelet
VIVO 10 serum-free media. The quality of virus was assesged lwere isolated and prepared following procedures describedtin o
methods including (1) viral vector titering by gPCR as désed  previous report 85, 39). Platelet pellets were xed and embedded
in our previous report 81) using primers speci ¢ for sequence in Lowicryl K4M resin. Ultrathin sections (60 nm) were colledt
located within the LTR region of the vector to determine theon formvar/carbon coated copper grids. Sections were in@at
number of lentiviral particles and (2) integration titerinigy  with rabbit anti-OVA PoAb and mouse anti-VWF MoAb and
gPCR using the same primers amplifying a fragment of the LTRhen probed with goat anti-rabbit (5 nm) and goat anti-mouse
region in DNA puried from a pro-megakaryocytic cell line, (10nm) colloidal gold probes, respectively. The sectionsewer
Dami cells, that were transduced with lentivirus to detemmi observed using a JEM2100 transmission electron microscope
the infectious titer. Lentivirus was stored frozen a80 C until  (Japanese Electron Optics Ltd, Tokyo, Japan) operating at 80kv.

utilized. Platelets from an untransduced WT mouse were used as a
control. Isotype 1gG controls were used in parallel for each
staining.

HSCs Transduction and Transplantation
Sca-f cells from WT/CD45.2 mice or OT-1l/CD45.2 TCR

transgenic mice were isolated using the Eas{)éd&pouse SCAl OVA ELISA Assays

o . . . - OVA levels in mouse plasmas and platelet lysates or releasates
P03|t|¥e tS electgn El't follllowmg thte prc:jtoco(lj prqzﬂd?d tt_)y_ thewere quantitated by ELISA assay using the Chicken Egg
manutacturer. Sca*. Cells were transguced with [entivirus o min ELISA Kit following the protocol provided by the

following the procedures as described in_ our previous repor}nanufacturer. For the platelet lysate OVA ELISA assay, 1
(31, 37, 57). Because of the VWF propeptide in the 2bVpOVA 10’ platelets were lysed in 581 of 0.5% CHAPS and lysates

fr? nSttr# C;[’ fthzeb (;/{;Zl tlt_erstlfl)f 2proyA werg 35'f0|d lfwe:were serially diluted for assay. For the platelet releassgaya
an that o using the same virus production protoco ‘platelets were stimulated with platelet agonists, whichudel

Thus, we doubled the volume of 2bVpOVA lentivirus to .

¢ d I d to the 2bOVA After t ducti ADP (Chrono-log Corporation),

ransauce tcf Sl ci%npalllre. %00; X VIV(.) 1Oer rgns uction. - and epinephrine (BIO/DATA Corporation) and the murine

?pproTlm?gy_ X tce SbIQI RS " "?et |a6wvire thrombin receptor activation peptide (GYPGKF-NH2), as
ranspianted via retro-orbital venous injection nto 6Wee€  yoqineq in our previous repor8f) and releasates were serially

old WT/CD45.1 recipients that were preconditioned with 660 .
cGy TBI using a cesium irradiator (Gammacell 40 Exactordlluted for the assay. For the plasma assay, plasma samples

. Wwere diluted 1:8 and standards were constructed using diluent
Be_st Theratronics, Ltd., Ott_awa, Canada). Age-and Se”*_““"t. containing 1:8 of WT mouse plasma. Samples from VgT mice
animals were randomly assigned to the three groups for retgiv were used as negative controls.
the transplantation of either 2bOVA-, 2bVpOVA-, or 2bGFP-
transduced Sca®l cells. Animals were analyzed starting atF
3 weeks after transplantation. Blood samples were coIIectiq
monthly by retro-orbital bleeds, and plasma, leukocytes] an
platelets were isolated as previously descrilzé (

low Cytometry Analysis

ow cytometry analysis was used to determine chimerism,
T cell populations, and apoptotic CD4T cell in transduced
recipients. One hundred microliters of whole blood were

] ) collected from retro-orbital bleeds using 1:10 of 3.8% swdiu
OVA Expression Analysis citrate anticoagulant. Whole blood counts were performed
Three assays were used to determine OVA expression imsing theVet ABC Hematology Analyzer(Scil Animal Care
transduced recipients: (1) PCR detection of proviral OVACompany, Gurnee, IL). Red cells were lysed using Gey's solution
expression; (2) immunoelectron microscopy of the intradellu  (0.155M NH,Cl and 0.01 M KHCQ@). Leukocytes were stained
location of OVA; and (3) ELISA assay determination of OVAfor cell markers CD45.1, CD45.2, CD4, CD8, CD25, Foxp®,V

protein expression levels. and Wb5. For cell surface marker (CD45.1, CD45.2, CD4, CD8,
CD25, Va2, and \b5) staining, cells were resuspended inrA0
PCR Analysis of DPBS containing Fc Block (1:50) and incubated for 10 min

Genomic DNA was puried from peripheral leukocytes to block non-speci ¢ binding. Cells were then stained with010
using the QIAamp DNA Blood Mini Kit and amplied m of DPBS containing a combination of multiple uorophore-
with  PCR GoTaq Master Mix. One hundred nanogramsconjugated antibodies at € for 30 min. For Foxp3 staining,
of DNA puried from peripheral leukocytes were used cells were xed, permeabilized and stained using the Foxp3
to amplify the OVA expression cassette using primefs 5 Transcription Factor Staining Bu er Set following the protdco
CTCGAGACGCGTGCCATGGGCTCCATCGGTGCAGCAAGGrovided by the manufacturer.

