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Maturation of T cell-activating APCs directly links innate and adaptive immunity and is typically triggered by microbial
infection. Transplantation of allografts, which are sterile, generates strong T cell responses; however, it is unclear how grafts
induce APC maturation in the absence of microbial-derived signals. A widely accepted hypothesis is that dying cells in the
graft release “danger” molecules that induce APC maturation and initiate the adaptive alloimmune response. Here, we
demonstrated that danger signals associated with dying cells are not sufficient to initiate alloimmunity, but that recognition
of allogeneic non-self by the innate immune system is required. In WT as well as in T cell-, B cell-, and innate lymphoid
cell-deficient mice, allogeneic grafts elicited persistent differentiation of monocytes into mature DCs that expressed IL-12 and
stimulated T cell proliferation and IFN-y production. In contrast, syngeneic grafts in the same mice elicited transient and less
pronounced differentiation of monocytes into DCs, which neither expressed IL-12 nor stimulated IFN-y production. In a model
in which T cell recognition is restricted to a single foreign antigen on the graft, rejection occurred only if the allogeneic non-self
signal was also sensed by the host’s innate immune system. These findings underscore the importance of innate recognition
of allogeneic non-self by monocytes in initiating graft rejection.

Introduction

The mammalian innate immune system recognizes non-self
molecules unique to microbial organisms (1, 2). This recognition
step triggers a rapid inflammatory response and, of paramount
importance to the survival of the host, induces the differentia-
tion of myeloid cells into mature APCs. APCs in turn activate
the adaptive immune system by presenting microbial antigens
and by providing costimulation to T cells, leading to immunity
against infection.

In addition to mounting strong antimicrobial responses, all
studied mammals generate potent immunity to cells or tissues
of other members of the same species (alloimmunity) (3, 4). This
is best illustrated by organ and bone marrow transplantation in
the clinic (5), but is also observed under natural conditions such
as the maternal response to the allogeneic fetus and the rejec-
tion of transmissible allogeneic tumors (6-9). Unlike microbial
infection, however, it is unclear how allografts, which are ster-
ile, cause the maturation of APCs. A widely accepted paradigm,
known as the “danger hypothesis,” proposes that necrotic cells or
danger-associated molecules released by dying cells in the trans-
planted organ induce the maturation of APCs that then activate
the adaptive alloimmune response (10, 11). Danger molecules
are diverse cell products that cause inflammation by signaling
through TLRs or inflammasomes (11, 12). Examples include uric
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acid and the high-mobility group box 1 (HMGBI1) nuclear pro-
tein, both of which potentiate T cell responses when present in
supraphysiological amounts in the extracellular space (13-15).

Although danger molecules enhance immune responses, it
is unclear whether they are necessary or sufficient for triggering
alloimmunity. Initial experiments had shown that deletion of the
adaptor molecule MyD88, which is required for signaling by most
TLRs, prevents the rejection of single minor antigen-mismatched
grafts (16), but later studies failed to demonstrate significant re-
tardation of allograft rejection if the donor and recipient differed
by major or multiple minor histocompatibility antigens (17-20).
Moreover, allografts parked for an extended period of time in
T cell-deficient hosts to allow the resolution of tissue injury that
occurs at the time of transplantation were uniformly rejected when
the host was replenished with T cells (21-25). These observations
raise the possibility that additional triggers of APC maturation and
activation of the adaptive alloimmune response exist.

