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Vaccination strategy that induce ef cient antibody resposes polytopically in most lymph
nodes (LNs) against infections has not been established yeBecause donor-specic

blood transfusion induces anti-donor class | MHC antibody ppduction in splenectomized
rats, we examined the mechanism and signi cance of this respnse. Among the donor
blood components, T cells were the most ef cient immunogens inducing recipient T cell
and B cell proliferative responses not only in the spleen, llalso in the peripheral and gut
LNs. Donor T cells soon migrated to the splenic T cell area antthe LNs, with a temporary
signi cant increase in recipient NK cells. XCR% resident dendritic cells (DCs), but not
XCR1 DCs, selectively phagocytosed donor class | MHE fragments after 1 day. After
1.5 days, both DC subsets formed clusters with recipient CD% T cells, which proliferated
within these clusters. Inhibition of donor T cell migratioror depletion of NK cells by
pretreatment with pertussis toxin or anti-asialoGN antibody, respectively, signi cantly
suppressed DC phagocytosis and subsequent immune responsg Three allogeneic
strains with different NK activities had the same response ut with different intensity.
Donor T cell proliferation was not required, indicating thathe graft vs. host reaction
is dispensable. Intravenous transfer of antigen-labeled nal mitotic inhibitor-treated
allogeneic, but not syngeneic, T cells induced a polytopidaantibody response to
labeled antigens in the LNs of splenectomized rats. These seillts demonstrate a
novel mechanism of alloresponses polytopically in the secwary lymphoid organs
(SLOs) induced by allogeneic T cells. Donor T cells behave alf-migratory antigen
ferries to be delivered to resident XCR4 DCs with negligible commitment of migratory
DCs. Allogeneic T cells may be clinically applicable as vatee vectors for polytopical
prophylactic antibody production even in asplenic or hypoglenic individuals.

Keywords: dendritic cell targeting, allogeneic T cell, vac cination, asplenia, polytopical antibody production, lymp h

nodes, XCR1 C dendritic cell
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Kitazawa et al. DC Targeting With Allo-T Cells

INTRODUCTION Donor-speci ¢ transfusion (DST), which simply transfuses
fresh donor blood i.v. prior to transplantation, is one of the
For vaccination against infectious agents, e cient antige tolerance-inducing protocols used in not only experimengzi)(
delivery to sites of T cell priming within the recipient pyt also clinical £3) transplantation. Recently, we demonstrated
secondary lymphoid organs (SLOs) is crucial for the sucakessfthat a single DST e ciently induces a helper T cell-dependent
production of neutralizing antibodies1j. As dendritic cells anti-donor class | MHC (MHCI) antibody-forming cell and
(DCs) are professional antigen presenting cells, the targedf  donor-speci ¢ regulatory T cell responses, mainly in the spleen
antigens to DCs has been investigated extensively as thet@pe (24). Notably, we also found that these antibodies were still
vaccines, 3). produced after DST even in splenectomized recipients. Thus,
Major sites of immune response after vaccination are generalls| Os other than the spleen can respond to i.v. injection of
the spleen and regional LNs. Because the spleen is crucial @bnor blood. The ndings suggest the presence of alloantigen
antibody production against antigens in the blood, patienithw transporting cells in the blood that could migrate to the
an absent or dysfunctional spleen are at increased risk @feev SL.Os after DST. Therefore, it is of interest to examine which
infection. Intense vaccination against encapsulated bacéd  components of the donor blood, i.e., white blood cells (WBCs),
pandemic viruses as well as prophylactic antibiotics therapy aplatelets, red blood cells (RBCs), or blood plasma, can induce
strongly recommended for splenectomized patier{s &nd the  the DST response and how the response is induced in the
development of a vaccination method for these patients thatecipient SLOs.
induces an e cient antibody response in other SLOs is a chiffic In the present study, we examined the mechanism underlying
important issue. Since a normal young adult body containsaup tthis e cient DST response in rats. We demonstrate that donor
450 LNs ), the antigen targeting to DCs polytopically in most blood T cells are the most pro cient immunogens, and their
LNs would be able to promote intense antibody production.  entrance into the T cell areas and DST responses to donor MHCI
However, systemic induction of an antibody response iroccur polytopically not only in the spleen, but also in the LNs. A
LNs throughout the body is very dicult. Antigens enter the clinical implication is discussed concerning antigen-fished T-
regional LNs generally via the draining lymphatics from thecells asi.v. applicable vaccine vector for the prophylactibady
peripheral organs and, consequently, the immune respongsroduction polytopically in the LNs even in the absence of
is only induced locally §). The exception is live vaccines, the spleen.
which act similar to natural infection, rapidly replicating @n
disseminating throughout the vascular network and launchi
multiple immune response foci in the SLOs that drain theRESULTS
target organs 1). In contrast, entry of soluble antigens from )
the blood via the high endothelial venules (HEVs) hardiyDonor T Cells Are the Most Effective
occurs (). There has been one report of an antigen and OTllinducers of the DST Antibody Response
cell response in the peripheral and mesenteric LNs followin@vhen fresh blood of ACI rats was transfused to Lewis rats, an
intravenous (i.v.) administration of soluble FITC-lab@l®VA  equivalent number of puri ed T cells and WBC fractions present
into mice that received OTII cells in advanc®.(However, the in the blood induced a comparable level of DST antibodies
molecular weight of OVA is low, 43 kDa, and this protein antige (Figure 1A). Flow cytometric analysis (FCM) of recipient spleen
may have entered the a erent lymph from the periphery andcells revealed similar proliferative responses of ED4cells,
accumulated in the regional LNs in the same fashion as othafoxp¥ regulatory T cells, and CD4%RB cells as in those who
plasma proteins9). In addition, the immunogenicity of OVAis received whole bloodFjgure 1B). In contrast, transfusion of
weak and only detectable by enhanced detection methodg usinther components, such as puri ed RBCs, platelets, or blood
OTI or OTII cells, and additional strong adjuvant would be plasma, induced a signi cantly delayed and less intense respo
necessaryl(). (Figures 1A,B. Furthermore, when T cells were depleted from
In a steady state, only DC precursors seeding the SI@s ( the WBC fractions, the serum DST antibody response was
and mouse plasmacytoid DC47 13) can home to the LNs. suppressed considerably at 7 dayg(re 10).
Previously, we demonstrate the presence of a unique immature For dose response, we employed thoracic duct lymphocytes
DC population in the liver {4, 15) and bone marrow 4) that  (TDLs) as a convenient source of donor lymphocytes, whiclewer
can transmigrate through the blood vessel wall to the SLOs. Weanctionally almost the same as those in the blo@é, 26). At
de ne these cells as immature DCs that can perform blood-lornleast 3 1 T cells from donor TDLs, representing those in
migration through the blood vessel wall of the SLOs. In casty 100nm of blood, induced signi cant DST antibody production
when mature splenic DCS.6, 17) or allogeneic lymph DCsI@-  (Figure 1D). In contrast, 18 B cells induced a signi cant but
20) are transferred i.v., these cells are almost completely@sdlu very low level comparable to that induced by 1P T cells
from SLOs other than the spleen. DCs in the peripheral organgigure 1D). When equivalent numbers of puri ed CB4T cells
can only enter the regional LNs via the a erent lymphatiés)( and CDE T cells ware transferred, both induced comparable
Thus, designing DC-targeted non-live vaccines or antigalsed  DST antibody production Figure SJ, indicating both subsets
DCs that are able to induce polytopical antibody production inare equally e cient.
the SLOs by i.v. administration has been almost impossiblé, an These results indicate that T cells are the most
to the best of our knowledge no report is yet available. pro cient immunogens for the DST response among
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FIGURE 1 | Screening of effective blood components for the donor-spetc transfusion (DST) response(A) Production of DST antibodies in recipient blood after
donor blood component injection. In the white blood cell (WBEand T cell injected groups, DST antibodies were detected &fr 5 days (mean SD, n D 3 rats each,
*P < 0.05). (B) The time kinetic changes in each proliferating cell type as proportion of total splenocytes. Two-color FCM analysis ofecipient splenic lymphocytes
after donor blood component injection for proliferating cis (EdUF) and CD4 T cells, CD&C T cells, CD45F° B cells, or regulatory T cells (Foxp3). The
proliferation of CD# T cells and regulatory T cells peaked 3 days after treatmentyhereas B cells and CcD&C T cells peaked at 5 days. These results were similar to
the DST group that received whole blood (mean SD, n D 3 rats each, *P <0.05). (C) With T cell depletion of WBCs, the DST antibody production wasuppressed
at 7 days. (D) Dose-dependent response following injection of isolated €ells or B cells. T cells induced much higher DST antibody prction than B cells (mean
SD, n D 3rats each, *P < 0.05). MFI, mean uorescent intensity.