3% and B\GTCGACTCAAGGGGAAACACATCTGCCB WT For lymphoid organ T cell population analysis, animals were
murine FVIII (mFVIIl) was used as an internal control to sacriced at 20 weeks after transplantation. Lymphoid organs
conrm the DNA integrity using primers as we previously [spleen (SP), lymph nodes (LN), and thymus (Thy)] were isalate
reported 37). dH20 was used as a negative control andand ground up for single cell preparation. Red cells were lysed
pWPT-2bOVA plasmid DNA was used as a positive control.  with Red Cell Lysing Bu er (Sigma). Cells were washed with
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DPBS, and 1 1 cells were used for each panel to stain the celvere removed, and animals were monitored for skin graft
markers described above. For apoptotic cell staining, theexim acceptance. The rejection was recorded as the day when tthe gra
V-PE Apoptosis Detection Kit was used following the protocolwas no longer attached to the recipient.

provided by the manufacturer with the exception of using DAPI Lo )

in place of 7-AAD. After staining, cells were washed withStatistical Analysis

1ml DPBS, resuspended in 2@® of DPBS bu er containing All data are presented as the mean plus or minus SD, and
1.5mg/ml DAPI, 2.0% BSA, and 0.02% NaMll samples were statistical comparisons of experimental groups were evaluate
run on a BD LSRII Flow Cytometer (BD Biosciences, Spark®)y the unpaired two-tailed studenttest. The one-way analysis
MD) and analyzed using FlowJo software (FlowJo, LLC, Ashlan@f variance (ANOVA) was used to determine whether there
OR). Samples from WT/CD45.1 and WT/CD45.2 or OT-Il mice Were statistically signi cant di erences between the meafs

were used as controls. Compensation for multicolor stainiag ~ three or more groups and the Tukey test was used for multiple
performed before each experiment. comparisons. A value d? < 0.05 was considered statistically

signi cant.
Invitro T Cell Proliferation Study
Splenocytes were isolated from transduced recipients andUTHOR CONTRIBUTIONS
labeled with CellTrace Violet using the CellTr&¢eViolet Cell
Proliferation Kit (Life Technologies, Carlsbad, CA). F@amd a  XL: designed the study, performed experiments, and analyzed
half million cells/well were cultured in at bottom 96-wefllates data. JC: performed experiments and analyzed data. JS:
(BD Falcon, Franklin Lakes, NJ) with 360of completed RPMI-  performed experiments and made comments to the manuscript.
1640 media containing 50 ng/ml OVA (Sigma-Aldrich, St. LouisKA: performed experiments and contributed to animal model
MO) for 96 h. Recombinant human factor IX (rhF9) was used aslevelopment. CB: contributed to study design and made
an unrelated antigen control. Concanavalin A [ConA, a migaog comments to the manuscript. SM: contributed to conception
to stimulate non-speci c T cell proliferation58)] (Sigma) was of this study and made comments to the manuscript. JH was
used as a positive control for CD4T cell proliferation. AfterXLl's Ph.D. mentor and provided administrative support for
culture, cells were collected and stained with anti-CD4tj-an XL. CW: contributed to conception of this study, helped to
CD45.2, and anti-Foxp3 antibodies. Zombie RédFixable design research, interpreted data, and edited the manus€#pt
Viability Kit (BioLegend) staining was used to exclude deelis. designed and conducted research, analyzed data, and vhete t
Cells were analyzed by LSRII ow cytometry (BD Biosciencesjmanuscript.
and data were analyzed using FlowJo software.

OVA Immune Responses Study FUNDING

Sixteen weeks after transplantation, WT/CD45.1 animald tharnis work was supported by National Institutes of Health,
received WT/CD45.2 Scélcells transduced with 2bOVA, National Heart, Lung, and Blood Institute grant HL-102035%)Q
2bVpOVA, or 2bGFP lentivirus were immunized with full-length ~hildren's Research Institute Pilot Grant (QS), Bayer Henilgh
ovalbumin protein by intraperitoneal injection at a dose 0010 5 ndation Award (QS), and generous gifts from the Childsen
mg/mouse and boosted with 2@g/mouse 2 weeks later. One ogpital of Wisconsin Foundation (QS) and MACC Fund (QS).

week after the 2nd immunization, 104 of blood was collected ) a5 a recipient of the National Natural Science Foundatibn
from retro-orbital bleeds and plasma was isolated. Plasnoas f  ~hina (81700131).

recipients before and after OVA immunization were used to
determine the titers of anti-OVA total 19G using ELISA assayaCKNOWLEDGMENTS
following the procedures described in our previous rep6a)(
Some recipients subsequently received skin grafive thank Dr. J. Gorski for his critical reading and helpful
transplantation from CAG-OVA transgenic mice. After applying comments on the manuscript.
Xylazine/Ketamine anesthetics and buprenorphine analgesic,
full-thickness tail skin grafts from CAG-OVA transgenic cei SUPPLEMENTARY MATERIAL
were transplanted onto a graft bed on the right front side of
recipients' backs, and the edges were sealed with surgigl glThe Supplementary Material for this article can be found
Antibiotic ointment was applied on top of the skin graft and online at: https://www.frontiersin.org/articles/10.388nmu.
secured by a bandage. Seven days after transplantation,denda2018.01950/full#supplementary-material
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