We have previously shown that mouse monocytes mount a
greater inflammatory response to allogeneic cells than to synge-
neic cells, suggesting that they are capable of distinguishing be-
tween self- and non-self tissues (26). It is not known, however,
whether such innate sensing causes APC maturation, initiates the
T cell response, and triggers graft rejection. Here, we addressed
this question by analyzing the innate response of wild-type and
T, B, and innate lymphoid cell-deficient mice to either syngeneic
or allogeneic heart, kidney, and bone marrow grafts. We demon-
strate that allogeneic grafts induced persistent differentiation of
host monocytes into mature DCs that produce IL-12 and drive
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Figure 1. Analysis of myeloid cell infiltrate in heart grafts transplanted into immunocompetent recipients. B6 (syngeneic) or BALB/c (allogeneic) CD45.2
heart grafts were transplanted into B6 CX,CR19%* CD45.1 recipients, except where indicated. Infiltrating cells were analyzed by flow cytometry 1day after
transplantation; n = 4 grafts/group. (A) Representative flow plot depicting lineage™ (CD19-CD90-NK1.1-DX5") recipient (CD45.1*) and donor (CD45.2*) myeloid
cells present in syngeneic (Syn) and allogeneic (Allo) grafts. (B) Enumeration of recipient myeloid populations in syngeneic (black bars) and allogeneic

(white bars) grafts. Cell surface markers used to identify cell populations are shown in the text box and in the gating strategy in Supplemental Figure 1. N,
neutrophils; Mono, monocytes; DC, dendritic cells; M¢, macrophages. (€) Enumeration and representative flow plot of monocyte subsets (Inf, inflammatory
Ly-6CMCX3CR1°; Pat, patrolling Ly-6C°CX3CR1") in syngeneic (black circles represent black events) and allogeneic (white circles represent gray events) grafts.
(D) Representative flow plot depicting phenotype of recipient-derived DCs in an allogeneic graft. (E) Enumeration of mature (CD80*) mono-DCs in syngeneic
(black circles) and allogeneic (white circles) grafts. Each data point represents 1 graft. Donor-recipient strain combination is indicated on the x axis. *P < 0.05.

T cell proliferation and IFN-y production. In contrast, syngeneic
grafts elicited transient and less pronounced differentiation of
monocytes into DCs that neither expressed IL-12 nor stimulated
IFN-y production. In a model in which T cell recognition is re-
stricted to a single foreign antigen on the graft, rejection occurred
only if allogeneic non-self was also sensed by the host’s innate
immune system. These findings indicate that danger signals alone
are not sufficient for inducing an optimal alloimmune response,
but that innate recognition of allogeneic non-self'is required.