blood components. A pure T cell fraction, both CB4 of a DST antibody response in the ACI to Lewis
and CD&, without DCs or monocytes (equivalent to rat combination, and B cells require 10-times as
100 m blood) is enough for signicant induction many cells.
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Fate of Donor Cells in the Spleen and the of the mAb. Accordingly, the results indicate that at leamns
LNs macrophages in the rat spleen also express XCR1.
Immunohistological examination of recipient spleens fouheltt Next, we examined isolated spleen cells and cryosections 36 h

1 day after DST, donor MHG cells were found in the splenic T after transfer of CFSE-labeled donor TDLEidure 3A). FCM
cell area, the periarterial lymphocyte sheath (PAIER)re 2A),  revealed that CD1G3fractions contained CFSEsignals, and
which consisted mainly T cells (71.1 3.4%) and B cells (27.9 that these cells were CD1®BIHCII ""XCRESIRPR  DCs
7.8%) but few other cell typeBigure 2B). This migration was (Figure 38). When the CFSECD10% MHCII "9" DC fraction
very fast and readily observed by 15 min after DST, as reportefas sorted and cytosmeared, these DCs were XGFRPA
previously £7). and contained cytoplasmic donor CFSEagments Figure 30),
Many of migrated T cells bound to recipient class Il MHC demonstrating phagocytosis of donor cell fragments.
(MHCII) € cells with dendritic cytology in the PALS, and some Of note, the XCRE DCs could be separated into
became large in size and BrEUFigure 20). As these MHCIF ~ two populations according to their phagocytic activities
cells are mostly CD16EL D11 resident interdigitating DCs and phenotype, where phagocytic cells were mostly
(14), the result indicates a graft vs. host (GvH) reaction via th XCRI°" "MMHCII""CD10F and non-phagocytic cells were

direct pathway in which donor T cells become activated withinmostly XCRE9"MHCII ™CD10%, respectively Rigure 3B).
the cluster with recipient DCsI¢, 27). We do not know whether this di erence is due to phagocytic

Donor MHCIC cells decreased in number at 2 days ancevents or not, because untreated rat spleen also contained the

almost disappeared by 3 days. From day 1, donor MFCI two populations Figure S28.

fragments appeared in the PALS, and at day 2 they often Immunohistology revealed donor MHEI fragments

superimposed on the cytoplasm of some recipient MHCtells ~ Superimposed on CD163(CRE DCs in the PALSFigure 3D),

with dendritic cytology Eigure 2D). This suggests phagocytosisfepresenting phagocytosis. When the phenotypes of phagocytic

of donor MHCI® fragments by recipient DCs in the PALS. cells in the di erent components of the spleen were examined,

As for the LNs, donor MHCY cells also readily migrated to more than 80% of the cells in the PALS were COIRGRT

the T cell area of LNs, paracortex, and showed almost the sarCSs (Figure 3. Although CD10§XCRL or CD10$"XCR1

kinetics as that in the spleefigures 2E—G. DCs were also present in the marginal zone and the red
pulp, phagocytosis of the donor MHEI fragments was
negligible Figure 3B.

These data demonstrate that
Donor T Cells FragmentsCAre _ _ XCRESIRPA MHCIIMCD10F resident DCs selectively
Phagocytosed by XCR1 *~ Resident DCs in phagocytose donor cell fragments in the PALS and that XCR1
the PALS macrophages outside of the PALS also phagocytose them

To conrm phagocytosis of donor MHCI fragments and as scavengers.

the phenotype of phagocytic DCs, we examined subsets

of conventional DCs that were CDI1®B®IHCIIC in the .

normal rat spleen 78 29. FCM detected two subsets, NK Cells Are Responsible for Donor Cell

CD4 XCRZTsignal regulatory protein & (SIRPR) CD20¢* Phagocytosis in the PALS

cells and CD%XCR1 SIRPR®CD200 cells Figure S24.  The number of asialo Gl NK cells/mn? of PALS signi cantly

SIRPA is CD172a. Because mouse CDBCs were recently increased 4 h after DSFigures 4A-Q. After NK cell depletion

dened as XCRYSIRPA (30, 31), it is reasonable to with anti-asialo GM antibody, CD108XCRZ DCs ingesting

consider the CD4AXCRISIRPA CD20¢ subset as the rat CFSE donor T cell fragments signi cantly decreased in number

counterpart of mouse CO8 DCs. These subsets were detectedFigures 4D—F. The production of serum DST antibodies 7

by immunohistology in the PALS and a CDIO8CRX subset days after DST was suppressed almost compleRtyu(e 4G).

constituted 40.1 6.9% in a normal steady stateéigures S2C,E  Although we performed quantitative PCR (qPCR) analysis of the
In mice, XCR1 are exclusively expressed by €D8 subset whole spleen shortly after the donor T cell transfer, we could

(3D). In rats, however, the mAb to XCR1 reacted with notnot detect increased mRNA levels of NK-recruiting chemokine

only DCs but also CD103 non-DCs (igure S2Q. Double (Figure S3A, probably because the increase in NK cell number

immunostaining of rat spleens for XCR1 and a macrophagevas small, 1.5-fold.

marker CD169 Figure S2D or CD163 (not shown) revealed Concerning NK activity against allogeneic celB3)( other

a presence of XCRLD16% cells and XCR4CD16% cells two rat strains, PvG/c and BN rats, which readily showed

in the marginal zone and red pulp, respectively. CD469 the DST antibody response by 7 d after DST treatment, were

cells in the outer margin of the PALS and in the marginalcompared as recipient$igures S4A,B. ACI rats were used as

zone are marginal metallophilic macrophages and marginalonors. PvG/c rats clearly exhibited accelerated phagosytosi

zone macrophages, respectively and CI¥168lls are red pulp by XCRf DCs, as it occurred 1 day earlier than with Lewis

macrophages 2/, 32). The mAb we used exclusively reactedrats (Figures S4C,a When BN rats were used as recipients,

with mice DCs (not shown), while isotype control of the XCR1donor T cells Figure S4D extensively proliferatedsjgure S4§,

mAb (IgGy,) did not detect CD108 DCs or CD16§ and indicating a predominance of GvH reaction, probably due to

CD163% macrophagesHigure S20), con rming the specicity low NK activity. Because this causes dilution of the CFSE
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FIGURE 2 | Fate of donor T cells after DST. Three-color immunostainingf recipient spleens(A-D) or peripheral LNs(E-G)for donor MHCI (blue), BrdU (red), and
type IV collagen (brown) or recipient MHCII (brown)A,E) Donor MHCF cells (arrows) were observed in the PAL$A) and T cell area of the LNs (paracortex, PQE) at
day 1. (B) Phenotype of donor MHCF cells and cell ratio in the PALS. Approximately 100 donor MHIE cells/rat were examined i D 3). Donor MHCF cells that
migrated to the PALS were TCRIC T cells ( 70%) and CD45F° B cells ( 30%). (C,F) A donor cell binding to MHCIF putative recipient DCs (brown) became
BrdUC (arrowhead) in the PALSC) and the PC (F) at day 1, representing a graft vs. host reaction(D,G) Donor MHCE fragments (blue) superimposed on the
cytoplasm of recipient putative DCs (arrows) in the PAL®D) and the PC (G) at day 2, suggesting phagocytosis. F, lymph follicle; P, sphic PALS; Z, marginal zone;
HEYV, high endothelial venule. Scale bad 100 mm (A,E), 20 mm (C,F), or 20mm (D,G).

signals of donor T cells, detection of phagocytosis becoméwo subsets of splenic DCs were both CD$0D1614, they
di cult. Accordingly, we transferred mitomycin C (MMC)- were asialo GM (Figure S3G and not depleted by anti-
treated donor T cells to inhibit their proliferation. With tei asialo GM antibody (data not shown). Also, we found that
donor T cells disappearedFigure S45 and we readily observed in rats, CD& T-cells and TCRb®CD161& putative NKT
phagocytosis at 1.5 daysigure S4H. These results indicate that cells were mostly asialo GM (Figure S3D. These ndings
NK activities correlated well with the phagocytosis by XER1 suggest that rat NK cells are mostly asialo @EDlGl&.
DCs in at least three rat strain combinationBigure S4). As Because asialo qu\/I cells are either CDE or CD8a
strain di erences in NK reactivity is a rather complex issudiet  (Figure S3D, NK cells can be further divided into two
mechanisms of donor cell killing may be involved in other ratsubsets. In fact, anti-C8 monoclonal antibody (mAb)
strain combinations. treatment resulted in only partial depletion of NK cell85
Alternatively, CD161a (NK1.1%) killer DCs have been and partial suppression of phagocytosis (unpublished data,
reported in the rat spleen2f) and e ector/memory fraction Ueta). Therefore, the results indicate that involvement of
of CD& T-cells is known to be asialo G%/Iin mice (34). killer DCs or CD& T-cells would be minor for the donor
These cells may be related to donor cell phagocytosis. Adthou cell phagocytosis.
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CFSEC phagocytic cells (mean SD, n D 4 rats each). In contrast, more than 90% phagocytic cells in th marginal zone (MZ) and red pulp (RP) were
XCRI1°CD103 non-DCs.