Results

Heart allografts harbor a greater number of monocyte-derived DCs than
do syngeneic grafis. To test whether allogeneic non-self triggers APC
maturation in vivo, we first investigated whether monocytes, which
are the principal source of APCs in inflamed and infected tissues (27),
differentiate into DCs in grafts transplanted into immunocompetent
hosts. We transplanted BALB/c (allogeneic) or B6 (syngeneic) CD45.2
hearts into transgenic B6 CX,CRI#?* CD45.1 mice, in which 1 copy of
the fractalkine receptor (CX,CRI) has been replaced by the eGfp gene
(28). Since CX,CR1 is ubiquitously expressed on monocyte lineage
cells, host monocytes and monocyte-derived cells could be identified
by flow cytometry using eGFP and monocyte lineage-specific mark-
ers (29). We found that a large number of host (CD45.1*) myeloid cells
infiltrated both syngeneic and allogeneic heart grafts within 1 day af-
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ter transplantation (Figure 1A). The infiltrate consisted of neutrophils,
monocytes, DCs, and a small number of macrophages (<1 x 10°
cells/graft) (Figure 1B and Supplemental Figure 1; supplemental ma-
terial available online with this article; doi:10.1172/JCI74370DS]1).
Analysis of infiltrating monocytes revealed that the majority were
Ly6CMCX,CR1 (so-called inflammatory monocytes), while the mi-
nority were Ly6C*CX CR1" (so-called patrolling monocytes) in both
allogeneic and syngeneic grafts (Figure 1C). There was no differential
recruitment of one subset or the other to allogeneic grafts (Figure 1C).
DC analysis showed that the vast majority were of monocytic origin
(eGFP*CD11b"), lacked the macrophage marker F4/80, and approxi-
mately 60% had acquired the maturation marker CD80 (Figure 1D).
Total DCs, total monocyte-derived DCs (mono-DCs), as well as ma-
ture mono-DCs were present in significantly larger numbers in allo-
geneic grafts than in syngeneic grafts (Figure 1, B and E). The same
result was observed when the reverse transplantation experiment was
performed (B6 hearts transplanted into BALB/c recipients) (Figure
1E), ruling out the potential effect of strain background on monocyte-
to-DC differentiation. These results provide evidence for exaggerated
monocyte differentiation into mature DCs in allogeneic grafts.
Increased numbers of mono-DCs in allografts occur independently
of recipient and donor T, B, and innate lymphoid cells. To determine
whether increased differentiation of monocytes into DCs in allo-
grafts is an innate event that occurs independently of the adaptive
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Figure 2. Analysis of monocyte and mono-DC infiltrate in heart grafts transplanted into lymphoid cell-deficient recipients. B6 RAG~ (syngeneic)
or BALB/c RAG™ (allogeneic) heart grafts, except where indicated, were transplanted into B6 RAG”~yc”"CX,CR19%/* recipients. Infiltrating cells were
analyzed by flow cytometry at multiple time points after transplantation. (A-C) Enumeration of host monocytes (A), total mono-DCs (B), and mature
(CD80*) mono-DCs (C) in syngeneic (black circles) and allogeneic (white circles) grafts. Percentage of mature mono-DCs and percentage of mature
mono-DCs that are IL-12p40* or TNF-a* are shown in C. Data represent the mean + SD; n = 4 grafts/group/time point for days 1, 5,10, 21,and 42.n=6
grafts/group for day 3. ND, none detected. (D) Effect of donor MHC (BALB/c, H-2d vs. BALB.B, H-2b) and donor non-MHC (NOR, H-2¢g’ vs. NOD, H-2g)
genotype on the number of mature host mono-DCs in heart allografts 3 days after transplantation into B6 mice (H-2b). (E) Effect of NK depletion in
the donor on the number of host-derived mature mono-DCs and their IL-12 production in heart allografts 10 days after transplantation. Same donor-

recipient strain combination as in A-C. *P < 0.05.

immune system, we first transplanted BALB/c (allogeneic) or B6
(syngeneic) RAG”" hearts into B6 RAG”y¢”"CX ,CRI#?* recipi-
ents, which lack T, B, and innate lymphoid cells including NK cells.
We analyzed the myeloid cells infiltrating the grafts on days 1, 3,
5,10, 21, and 42 after transplantation. Graft infiltration with host
monocytes peaked on day 1, with 2-fold more monocytes detected
in allogeneic grafts than in syngeneic grafts, but declined to com-
parable numbers in both groups by day 3 (Figure 2A). Mono-DCs
were more abundant in allogeneic grafts than in syngeneic grafts
at early time points (days 1-10) and persisted at later time points
(days 21 and 42) only in allografts (Figure 2B). Moreover, allografts
harbored a significantly greater number and proportion of mature
mono-DCs, the majority of which were IL-12p40* both early (day 3)
and late (day 42) after transplantation (Figure 2C). In contrast, ma-
ture mono-DCs were less frequent in syngeneic grafts, and only
a small fraction (<5%) expressed IL-12p40 (Figure 2C). We also
tested TNF-a expression by these cells on day 3 and found the ma-