Migration of Donor T Cells to the PALS Is
Crucial for the DST Response . er .
To inhibit donor T cell migration to the PALS, we blocked 1 day and soon disappearingigure 5A). In this group, DCs

the chemokine-chemokine receptor axis with pertussis toxiingesting CFSE donor cell fragments in the spleen signi cantly
(PTX). Compared to the readable migration of untreated cellglecreased in numberF{gures 4E,f, and the DST responses
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NK cell-depleted group, the DST antibody response disappe@d completely (mean SD, n D 3 rats each, *P < 0.05). MFI, mean uorescent intensity.

of CD4C T cells and CD45R B cells Figure 5B) and serum gut LNs (data not shown) demonstrated proliferative responses
antibodies Figure 5C) were abrogated. These results indicateof recipient T and B cells with similar kinetics as those oledr
that the migration of donor T cells into the PALS isindispeblga in the spleen Figure 1B). NK cells signi cantly increased by

for induction of the DST response. 12 h (Figures 6D,B, and phagocytosis of donor cell fragments by
XCRZT DCs was detected in LN cell suspensidfig/(res 6F,G.

Donor T Cells Also Induced the DST PTX pretreatment also suppressed donor T cell migration to

Response in the LNs the LNs Figure 5A) and inhibited the DST antibody response

To avoid the inuence of the spleen on DST responses ir{data not shown). Anti-asialo GM antibody pretreatment
the LNs, rats were splenectomized just before donor T cefligni cantly suppressed the NK cell number and phagocytosis
transfer. Donor T cells migrated to all of the examined LNspy XCRE DCs (Figure 6F. However, we did not detect
and their number was approximately double that of euspleniincreased mRNA levels of NK-recruiting chemokines in LN
recipients Figure 6A). The peripheral LNsKigures 6B,§ and  extracts Figure S3B.
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FIGURE 5 | Requirement of T cell migration to the PALS for induction oht DST response.(A) Two-color immunostaining for donor MHCI (blue) and type 1V diagen
(brown) in the spleen at 1 and 3 days after 2 108 donor T cell injection and in the peripheral LNs at 18 h after 2 107 donor T cell injection. The control group
exhibited migration to the PALS by 1 day (Cont T 1d, arrowheas) and LNs by 18 h (Cont T 18 h, arrowheads). In contrast, pertuss toxin (PTX) pretreated donor T
cells did not enter the PALS up to 3 days (PTX T 3d), but stayed ithe marginal zone and red pulp for 1 day (PTX T 1d, arrows). €k did not enter the LNs (PTX T
18 h) either. F, lymph follicle; HEV, high endothelial vemylP, PALS; PC, paracortex. Scale baD 100 mm or 20 nm (inset).(B,C) With PTX pretreatment of donor T
cells, the DST responses of CD% T cells and CD45F B cells (B) and serum antibodies(C) were abrogated (mean SD, n D 3 rats each, *P <0.05). MFI, mean

uorescent intensity.
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FIGURE 6 | Induction of the donor-speci c transfusion (DST) response ithe LNs of splenectomized(A—C,F,G) or eusplenic(D,E) recipients. The recipient peripheral
LNs were analyzed in the same manner as the spleerfrigure 1, 3, 4). (A) Two-color FCM analysis of the number of migrated donor T callin recipient LNs 24 h after
injection. Roughly twice as many donor T cells migrated to #1LNs than in the eusplenic control. SPL, spleen; CLN, cervat LN; BLN, brachial LN; ALN, axillary LN;
HLN, hepatic LN; MLN, mesenteric LN.(B,C) The time kinetic changes in each proliferating cell type/tat LN cells by FCM analysis. The CDA T cells and regulatory
T cells peaked at 3-5 days and 3 days, respectively, whereas O45RC B cells and CD&C T cells peaked at 5 days (mean SD, n D 3 rats each, *P < 0.05). (D,E)
Kinetics of NK cells in the peripheral LNs after DSTD) Double immunostaining of the LNs for asialo G (blue) and rat IgM (brown) at 0 (left panel) and 12 h (right
panel). Inset indicates increased asialo G%I NK cells (blue) in the paracortex (PC). Scale b& 200 nm or 50 nm (inset). F, lymph follicle(E) The proportion of NK
cells signi cantly increased in the LNs at 12h (mean SD, n D 3 rats each, *P <0.05). (F) Kinetics of donor cell phagocytosis in the peripheral LNs &r donor T cell
injection. Phagocytosis of donor cell fragments by DCs was etected 36 h after transfer of 2 107 CFSE labeled T cells. With anti-asialo GMantibody (Ab)
treatment, the numbers of recipient CFSE phagocytic DCs and NK cells were signi cantly reduced compaed to non-treated control (mean SD, n D 3 rats each,
*P < 0.05). (G) Phenotype of CFSE phagocytic DCs in the peripheral LNs. Note that they were XCE®SIRPIa , similar as those of spleen.
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These results indicate that allogeneic T cells induced a DS3peci ¢ Antibody Production Without DST

antibody response in the peripheral LNs in a similar manner af\ntibodies in F 1 Rats That Received

in the spleen, dependent on the NK response and phagocytos‘isarentm Antigen-Labeled T Cells

by XCRE DCs in ACI to Lewis rat combination. In order to enhance the antibody response to labeled antigens

and to avoid unnecessary alloantibody production, we attestpt

to inhibit the DST antibody response. We employed the
GvH Reaction Is Not Required for the DST semiallogeneic parental ACI donor and (LewisACI)F; hybrid
Response recipient combination in which recipient T cells (RTERA

Because donor T cells exhibited a GvH reaction at 1-2 daydare parental MHCI antigens (RTF¥Aand cannot undergo
(Figures 2C,B, we examined whether donor T cell activation the DST response. In this setting, recipient NK cells could
is required for the DST response. T cells from (Lewis kill parental cells via Ly49c, known as hybrid resistang®).(
DA)F; hybrid rats (RT1.AB?) were transferred to parental When MMC-treated and antigen-labeled parental T cells were
Lewis rats (RT1.J8), a semiallogeneic combination in which injected into F recipients just after splenectomyigure 9A),

the GvH reaction does not occur. The donor T cells inducedhey were readily phagocytosed by XCRACs in the LNs (data
signi cant serum DST (anti-RT1.3 antibody production on Nnot shown) and 7 day sera had considerably higher titers of
day 7 Eigure S5. Furthermore, fully allogeneic donor T cells antibody than the allogeneic recipient groupigures 9B,D.
pretreated with MMC, migrated to the SLOs and induced DSTAS €xpected, DST (anti-donor RTFA antibodies were
antibody production as will be described below. Thus, the GvHegligible in the semiallogeneic, Frecipients, though an
reaction leading to donor T cell activation and proliferatign ~intense DST antibody response was induced in the allogeneic

dispensable for the DST response. recipients Figures 9B,0). The control group that received
equivalent amounts of free PE showed the low level of anti-PE

antibodies Figure S7. Immunohistology of the LNs revealed

c the polytopical presence of specic anti-FITC or anti-PE
Both XCR1 ™ and XCR1 DCs Form a antibody-forming cellsFigures 9C,B.
Cluster With Proliferating Recipient T Cells
When activation state of DC subsets was examined 36 h aft
transfer of CFSE-labeled donor TDLs, CESERI DCs BISCUSSION
showed a signicant upregulation of CDA40Figures 7A,B,
although CFSEXCRE and CFSEXCR1 DCs showed no
change Figure S§. CD10¥ DCs readily formed clusters with
proliferating cells in the PALS 2 days after DFigures 7C,D,
which was composed mostly of CB4T cells as reported
previously 4). Although we observed selective phagocytosis dz
donor cells by XCR4 DCs (Figure 3), not only XCR¥ DCs
( 50%), but also XCR1 DCs ( 16%) formed clusters with
recipient EdW proliferating cells in the PALSF{gures 7E,.
Cluster-forming XCR§CD103 non-DCs were also found
(Figure 79 and may be a macrophage lineage.

The present study demonstrated several novel ndings. First
among donor blood components, T cells were the most pro cient
immunogens to induce the proliferative responses of recipient
CDA4C T cells, CD45R B cells, and Foxp3regulatory T cells
olytopically in the LNs and spleen, followed by serum DST
ntibody production. Second, donor allogeneic T cells rapidly
migrated to the PALS and LNs, followed by a temporary increase
in NK cells and the appearance of donor MHCfragments,
which were selectively phagocytosed by resident XCRCs.
Third, inhibition of donor T cell migration or depletion of NK
cells signi cantly suppressed DC phagocytosis and abrogated t
DST responses. Fourth, in the T cell areas, Edtells, which
were mostly proliferating recipient CI3T cells, originated in
Antigen-Labeled Donor T Cells Can Induce the cluster with either recipient XCRlor XCR1 DCs. Fifth, i.v.
Speci C Antibody Production administration of antigen-labeled and mitotic inhibitdreated
The highly e cient function of T cells in delivering alloargen ~ &llogeneic T-cells, but not syngeneic T-cells, to spleneiztean

to the resident DCs in SLOs and inducing antibody productiont€cipients induced polytopical specic antibody-forming cell
prompted us to harness donor T cells with antigens as a modé&gSPonse to labeled antigens in the LNs, as well as the DST

of vaccine vectors for prophylactic antibody production. Weresponse. Finally, split antibody response to labeled argigen
labeled T cells with either uorescein isothiocyanate (€)T Without DST antibody response could be induced by employing

or R-phycoerythrin (PE) as a preliminary study. Recipienth® Semiallogeneic parental donor and FRybrid recipient
spleens after injection of labeled allogeneic T cells orbgelu combination. The ability of mouse XCR1DCs to take up
FITC-keyhole limpet hemocyanin (KLH) as a control contained@POptotic cells is well documented vivo andin vitro (36, 37).
speci ¢ anti-FITC antibody-forming cells in the outer margi W& observed phagocytosis of allogeneic lymphodyiesvo by

of the PALS, Figure 8A) and recipient sera contained anti- he XCREDC in mice (38), which will be discussed later.

FITC antibodies (data not shown). When proliferation of FITC- .

labeled T cells was inhibited by MMEigures 88, and i.v. Why T-cells Were the Most Ef cient and

injected into splenectomized rats, they readily migratedite t Induced the DST Response Polytopically?

LNs (Figure 8D). Allogeneic, but not syngeneic, T cells inducedThe pro cient immunogenicity of donor T cells in the
anti-FITC antibodies, though their titers were lowigure 8B). polytopical DST response is most likely due to the ability of
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FIGURE 7 | Activation state of phagocytic dendritic cells (DCs) and pmotype of DCs that cluster with proliferating cells in the &LS. (A,B) Upregulation of CD40 in
XCRIC DCs following phagocytosis. Phagocytic DCs were compared vth non-phagocytic DCs in MHCIfigh gates with/without donor cell transfer (mean SD,n D
4 rats each, P < 0.05, NS, not signi cant). (C,D) Three-color immunostaining of the spleen 2 days after DST faCD103 (blue), BrdU (red), and type IV collagen
(brown).(C) Many CD103 DCs (blue) and Brd¥ proliferating cells (red) are present in the PALS (P). Scalar D 100 mm. F, lymph follicle; Z, marginal zone(D) Inset
of A showing cluster formation (arrowheads) of recipient DCs [e) with Brd° cells (red). Scale baiD 20 nm. (E) Three-color immuno uorescence staining of the
PALS for XCR1 (green), CD103 (red), and EdU (white) 2 dayseafDST, showing clusters (arrowheads) of XCRACD103C (left panels) or XCR1 CD103C (right
panels) DCs with Ed¢ proliferating cells (white). Scale bab 10 mm. (F) Proportion of cluster-forming cells in the PALS, showing 50, 15, and 35% were
XCRI€CD103€ DCs, XCR1 CD103€ DCs, and XCRECD103 non-DCs, respectively (mean SD, n D 3 rats each, *P < 0.05).
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FIGURE 8 | Antigen-labeled donor T cells induce speci ¢ antibody prodation. (A) Three-color immunostaining of recipient spleen for antid{fFC antibody (blue), type
IV collagen (brown), and BrdU (red). FITC-T cells induced spiecanti-FITC antibody forming cell response (blue) in the oat margin of the PALS (O) at 7 days after
injection [FITC-T]. When FITC-streptavidin was omitted fordekground staining, anti-FITC antibody was not detected [FIG-T BG]. Positive control staining for
anti-FITC antibody forming cells 5 days after i.v. injectioof FITC-labeled KLH [FITC-KLH]. G, germinal center; P, PALSc&le bar D 100 nm. (B) Experimental
protocol for inducing antibody production in LNs with FITCébeled donor T cells.(C) Effect of mitomycin C (MMC) on FITC-labeled donor T cell prigration. Purity of
FITC-labeled donor T cells was 94% by FCM. The proliferationf @MC-treated T cells induced by CD28 superagonist (SAg) waabrogated compared to intense
proliferation in PBS-treated control (D) Two-color immunostaining for donor MHCI (blue) and type IV d¢lagen (brown) in the LNs 1 d after injection of MMC-treated
FITC-labeled donor T cells. They readily migrated to the T delrea of the LNs (paracortex, PC). F, lymphoid follicle; HEMgh endothelial venule. Scale bab 100 mm.
(E) MMC-treated FITC-labeled allogeneic, but not syngeneic, Tedls induced a low, but signi cant, antibody response to FITC(C,E) mean SD, n D 3 rats each, P
<0.05. MFIl, mean uorescent intensity.

blood T cells to transmigrate to the SLOs and contact witthy the DCs 27). Even allogeneic naive T cells can do so
resident DCs for immunosurveillance. When normal TDLsin similar kinetics to that of congeneic T cellFigure 2)

of congeneric PVG/c RTP7rats are transferred to PVG/c (25-27), thus providing a chance to deliver alloantigen to
RT?7 rats, they enter the PALS, although not being activatedecipient DCs.
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FIGURE 9 | Antibody production to labeled antigens without DST antibdies in F rats that received parental T cells(A) Experimental protocol for detecting speci c
antibody production in sera and the LNs. T cells were labeledither with FITC directly or with PE-conjugated ant-rat CD4 #b. AFC, antibody-forming cells(B,D)
Antibody responses in parental ACI (RT1282) to (Lewis ACI)R hybrid rat (RT1.2'B2) combination concerning anti-donor MHCI, anti-FITEB), and anti-PE (D)
antibodies in recipient sera. Both anti-FITC and anti-PE aifiodies of parental to i rat combination had considerably higher titers than those fothe allogeneic control.
In contrast, DST (anti-RT1.AR) antibodies were negligible, whereas, allogeneic contrahduced an intense level of DST antibodies (mean SD, n D 3 rats each, P <
0.05). MFI, mean uorescent intensity(C,E) Double immunostaining for anti-FITC (blueC) or anti-PE (blue D) and type IV collagen (brown) in frat LNs 7 days after
antigen-labeled parental T cell injection. Speci ¢ antibog-forming cells (AFCs, blue) against labeled antigen wereetected polytopically in the medullary cord of I rat
LNs 7 days after injection. C, cervical (upper panel) and mesteric (lower panel) LNs; E, mediastinal LNs; MC, medullacord; MS, medullary sinus. Scale baD

100 mm (C,E) or 20 mm (C,E insets).
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The migration inhibition study with PTX indicate that the and T cells. In other words, live allogeneic T cells may possess
presence of donor T cells in the T cell areas is a prerequisite fegome adjuvant e ects on the DST response via recipient DC
the DST response. Inability of other blood components that dactivation. Second, fragmentation of donor T cells was olebr
not enter the T cell areas in a steady st&® (o induce the DST extracellularly from 8h, followed by phagocytosis of dondt ce
response supports this. Because B cells also enter the T eell aigments by resident DCs in the T cell areas of the SLOs
on their way to the lymph follicle, they show a low but signirda  (38). This demonstrates that donor cell killing and phagocytosis
immunogenicity. Therefore, we consider that the recirtiola  mainly occur in the T cell areas. Thus, the mice data strongly
ability of donor T cells unexpectedly destined them to be tlestn  support, at least in part, the proposed mechanism of the DST
pro cientimmunogens for the polytopical DST response. response in rats.

Are Killing and Phagocytosis of Donor Role of Migratory DCs

T-cells Cruma_l fqr the_ DST ReSanse? _ Alternatively, donor T cells may be phagocytosed by migsator
The temporary signi cant increase in recipient NK cells in the DCs, which in turn migrate to the PALS from the marginal zone,
PALS and LNs indicates that NK cells are recruited to the T cejpe red pulp, or the blood and induce the DST response. In
areas, probably from the red pulp and the blood, respecj[ivelynouse spleen, these DCs can migrate to the PALS in response
after the e_ntranC(_e pf donor T cells. Active contacts of dhﬂgc to LPS ¢3) or protein antigens44). Furthermore, it is recently
T cells with recipient DCs 47, 35), may lead to activation reported that two mice DC subsets selectively migrate to direr
of DCs via donor T cell receptor (TCR)-recipient MHC and areas of the PALS, in response to protein antigens or transgeni
costimulatory molecule interactiong(). The activated DCs may erythrocytes 45). Although XCRf DCs are also found in the
secrete NK-attracting chemokines, such as CXCL10 to recruiat marginal zone and red pulp, the PTX and NK recruitment
NK cells to the LNs as reportedi). However, their increase experiments in the present study and our recent mouse study
was under detectable levels by gPCR analysis of the spleen(gg), demonstrating that donor cell killing and phagocytosis
LNs (Figure S3. _ mainly occur in the T cell areas, strongly suggest that XCR1
NK cell recruitment was followed by phagocytosis of donofyjgratory DCs outside the PALS are not responsible for the
MHCI fragments by XCR% resident DCs in the T cell DST response.
areas Kigures 4 6). The NK-depletion study indicates that |5 regard to the LNs, no study has yet reported that blood
phagocytosis of donor cell fragments is dependent on the NK celyatyre DCs can perform blood-borne migration to these SLOs
recruitment, and the NK strain di erence experiment showsttha i3 the blood vessel wallLp). Although peripheral antigen-
NK activities correlatg well WiFh phagocytosis by XERACs in bearing DCs can enter the LNs via the a erent lymph),
at least three rat strain comblnat!ons. These rgsults sighat phagocytosis of donor T cells in the periphery would be minor
do_norT cells were Ifllled_ I?y recruited NK_ceIIs inthe T ceba_as because naive T cells preferentially migrate to the SIL®s (
prior to phagocytosis. Killing of allogeneic T cells by NKs&ll  Therefore, we consider that XCRmigratory DCs may be not
well documented in humans as well as in ratg)( involved in the DST response in LNs after T cell transfer.
Syngeneic T cells were also phagocytosed, though 0 a A notable exception is the hepatic LNs, which readily receive
lesser extent than aIIogen_elc T cellélg(ure_4_E), suggesting  plood mature DCs, in rats1-20) and mice ¢7), lymphocytes
that spontaneous death without NK cell killing may lead 0(48), and macromolecules4@) from the liver sinusoids via
phagocyto§|s as well. Therefor_e, we strongly suggest thmairdo hepatic lymph (hepatic sinusoid-lymph translocation0).
cells are killed mostly by recruited NK cells in at least érat  Thjs js probably because the sinusoidal endothelial cells are
strain combinations and then phagocytosed by XERasident  giscontinuous and have large fenestratiof$ (Thus, the hepatic
DCs in the T cell areas. NK-independent killing of donor T sell | Ns should be appreciated as strategically unique SLOs that
may also occur. antigen-pulsed DCs in the blood can enter in addition to