jority to be positive, whether isolated from syngeneic grafts or al-
logeneic grafts (Figure 2C). As in immunocompetent hosts (Figure
1B), no differences in neutrophil, macrophage, or conventional DC
(CD11b- DCs) numbers were observed between the 2 graft types
(Supplemental Figure 2). In addition, BALB.B grafts, which share
MHC loci (H-2%) with B6 but are otherwise genetically identical to
BALB/c mice, had numbers of mature mono-DCs similar to those
of BALB/c grafts, while NOR and NOD grafts, which share MHC
loci (H-2¢) but are dissimilar at approximately 11% of the genome
outside the MHC locus, elicited strikingly different magnitudes
of mature mono-DC infiltrates after transplantation into B6 mice
(~5-fold greater in NOD grafts than in NOR grafts) (Figure 2D). This
indicates that an MHC mismatch between donor and recipient is
notnecessary for the monocytic response to allogeneic non-self, but
rather that genetic mismatches outside the MHC likely determine
the response. Therefore, allogeneic tissues elicit persistent differ-
entiation of monocytes into mature, IL-12p40* DCs independently
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Figure 3. Enumeration of mature mono-DC infiltrate in bone marrow plug
grafts transplanted into lymphoid cell-deficient recipients. B6 and NOD
grafts on the WT or RAG”-yc”~ background were transplanted under the
contralateral kidney capsules of B6 RAG”~yc™~ recipients. Mature mono-
DCs that infiltrated the grafts were enumerated 1 week later. Each data
point represents 1 graft; n = 6 grafts/experiment; each experiment was
performed twice. Donor strains are indicated on the x axis. ***P < 0.001.

of host T, B, and innate lymphoid cells and independently of MHC
disparities between donor and host. Our findings also show that
syngeneic grafts, in contrast, induce transient monocyte differen-
tiation, and the resulting mono-DCs are IL-12p40-.

Transplanted tissues contain donor or passenger lymphoid
cells that react to allogeneic non-self on host cells (30). This raises
the possibility that enhanced differentiation of host monocytes
into DCs elicited by RAG™" allografts, which lack T and B cells but
have NK cells, may have resulted indirectly from passenger NK
cells responding to missing self in the allogeneic host. We there-
fore transplanted hearts from NK-depleted BALB/c RAG”~donors
into B6 RAG”yc/"CX ,CRI%* recipients and enumerated mature
mono-DCs in the grafts 10 days later. As shown in Figure 2E,
NK depletion of the donor did not reduce the number of mature
mono-DCs; instead, more were detected than in the nondepleted
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grafts. IL-12p40 expression by mono-DCs in NK-depleted grafts
(Figure 2E) was similar to that observed in the nondepleted grafts
shown in Figure 2C. These data indicate that enhanced host
monocyte differentiation into DCs after allotransplantation is
not an indirect consequence of passenger NK cells reacting to the
host. To the contrary, passenger NK cells may downregulate the
host monocytic response. To more definitively rule out the possi-
bility that donor NK cells or other innate lymphoid cells trigger
the host monocyte response, we used a bone marrow plug trans-
plantation model (whereby the graft is rich in donor lymphoid
cells) and compared the host response with that of wild-type ver-
sus RAG”yc”~ grafts. B6 (syngeneic) and NOD (allogeneic) grafts
on the wild-type or RAG”y¢”~ background were transplanted
under the contralateral kidney capsules of B6 RAG” yc”recip-
ients. Host mature mono-DCs were enumerated in the grafts 1
week later. As shown in Figure 3, significantly greater numbers
of mono-DCs were present in wild-type and RAG”"y¢”~ allografts
than in corresponding syngeneic grafts, indicating that the host
monocyte response to allogeneic non-self occurs in the complete
absence of both donor and recipient adaptive and innate lym-
phoid cells. However, we did observe a significant difference in
mono-DC numbers between wild-type and RAG”y¢”~ allografts,
implying that donor lymphoid cells contribute to the host mono-
cyte response in this model but are not required for eliciting it.
These findings therefore establish the presence of a bona fide in-
nate response to allogeneic non-self in the mouse characterized
by the differentiation of monocytes into mature DCs.