. the spleen.
Relevance to Our Re(_:en_t Ml(_:e StUdy Taken together, the results indicate that the participation
In a mouse two-photon live imaging study of the fate of

I . lis in the SLOS of C of migratory DCs in phagocytosis of donor T cells is minor.
allogeneic T cells in the SLOs of CD11c-EYFP mizg, (we These DCs may be involved in the delayed and less intense DST

found a DST antibody response in recipients (unpublished datg,q,,nse in the spleen against blood components other than T
Kitazawa), indicating that the DST response in mice is analego and B cells

to rats. Donor cell fragmentation and phagocytosis by reside
CD11& DCs in the T cell area of not only the spleen, but . .
also the peripheral LNs, were NK-dependent in at least in somé N€ Indirect Pathway of Allorecognition
strain combinations. Operates the DST Response

This study provides several pieces of crucial informatiorstFi There are ve possibilities as to how the allorecognitionwrsc
allogeneic T cells had more frequent contact with reside@sD in the splenic PALS: the indirect pathway induced by recipient
with rapid arrest than syngeneic T cells, suggesting thaT@®ies resident DCs 40) in which the allogeneic MHC molecules are
of donor T cells have higher a nity for allogeneic MHC on DCs presented as peptides in the context of self-MHC; the indirect
than for autologous MHC. This may promote the clustering ofpathway induced by migratory DCsA%); the direct pathway
donor T cells and recipient DCs, leading to the activation @9 induced by donor DCs 14, 15); the direct pathway induced
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by donor T cells via GvH reactior2{, 35); and the semidirect
pathway 62).

The indirect pathway induced by migratory DCs and direct
pathways induced by donor DCs or T cells were unlikely in the
present study. As for the semi-direct pathway, it is operated b
recipient DCs that have acquired intact MHCI molecules from
donor cells §2), including human activated lymphocyteS3).

As donor T cells express MHCI but mostly not MHCII, the
recipient DCs could acquire only intact MHCI molecules, which
could activate CD8 T cells but not CD# T cells. Because the
CD4C T cell response and antibody-forming cell response again
donor MHCI antigens were the major outcomes in this study, the
semi-direct pathway is also unlikely in the present study.

Ifitis the indirect pathway induced by recipient resident DCs
the following sequential steps should be observed: migraifo
donor cells into the T cell areas; killing or death of donolige
phagocytosis of donor cells by resident DCs and processing
donor MHCI peptides; binding of resident DCs with recipient T
cells to form clusters, within which recipient DCs present don
MHCI peptides in the context of self-MHCII to recipient T cells;
which leads to activation and proliferation of T cells withime
cluster, resulting in the CD4 T cell-dependent DST antibody
response. For the most part, these conditions were observed
the present studyRigure 10. We have already demonstrated
the nal step @4). For the preceding steps, XCRDCs may
present donor MHCI antigens after phagocytosis and processin
of donor T cell fragments. Upregulation of CD40 in these
DCs indicates activation induced probably by the phagocyti
event. Surprisingly, however, both XCRIDCs and XCR1 DCs
formed clusters with proliferating CO4 T cells in the PALS
(Figure 7). We speculate that, to induce a broad alloimmune
response, XCR1DCs may receive antigenic information from
the antigen-containing XCFL DCs, probably in the form of
extracellular vesicles, such as exosomes containingvadic1
peptide-recipient MHC complex5(). Although XCRfCD&®
DCs in mice are mainly involved in cross presentation, legdom
a CD& cytotoxic T cell response, they can also induce a €04
cell response with intense antibody producticib(56).

1}

=

OFIGURE 10 | The proposed mechanism for the indirect pathway of
allorecognition in the T cell areas of the spleen and LNs. Nubers in red (1, 2,
4,6,7,9, 11, 12) are con rmed ndings and those in blue (3, 5, 8,10) are
suggestions. 1. Migration of injected donor T cells to the T cell areas. Persisis
toxin (PTX) inhibits this process2. Clustering of donor T cells with recipient
DCs. 3. Secretion of NK-recruiting chemokines by recipient DCs4.
Recruitment of NK cells to the T cell areas. Anti-asialo GMantibody (Ab)

iliphibits this process.5. Killing of donor T cells by NK cells6. Fragmentation of
T cells in the T cell area7. Phagocytosis of donor T cell fragments by XCR%
DCs, which was associated with upregulation of CD40 in theseells. 8.
Transfer of captured antigenic information by XCF4 DCs to resident XCR1

OPCs in the T cell areas9. Cluster formation of both XCR¥ D103 and
XCR1 CD103C DCs in the T cell areal0. Presentation of donor MHCI

|, peptides to CD4C T cells. 11. Proliferative response of CD#% T cells in the

I” cluster 24). 12. Antibody-forming cell response with production and secreibn
of donor-speci c transfusion (DST) antibodiesZ4). Blue cells and green cells
are donor and recipient cells, respectively. Red nuclei incate proliferating
cells. AFC, antibody-forming cell; Th, CD% T cell.

BrdUC B-cells in the outer PALS in our recent studd?j suggest

that the site for B cell di erentiation is the outer PALS.
Concerning B cell response in the spleen and LNs, the major

immunoglobulin classes of DST antibodies produced in the

Taken together, the results show that the DST antibodyP!€en and the LNs were not de ned. The spleen is considered
response is mainly induced by donor T cells that migrate tothe © P& mainly engaged in IgM productiorb§) and marginal

cell areas via the indirect pathway of allorecognition ineldidy
recipient resident DCs, where migrating donor T cells acelol
as alloantigen ferrieg~{gure 10.

How B Cells Respond to the Antigen
Although we have not examined where and how the responding
cells gain access to the antigen, there are two possihil@ies is

zone B cells are known as sole producers of IgM antibodies to
encapsulated bacteria). In fact, splenectomized rats showed a
considerable decrease of DST antibodies of IgM class, wherea
IgG was not aected as previously reported4). Although
these suggest that the major immunoglobulin class produced by
gntigen-speci ¢ B cells in both organs after DST may be di éren

it may depend upon a type of antigens.

in the PALS, where B cells pass through and may acquire freely

oating donor MHCI fragments via antigen-speci c receptors.
Another is in the B-T boundary (outer margin of the PALS, aute
PALS) or periphery of the lymph follicle (outer follicle}?),
where B cells may acquire the antigens. Antigen-speci ¢ €04
cells activated by antigen-bearing resident DCs in the P
encounter the antigen-binding B cells either in the PALShie
outer PALS, leading to their activation. In this respect, daely
accumulation of antigen-binding B cells into the B-T boumnga
via a new chemokine axis in micg%) as well as the appearance of

T-cells Can Be a Vaccine Vector?

The present results imply that antigen-pulsed and mitotic
inhibitor-treated allogeneic, but not syngeneic, T cellsynhe
applicable as vaccine vectors without a risk of GvH disease
for prophylactic antibody production, especially in asplenic
or hyposplenic individuals. Although DST antibodies and/or
donor-speci ¢ regulatory T cells may be pro table for DST-
induced immunosuppression following allotransplantatiaiy,

the active antibody response to conventional antigens is an
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unexpected benet. In this respect, if antibody response tdCONCLUSION

labeled antigens were split o from the DST response, as

shown in the semia”ogeneic parenta| donor anij rﬁcipient We demonstrate that T cells in donor blood behave as self-
combination Eigure 9), allogeneic T cells may become moreMmigratory alloantigens delivered to the resident X€RDCs
convenient vectors that induce only speci ¢ antibody resgonsin the T cell areas of SLOs and induce the indirect pathway
to labeled antigens. The semiallogeneic combination stud§f allorecognition, which leads to the polytopical recipient
Suggests that donor parenta| T cells may mimic MHC|_CD4C T CeII-dependent response, with e cient a.”OantibOdy
de cient cells with intact TCR molecules, which providesproduction without adjuvant. Clinically, transfusion of totic

the possibility that MHCI-de cient T cells may be used inhibitor-treated allogeneic blood T cells pulsed with aetig

as ferries of labeled antigens without inducing the DSTMay be applicable as a vaccine vector for prophylactic antibody
response. We are now planning to test this working hypothesiBroduction without the risk of GvH disease. This method may
by preparing MHCI-de cient allogeneic T cells and labelbe especially helpful for asplenic or hyposplenic individuals

viral antigens. (63 to whom non-live vaccines may only be e ective in the
regional LNs.
Relevant DC Targeting Studies MATERIALS AND METHODS

A few reports have proposed autologous T cells as a vaccine
vector for induction of a Th-1 anti-tumor responsé&g 60). Animals
Although the concept of using recirculating T cells is simila Inbred ACI rats (RT1.AB? were obtained from the National Bio
to ours, the clinical outcomes using autologous cells werBesource Project for the Rat in Japan (Kyoto, Japan). Lewis rats
underwhelming 69). In our study, spontaneous death and (RT1.AB'), DArats (RT1.AB%), BN rats (RT1.AB"), and PvG/c
phagocytosis of syngeneic T cells by DCs were also observigds (RT1.AB) were supplied by SLC Japan, Inc. (Shizuoka,
(Figure 4B, whereas antibodies against pulsed antigens wextapan). RT1.A and RT1.B are rat MHCI and MHCII antigens,
not detected. To obtain the appropriate response, strongespectively. ACIrats and (LewisDA)F; and (Lewis ACI)Fy
adjuvants would be required(), which may lead to undesirable hybrid rats (RT1.&B¥) were bred at Dokkyo Medical University
side e ects. Animal Research Center (Mibu, Japan). All rats were reared
It has also been reported that, following infusion ofunder specic pathogen-free conditions. Animal handling and
ganciclovir-sensitive suicide gene-transduced donavgalheic care were approved by the Dokkyo Medical University Animal
T cells to human hematopoietic stem cell transplantationExperiment Committee in accordance with the university's
recipients, T cell responses to the gene products are rapidfggulations for animal experiments and Japanese law (No. 451)
induced and coincide with the disappearance of transferrdld ce In most experiments, ACI rats donated blood and TDLs and
(61). Although the mechanism of this recipientimmune responsd-ewis rats were recipients. BN and PvG/c rats were used as
and the polytopical antibody-forming cell response have netbe recipients in the strain di erence experiment. (Lewis DA)F;
examined, this response may be relevant to our study. and (Lewis ACI)F; rats were also used as donors and recipients
As an alternative to targeting DCs, allogeneic broblastsave in semiallogeneic combination experiments, respectively.
used as adjuvant vector cells to furnish viral antigens dptaa
galactoceramide, which readily induced invariant NK Tkcel Antibodies and Reagents
dependent killing and phagocytosis of donor cells by immaturéAntibodies and probes used for immunohistology, FCM sorting
DCs in the marginal zone with an e cient antibody response and immunomagnetic bead sorting are listedTiable S1 Some
against viral antigens6¢). Because adjuvant vector cells aremAbs were puri ed from culture supernatants and coupled to
broblasts, which may not migrate to the LNs, only a splenicFITC, PE, PerCP/Cy5.5 (Innnova Bioscience Ltd, Cambridge,
response may occur. UK), Alexa-Fluor 488, 594, or 647 (Molecular Probes, Eugene,
The selective targeting of DC-specic endocytic receptor©R) in house.
by linking the antigens to antibodies is most widely studied
approach to activate T cell§)( Although few report is available Experimental Design
concerning the immune response in the LNs, these antibodids general, freshly heparinized whole blood was aseptically
may extravasate at the peripheral organs and enter the LNs vidbtained from the donor abdominal aorta and blood components
the a erent lymph in the same fashion as other plasma proteingractionated and injected i.v. into the tail veins of recigie
(9). However, because they often require adjuvants for imayici rats. In some experiments, we used TDLs as a source of donor
strong and persistent immune responses and avoiding T cdymphocytes. By routine thoracic duct cannulation of adulisra
tolerance 8), well-designed DC targeting antibodies coupled(64), up to 1 TDLs could be obtained by overnight collection,
with antigens and adjuvants that can reach the LNs would bancluding mature peripheral T cells (80%), B cells (20%), and
necessary for the polytopical responses. non-lymphoid cells € 2%) with a viability of> 95%. At various
Taken together, we consider that no report is yet availablémes from 1 to 14 days after cell transfer, recipient rats irexk
except for the present study concerning DC targeting usingn i.v. injection of 5-bromo-2'-deoxyuridine (BrdU, 2 m@Qg
allogeneic T cells for induction of polytopical antibody reepes body wt; Sigma Aldrich Japan, Tokyo) for immunoenzyme
in the LNs. staining, or ethynyl deoxyuridine (EdU, 2.5 mg/100g body
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wt; Life Technologies Japan, Tokyo) for immuno uorescence20 min at room temperature. The interface between the medium
staining and FCM of proliferating cells 1h before sacriceand 11.5% OptiPrep containing large cells, such as DCs and
under iso urane anesthesia. The SLOs, including the spleemonocytes, was discarded. The interface between 11.5 &bd 15
peripheral LNs (cervical, axillary, and brachial LNs), gutsLN OptiPrep containing mainly small lymphocytes was collected.
(mesenteric LNs), hepatic LNs, and mediastinal LNs, werisedc T cells were puri ed by passing the lymphocytes through the
and fresh-frozen for immunohistological examinatio4( 35.  nylon-wool column (Polysciences Inc., PA, US), with a resglt
Samples of the spleens and LNs were digested by collagenpseity 95% (5. Contaminating cells were mostly B cells.
D (Roche Diagnostics, Indianapolis, IN) and the cells usedor further isolation of CD# or CD& T cells, puried T
for FCM. Stained cells were acquired on Attune NxT ow cells were incubated with FITC-conjugated anti-GD8r anti-
cytometer (Thermo Fischer Scienti ¢ Inc.) or FACSCalib&Y CD4 antibodies and Alexa-Fluor 647-conjugated anti-MHCII
Biosciences) and data were analyzed with FlowJo ver.9&J&lo antibodies, and then sorted by FACSAria Il (BD Bioscienes, S
LLC, Ashland, OR). Sera were collected and heat inactivated fJose CA) as double-negative cells. The purities of sorted CD4 and
30 min at 56 C for detection of antibodies. CD8 T-cells were 99%. 1.5 1(F cells of whole T-cells or T-cell
We performed ve speci ¢ experiments. First, by separatingsubsets were injected i.v. to recipient rats.
blood components, e ective components for the DST response For RBCs, the blood pellet was centrifuged repeatedly on
were surveyed by FCM{). Second, the fate of donor cells and aLympholyte-Rat to eliminate the remaining leukocytes. Afte
role of recipient phagocytic DCs and NK cells in the spleen werthis, contaminating WBCs were 10 cells/16 RBCs.
studied in vivo using multicolor immunohistological staining Concerning the dose response to donor T cells and B cells,
or FCM. Third, the mechanism underlying the DST responsesmall lymphocytes from TDLs were enriched on discontinuous
was examined regarding how the responsible blood componentgadients of OptiPrep and T cells puri ed as described above.
worked and the cluster formation by recipient DCs and ¢D4 B cells were puri ed by negative selection with mAbs to CD4
T cells. Fourth, DST responses in other SLOs were examinéBiolegend), CDB (Thermo Fisher Scientic Inc.), CD11b/c
mainly in splenectomized recipients. Finally, as a model of éiolegend), and CD161a (BD Biosciences) using FACSAria |l
vaccine vector for prophylactic antibody production, mitotic (BD Biosciences). A total of $03 1P, and 16 T or B cells
inhibitor-treated donor T cells were labeled with antigesnsd  isolated from TDLs were i.v. injected into Lewis rats.
antibody-forming cell responses against them examined tain

in splenectomized recipients. Serum DST Antibody Detection
Serum alloantibody was detected as described previotsg)y (
Isolation of Blood Components with a slight modi cation. In brief, 2.0 10° TDLs from donor