Mono-DCs are increased in kidney allografts. To investigate
whether the monocyte response to heart allografts also occurs
in other types of solid organ transplants, we performed 2-pho-
ton intravital imaging of syngeneic and allogeneic kidney grafts
transplanted into RAG”yc”"CX ,CRI#”* recipients and quantified
monocyte entry and differentiation into DCs in the graft tissue.
As shown in Figure 4A, eGFP* cells, which represent recipient
monocyte-lineage cells (29), were observed in equal numbers in
syngeneic and allogeneic grafts immediately after transplantation
(day 0). We detected the vast majority inside the capillaries (Fig-
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Figure 4. Analysis of monocyte and mono-DC infiltration of kidney grafts transplanted into lymphoid cell-deficient recipients. B6 (Syn; black circles) or
BALB/c (Allo; white circles) kidneys were transplanted into B6 RAG”"yc”/"CX,CR1%/* mice. Kidneys were imaged by intravital 2-photon microscopy either
immediately (day 0) or on day 3 after transplantation. Enumeration of total (A), intravascular (i), and extravascular (e) (B), and round and dendrite-shaped
GFP* cells (C) in kidney grafts. Each data point in A and B represents 1image volume. Image volume = 510 x 510 x 25 pm. Representative micrographs show
GFP* cells in green and capillaries in red. Scale bars: 50 um (A) and 10 um (C). n = 3-4 mice/group (1-5 image volumes/mouse). *P < 0.05 compared with

the corresponding syngeneic group.
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Figure 5. Graft mono-DCs present antigen to CD4 and CD8 T cells ex vivo. (A) T cell proliferation (dilution of CTV) and IFN-y production in response to control
splenic CD11b* DCs sorted from naive mice and fed LPS-free OVA in the presence or absence of exogenous LPS. (B) T cell proliferation and IFN-y production in
response to graft mono-DCs fed LPS-free OVA in the absence of exogenous LPS. Mono-DCs were sorted from syngeneic heart grafts on day 3 after transplan-
tation and from heart allografts on either day 3 or day 42. Same donor-recipient strain combination as in Figure 2, A-C. Flow cytometry was performed 5 days
after in vitro stimulation of T cells with DCs. DC/T cell ratio = 1:50. Percentages indicate CFSE-diluted cells. *P < 0.05 compared with the syngeneic group.

ure 4B). By day 3, eGFP* cells had accumulated only in allogeneic
grafts (Figure 4A), and most had exited the blood vessels (Figure
4B and Supplemental Video 1). In addition, they acquired den-
dritic morphology (Figure 4C). These results are consistent with
the heart and bone marrow plug allograft data shown in Figures 2
and 3 and provide additional proof that monocyte migration and
differentiation into DCs is enhanced in allogeneic tissues.
Mono-DCs from heart allografts present antigen and activate
T cells ex vivo. Innate sensing of microbes induces DCs to mature
into potent APCs that drive T lymphocyte proliferation and dif-
ferentiation. To test whether mature mono-DCs generated in re-
sponse to allotransplantation acquire the same cardinal properties,
we sorted mono-DCs from allogeneic heart grafts either 3 or 42
days after transplantation into RAG”"yc”~ mice, and their capacity
to process and present LPS-free OVA to OVA-specific CD4 (OT-1I)
and CD8 (OT-I) T cells was tested in vitro by measuring T cell pro-
liferation and IFN-y production. As shown in Figure 5A, control
splenic CD11b* DCs isolated from naive (untransplanted) mice did
not present LPS-free OVA to either OT-I or OT-II cells unless adju-
vant (LPS) was added to the culture. In contrast, mono-DCs sorted
from day 3 allografts presented LPS-free OVA efficiently, causing
both OT-Iand OT-II cell proliferation and IFN-y production in the
absence of exogenous LPS (Figure 5B). Mono-DCs isolated from
day-42 allografts were also capable of presenting antigen with-

out exogenous LPS, albeit less efficiently than those isolated from
day-3 allografts (Figure 5B). They were also significantly better at
activating CD8 (OT-I) than CD4 (OT-II) T cells (Figure 5B). Mono-
DCs isolated from day-3 syngeneic grafts and fed LPS-free OVA
stimulated OT-I and OT-II proliferation but, unlike mono-DCs
from allogeneic grafts, did not induce IFN-y production (Figure
5B). Therefore, allogeneic non-self acts as an immune adjuvant
that causes persistent maturation of monocytes into APCs, which
resemble in their function those induced by non-self, microbial li-
gands such as LPS (Figure 5A and refs. 31, 32). In contrast, acute
inflammation alone (transplantation of syngeneic grafts) elicits
transient maturation of monocytes into DCs that can stimulate
T cell proliferation in response to cognate antigen but that do not
induce IFN-y production.

Innate allorecognition by monocytes promotes T cell-mediated
graftrejection. We next asked whether innate allorecognition gen-
erates a productive adaptive immune response in vivo — that is,
does it promote T cell-mediated graft rejection? To answer this
question, we transplanted B6-OVA (H-2%) or CB6F1-OVA (H-2"4)
heart grafts into B6 RAG”7y¢”~ (H-2%) recipients and transferred
OVA-specific, RAG-deficient OT-II T cells 2 days after transplan-
tation. B6-OVA grafts differ by a single antigen (OVA) but are
otherwise syngeneic to the recipient, while CB6FI-OVA grafts
express OVA and at the same time are allogeneic to the host. In
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Figure 6. Innate sensing of allogeneic non-self precipitates graft rejection. (A) Heart grafts from multiple donor strains (shown on x axis) were
transplanted into B6 RAG™~yc”"CX,CR19"* recipients, and host-derived mature mono-DCs present in the grafts were enumerated by flow cytometry 3
days later. (B and C) Graft recipients, as in A, received 5 x 10° OT-1l cells 2 days after transplantation. Grafts and spleens were harvested on the day of
rejection or at termination of the experiment (day 42). IFN-y production by OT-II cells in the spleen is shown in B. Allograft survival, number of graft-
infiltrating T cells, and representative graft sections stained with anti-CD3 (red) and hematoxylin (blue) are shown in C (original magnification, x2).

*P < 0.05 compared with B6 and B6-0VA groups.