To clarify the blood components responsible for DST antibodyACI rats were incubated with DST-treated sera for 30 min & 4
production, donor blood was fractionated into WBCs, T After washing twice, the cells were incubated with the cdtkta
cells, platelets, RBCs, and plasma. The cell dose was adjus®éd=ITC-conjugated anti-rat IgM and PE conjugated anti-rat
to the equivalent numbers as those contained in 1ml ofgG Fc for 30min at 4C. Then, the cells were further stained
whole blood. The volume of plasma injected was 1ml (Sewith Alexa-Fluor 647-conjugated anti-rat T@R antibody for
Online Supplemental Materia). For WBC and plateletisolation, 30 min at 4C in order to gate donor T-cells as targets, because
heparinized blood was centrifuged at 1,&p@r 10 min at room  donor B-cells express surface lg, which could cross-reatt wit
temperature and a bu y coat containing WBCs and platelets, &econdary antibodies. Target cells were analyzed by FCM (BD
pellet containing mainly RBCs, and the supernatant with qelef  Biosciences) and the reactivity of alloantibody was edéhas
plasma were collected separately. The bu y coat was centdfugéenean uorescent intensity (MFI).
at 1,100g for 20 min at room temperature on a density gradient :
medium, Lympholyte-Rat (Cederlane Inc., Ontario, CanadayMulticolor Immunoenzyme and
to remove contaminating RBCs. The interface was collectedinmuno uorescence Stainings
and centrifuged at 11@ for 10min. The pellet contained Fresh 4am-thick cryosections of target organs were multicolor
mostly WBCs and the supernatant was mostly platelets. Aftédmmunostained as described previousl§4,( 66, 67). Briey,
repeating the centrifugation, the WBC and platelet fractiaiese  for three-color immunoenzyme staining, donor MHCI or
collected. The purity of both fractions wa€99% with negligible leukocyte markers (alkaline phosphatase, blue), type IV aallag
contamination by RBCs. For the WBCs without T cells, the WBQr recipient MHCII (peroxidase, brown), and BrdU (alkaline
fraction was treated with a cocktail of anti-CD3 (BiolegeB@n phosphatase, red) were detected. For 4-color immuno uonesce
Diego, CA) and TCRb (Biolegend) and then negatively selectedstaining, donor MHCI (Alexa-Fluor 594, red), leukocyte mark
using auto MACS (Miltenyl Biotech, Gladbach, Germany). ThigAlexa-Fluor 647, infrared), type IV collagen (AMCA, blue),
depleted T cells to 0.1% of total T cells. and secondary leukocyte markers, MHCI, or EdU (Alexa-Fluor
For T cells, small lymphocytes were enriched from the488, green) were detected. Multichannel images were captured
above WBC fractions on discontinuous gradients of OptiPrepusing an Axioskop 2 Plus uorescence microscope equipped with
(Axis-Shield, Oslo, Norway) made by overlaying 3 ml of 11.5%n AxioCam MRm camera (Zeiss, Oberkochen, Germany). We
OptiPrep in HBSS onto 4 ml of 15% OptiPrep solution in a 15-assigned pseudocolors to each channel to increase the clarity
ml conical centrifuge tube. A total of 1 10/ 10® WBCs/6ml of merged images by maximizing contrast using AxioVision
of PBS were overlaid onto gradients and centrifuged atgf@®  software (Zeiss).
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Phenotype of Phagocytic DCs in the T Cell DST following standard method§'{). Brie y, 100 mg of frozen
Area cervical LNs or splenic tissues were dissolved in 1 ml of ISOGE

As phagocytosis of donor MHEI fragments by recipient (Nippon Gene, Tokyo, Japan) and RNA extracted following
putative DCs in the PALS was suggested, we examined tffge manufacturers instructions. To improve yield, In& of
phenotypes of conventional DC subsets in a steady stagthachinmate (Nippon Gene) was added during isopropanol
and after DST treatment by FCM and immunohistology. RatPrecipitation. To ensure removal of genomic DNA, samples
conventional DCs are reported to be CDFO8HCII C (28 29), Wwere processed with DNase | (TakaraBio, Shiga, Japan). After
with two subsets present in the spleen: CIMRPHC CD200 spectrophotometric quantitation, RNA was reverse-transutib
and CD4 SIRPA CD20¢ (68). Recently, all conventional DCs using PrimeScriptTM Reverse Transcriptase (TakaraBio). RNA
in the mouse were reported to be universally subdivided intdntegrity was con rmed by agarose gel electrophoresis. gPa&R w
either XCR1ESIRPA CD& DCs or XCR1C SIRPHRCCDS performed using Universal Probes (Roche, Basel, Switzeréend)
DCs, regardless of their activation statugd( Rat DCs reported previously{1). Primer sets were designed according to
were also reported to be subdivided into either X€ERD4  the Universal Probe Library Assay Design Center (https://gpcr.
DCs or XCR1CD4° DCs (9. Accordingly, these markers probe nder.com/organism.jsp)Table S2. Data were calculated
were examined together with CFSE-labeled donor cells. Dcsing the ddCt method to obtain the mRNA copy number ratio
were enriched from low density fractions of spleen cells byor the genes of interest against beta-actin.

positive selection with CD103 microbeads and auto MACS. The For strain di erences in NK activities, PvG/c rats were used
phenotypes of low density fractions containing CESfignals s NK-high responder recipients and BN rats as the other strain
were examined by FCM. These cells were further puri ed byvhose NK activity was not classi ed3§). ACI TDLs were
FACSAria Il sorting (BD Biosciences), and cytosmears weri@jected i.v. into PvG/c or BN rats and donor cell phagocytosis
stained with three-color immuno uorescence for donor MHCI, and serum DST antibody responses compared to Lewis rats.
XCR1, and DAPI. For immunohistological analysis, the spleen We examined CD161a (NK1.1) and asialo G&kpression in
cryosections were stained with 4-color immuno uorescefme  SPlenic DCs, CD8 T cells, and NK cells and the e ect of asialo
donor MHCI, CD103, type IV collagen, and XCR1. For FCM andGM1 antibody treatment.

immunohistology, isotype control of the XCR1 mAb (lggwas
used to con rm the speci city of the mAb. Pretreatment of Donor Cells

To examine activation state of recipient DCs after donor!© block the chemokine/chemokine receptor axis, we used
cell phagocytosis, CFSRCRE DCs were investigated by pertusss .toxm (PTX)12 as few bIock.lng mAbs were available
multicolor FCM for CD25, CD40, CD54 (ICAM-1), CD80, and I rats. Brie y, TDLs were incubated with PTX (250 ng/ml, EMD

CD86. CD25 was reported as one of the activation markers in raghemicals Inc., San Diego, CA) for 2h at 87and transfused
and human DCs 15, 70). after washing twice. This temporarily inhibited the migiciof

syngeneic T cells to the white pulp with a delay of 1-2 daysbefo
) the e ectis lost {2).

Role of NK Cells in Donor Cell For inhibition of mitotic activity, donor T cells were incubed
Phagocytosis in the PALS with MMC (20 mg/5 10’ cells/ml, Sigma-Aldrich) for 30 min at
To examine the role of NK cells in donor cell phagocytosis, w87 C, and then washed twice just before administration. This
quanti ed the number of NK cells in the PALS at 0 12h condition was determined by a preliminary experiment. T cell
after DST. NK cells and PALS areas were immunohistologicallyroliferation was induced by culturing 1.0 10° cells on a CD28
de ned as asialo G cells and the white pulp area encircled by superagonist-bound plate (Bg/ml) for 3 days at 37C in a 5%
the IgMC area (marginal zone and lymph follicle), respectivelyCOz atmosphere @€) and BrdU- cells detected by ELISA. This
on the spleen cross-sections. The whole areas of the crasmsec pretreatment resulted in negligible proliferatiam vitro, but did
were photographed and reconstructed using image softwarot inhibit the migration of T cells to the SLOs, comparable to
(Microsoft Image Composite Editor, Microsoft, Redmond, WA) untreated control Eigures 8B-D.
and the numbers of NK cells/mfrin >50 PALS areas counted. .
For the LNs, whole LN cell suspensions were prepared and tfahenotype of DCs That Form Clusters With
number of CD161& asialo GM cells examined by FCM. Recipient T Cells

Next, we depleted NK cells by i.v. injecting anti-asialo SM We previously reported that the recipient CBA cell response
polyclonal antibody §5) (2.5 mg in 1 ml PBS per rat, Wako Pure originates in the recipient DC/T cell cluster in the PALS after
Chemicals, Tokyo, Japan) atl, 1, 3, and 5 days after DST. Inthe DST and suggested that this cluster is site of the indirect
untreated spleen, CD16%4d\K cells were distributed primarily pathway of allosensitizatior24). In this study, we examined the
in the red pulp and marginal zone, and a few in the PALS. Thg@henotype of the cluster-forming DCs in the splenic PALS by 4-
antibody treatment resulted in almost complete disappearahce golor immuno uorescence for CD103, XCR1, type IV collagen,
NK cells in the spleen up to 7 days after DST. After NK depletionand EdU 66). Cluster-forming DCs were de ned as CD193
the DST e ects concerning serum antibody production and DCcells with 1 EdU° cells in the PALS Z4), and the number
phagocytosis were examined. of CD10¥ XCRE and CD108XCR1 cells/mn? in the PALS

For detection of NK cell-recruiting chemokines, gPCR waswvere countedrf D 3). CD103 XCRT cells were counted as well,
performed for the spleen and peripheral LNs at @2 h after as these cells also formed the cluster.

Frontiers in Immunology | www.frontiersin.org 18 May 2019 | Volume 10 | Article 1195



Kitazawa et al. DC Targeting With Allo-T Cells

Examination of the DST Response in LNs Image Analysis and Statistics

In the LNs, the donor T cell entrance, NK cell kinetics, Each parameter was measured in a blinded fashion and expressed
phagocytosis of donor MHCI fragments by XCR1DCs, as the mean SD ( D 3—4 rats). For estimation of surface
proliferative response of CI% CD&, and Foxp8 regulatory —areas, image analysis was performed using digital image @&nalys
T cells and CD45R B cells, and serum DST antibodies software (cellSens, Olympus). For FCM, each assay was repeated
were examined in the same fashion as in the spleenhree times. Statistical analysis was performed using thee8tsd

NK cell kinetics, phagocytosis, and eect of anti-asialot-test. For quanti cation of the number of NK cells in the PALS,
GM; antibody treatment were examined using whole LNdata was analyzed by Mann-Whitneytest.

cell suspensions.

ETHICS STATEMENT
Antibody Response to Antigen-Labeled

Donor T Cells in the LNs

For antigen-labeling of donor T cells, FITC can be used a

a hapten when conjugated with a carrier protein, such a:

KLH (73) or carrier polysaccharide3@), and can induce anti-

FITC antibody-forming cells in a carrier-dependent manner.

As skin DCs can be labeled with FITC by skin painting andAUTHOR CONTRIBUTIONS

induce delayed type hypersensitivity in response to secondary

challenge 14), we reasoned that FITC-labeled donor T cellsYK and HU designed and performed experiments and wrote

may behave as a hapten-carrier antigen and induce anti-FITthe manuscript. YS, TK, and SU performed immunohistological

antibody production. study. HY, KoM, and NT contributed to experiment design and
After MMC treatment, 18 puried TDL T cells were analysis. KeM designed and interpreted experiments and helped

incubated with 20m of 5 mg/ml FITC isomer | (Sigma- Write the manuscript.

Aldrich) in 2ml RPMI for 30min at 37C and washed. A

total of 2 10’ FITC-labeled T cells were injected i.v. into
recipients just after splenectomy. FITC-labeled KLH (40(56\0KNO\NLEDGMENTS

mg/rat) was used as a positive contrgl3(. Speci ¢ anti-FITC  \ye are thankful to Drs. Jun Abe, Kayoko Sato, and Hiromitsu
antibody forming cell staining was performed as describeiimyra for their valuable discussions and Ms. Yoko Yamada,
with minor modi cations (32, 73. Briey, cryosections were gejko Sasaki, and Yasuko Nonaka for their excellent technica
incubated with either FITC-labeled streptavidin H8/ml,  assistance. This work was supported in part by JST SORST and

Biolegend) followed by biotinylated alkaline phosphatasgsps KAKENHI Grant Numbers JP16K08474, JP17K08518, and
(10mg/ml, Rockland Immunochemicals, Inc., Limerick, PA)*JP18K06838.

or FITC-conjugated isotype mouse IgG (19/ml, Biolegend)
followed by alkaline phosphatase-conjugated anti-mouse IgG

(Sigma Aldrich) and colored blue. Next, type IV collagenSUPPLEMENTARY MATERIAL

(peroxidase, brown) and BrdU (alkaline phosphatase, red% ) . .
were immunostained. he Supplementary Material for this article can be found

As a second antigen, PE-labeled mouse anti-CD4 mAb wahline at: https://www.frontiersin.org{articles/10.338nmu.

used to label the T cells and the anti-PE respoi& éxamined 2019.01195/full#supplementary-material
in the same manner. Donor T cells were incubated wittmpof ~ Figure S1| Both CDA4C and CD8C T cells are equally ef cient in induction of
PE-conjugated non-depleting anti-CD4 mAb for 30 min a4 serum DST antibody response. After transfer of isolated dar CcD4%, cD8C, or
and i.v. iniected after MMC treatment. As a control of whole T cells(A), DST antibodies were examined on day 1B). (mean SD,nD

VeI . L. ! - . ’r@ . 3rats each, P < 0.05). MFI, mean uorescent intensity.
free PE-conjugated mAb was injected. Speci ¢ anti-PE ainlybo | | ) ) | o) |

. P : _ f . Figure S2 | Conventional DC subsets in the normal rat spleen(A) In 4-color FCM
forming cell staining was performed using PE-conjugatet}ise analysis, XCRF SIRP1a  cells and XCR1 SIRP1aC cells were detected in the

mouse |gG (Biolegend) instead of FITC-labeled IgG. splenic MHCIF CD103C DC fraction. XCRE SIRP1a MHCIC CD103C DCs were
For the assay of serum anti-FITC or anti-PE antibody, TDLsp4 and cD200C, whereas XCR1 SIRP1aCMHCIC CD103C DCs were CDA
from syngeneic Lewis rat were used and pre-incubated witlCFIT and CD200 . Note that both DCs were negative for CD&. (B) Note that
isomer or PE conjugated anti-rat CD47 antibody for 30 min MHCIP9h gate (black rectangle) contains XCREW Nt pCs. Isotype control of the
. . . CR1 mADb shows negative staining, con rming the speci city ofthe mAb. (C,D)
at 4C. After InCUbat_lng with sera as ab(_)ve’ the cells Weréhree-color immuno uorescence staining of XCR1 (green), CID3 (C, red) or
reacted with APC-conjugated Secondary anti-rat lgM anﬂbor CD169 D, red), and type IV collagen (white) in the PALKC) The arrowheads
with Alexa-Fluor conjugated anti-rat IgG antibody (Biokagl).  indicate XCRE cD103C DCs. (D) XCRIC cells in the outer margin of the PALS
Finally, T-cell was labeled by incubating with PE or AlexaeF  (C) are mostly CD169~ macrophages (yellow) but those in the PALS (P) are
488 Conjugated anti-TCa&b antibody, respectively, in order to CD169—, mo§tly D(?s}(green, arrqwheads). Isotype control ohe XCR1 mAb
donor T-cells. Target cells were analvzed by FCM (BQOWS negfatlve staining. P, splenlp PALS. Scale b_dD 20 mm (C) or 50 nm (D).
gfate X 9 o y - y_ ) Proportion of two DC subsets in the PALS, which was de ned by tpe IV
Biosciences) and the reactivity of the specic antibody waggiiagen staining. More than 100 CD10§ DCs in the PALS per rat were

estimated as mean uorescent intensity (MFI). examined for XCR1 expression (mean SD, n D 3 rats each).

This study was carried out in accordance with the univelsity
regulations for animal experiments and Japanese law (No. 451)
he protocol was approved by the Dokkyo Medical University

Animal Experiment Committee.
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Figure S3 | (A,B) Gene expression of NK-recruiting chemokines. mRNA samples
isolated from recipient spleeng/A) or peripheral LNs(B) 0 12 h after

donor-speci ¢ transfusion (DST) were reverse-transcribe@nd analyzed by gPCR
using a Universal Probe Library system. No analyzed gene eidited a signi cant
difference 4 12 h after DST (mean SD, n D 3 rats each).(C) Three-color FCM
analysis of normal splenocytes from Lewis rats for asialo GM CD161a, and
CD103. Most of the asialo Gl\/f cells are CD161& and do not express CD103,
indicating that splenic DCs are asialo GM1. (D) 4-color FCM analysis of normal
splenocytes from Lewis rats for TCRb, CD161a, CD8a, and asialo GM, . T-cells
(TCFabC CD161a fraction, right upper panel) including CD8 T cells and
TCRab®CD161aC fraction, probably NKT cells (right middle panel), are moigt
asialo GM, . In contrast, asialo Gl\/f cells are either CD&C or CD8a (right lower
panel).

Figure S4 | Fate of donor T cells and phagocytosis by XCR& dendritic cells
(DCs) in three different rat strains with different NK actfies. (A) Experimental
protocol for examining donor cell phagocytosis and serum dnor speci ¢
transfusion (DST) antibody production. MMC, mitomycin C(B) DST antibodies
were induced in all strains examined (BN, PvG, and Lewis rgtshough at different
intensities 6 D 3 rats each). MFI, mean uorescent intensity(C—F) Fate of donor
cells in BN and PvG rat spleens. Doublé¢C,D) or triple (E,F) immunostaining for
donor MHCI (blue) and type IV collagen (brown), with/withoutrBU (red). In PvG
rats (C), donor ACI T cells (blue) quickly disappeared by 2 days aftéransfer. In
contrast, in BN rats (D—F), donor T cells persisted at 2 days(D) and showed
intense proliferation (inset ok, arrows) at 3 days(E), indicating a predominance of
graft vs. host (GvH) reaction. With MMC pretreatmentF), donor T cells
disappeared and the GvH reactivity was inhibited at 2 days.,fPALS. Scale barsD
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