both cases, antigen recognition by host T cells (consisting en-
tirely of the transferred RAG-deficient OT-II cells) is restricted
to a single OVA peptide that is presented in the context of host
MHC (H-2%), whereas host monocytes remain free to mount an
innate response to allogeneic non-self (present on CB6F1-OVA
but not B6-OVA grafts). As shown in Figure 6, B6-OVA grafts
did not induce monocyte differentiation into DCs above that
observed in syngeneic (B6) grafts (quantitated on day 3 in an in-
dependent group of mice that did not receive OT-II cells) (Fig-
ure 6A), caused minimal IFN-y production by OT-II cells in the
spleen (Figure 6B), and were not rejected (Figure 6C). All grafts
were still beating 42 days after OT-II cell transfer, and all exhib-
ited minimal infiltration with T cells (Figure 6C) and no graft
vasculopathy (chronic rejection). These findings imply that acute
events associated with the transplantation procedure, such as
danger signals induced by tissue ischemia, are not sufficient for
generating a productive adaptive immune response that causes
the rejection of a graft expressing a single non-self antigen
(OVA). In contrast, CB6FI1-OVA grafts, which are allogeneic to
the host, induced significantly greater monocyte differentiation
into DCs, comparable to that observed in BALB/c grafts (Figure
6A), stimulated IFN-y production by OT-II cells (Figure 6B), and
underwent acute cellular rejection (2 of 6 grafts stopped beat-
ing on days 11 and 32 after OT-II cell transfer, and all exhibited
substantial infiltration with T cells) (Figure 6C). Control CB6F1
grafts, which do not express OVA, did not elicit an OT-II [FN-y
response (Figure 6B) and were not rejected (Figure 6C), confirm-
ing that acute rejection of CB6F1-OVA grafts did not result from
cross-reactivity of OT-II T cells with CB6F1 alloantigens. There-
fore, as with microbial non-self, allogeneic non-self triggers an
innate immune response that promotes T cell immunity.
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Monocyte depletion blunts T cell-mediated graft rejection in
immunocompetent mice. To further investigate the in vivo rele-
vance of allorecognition by monocytes, we tested the effect of
depleting monocyte lineage cells on the antigraft T cell response
in immunocompetent mice. B6 CD11bDTR chimeras (B6 mice
reconstituted with syngeneic bone marrow cells that express
the simian diphtheria toxin receptor [DTR] under the control of
the CD11b promoter) were transplanted with BALB/c hearts and
administered diphtheria toxin (DT) to deplete bone marrow-
derived CD11b* cells. DT was restricted to 4 injections (12.5 ng/g
each) given on days 0, 2, 4, and 6 after transplantation to avoid
the morbidity and mortality associated with a high cumulative
DT dose. Control chimeras (B6 mice reconstituted with syn-
geneic bone marrow cells that do not express DTR and trans-
planted with BALB/c hearts) received the same DT regimen. We
found that DT reduced blood monocytes by approximately 70%
in CD11b-DTR chimeras, while sparing lymphocytes and neu-
trophils (Supplemental Figure 3 and ref. 33). Grafts harvested on
day 7 from these mice had significantly fewer CD3*, CD4*, CD8",
and IFN-y* T cells than did grafts from control chimeras (Figure 7,
A and B). They also lacked mono-DCs and were less infiltrated
with monocytes and neutrophils (Figure 7C). Reduction in the
latter was likely a consequence of depleting monocytes, which
are known to drive neutrophil entry into transplanted tissues
(34). However, to test whether neutrophil depletion in the graft
also contributed to blunting of the T cell response, we trans-
planted BALB/c heart grafts into wild-type B6 mice and treated
the recipients with either 1A8, an anti-mouse Ly6G monoclonal
antibody that specifically depletes neutrophils but spares mono-
cytes (Supplemental Figure 3B and ref. 35), or isotype control
antibody (2A3). As shown in Figure 7, D and E, grafts harvested
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Figure 7. Monocyte depletion blunts T cell-mediated rejection. (A-C) B6 CD11b-DTR chimeras (white circles) and B6 wild-type (WT) control chimeras
(black circles) were transplanted with BALB/c hearts and treated with 12.5 ng/g DT on days 0, 2, 4, and 6. Grafts were harvested on day 7 after transplan-
tation. (A) Enumeration of intragraft CD3* cells. Micrographs show graft sections stained with anti-CD3 (red). Original magnification, x2 (top panels) and
x40 (bottom panels). (B) Flow cytometric enumeration of total intragraft CD4* and CD8* T cells (left panel) and IFN-y-producing T cells (right panel). (C)
Enumeration of neutrophils (N), monocytes (M), macrophages (M¢), mono-DCs (mDC), and conventional DCs (cDC) in heart allografts. (D-F) Wild-type B6
mice were transplanted with BALB/c heart grafts and were treated with either 1A8 (neutrophil-depleting anti-mouse Ly6G Ab; white circles) or 2A3 (iso-
type control antibody; black circles). The same enumeration was performed as in A-C. n = 3 and 5 mice/group. *P < 0.05 compared with control groups.

on day 7 from neutrophil-depleted mice had the same number
of CD3*, CD4*, CD8", and IFN-y* T cells as did grafts from non-
depleted (isotype control antibody-treated) recipients. In addi-
tion, neutrophil depletion did not reduce monocyte or mono-
DC infiltration of the grafts (Figure 7F). These findings provide
strong evidence that mono-DCs promote T cell-mediated rejec-
tion in a physiological model of organ transplantation.

To further study the role of mono-DCs in the rejection pro-
cess, we examined the effect of extended monocyte depletion on
heart allograft survival and histology (Supplemental Figure 4).
BALB/c hearts were transplanted into B6 CD11b-DTR or B6 wild-
type bone marrow chimeras, and DT was administered at 25 ng/g
i.p. every other day starting 1 day before transplantation. We ob-
served significant DT-related morbidity in both groups because
of the high cumulative dose administered. One wild-type recipi-
ent was sacrificed on day 6 because of morbidity, while the other
4 rejected their grafts by day 11. All grafts exhibited dense T cell
infiltration, consistent with acute cellular rejection. CD11b-DTR
recipients were sacrificed between days 8 and 15, again because

of morbidity, but all had strongly beating allografts at the time of
sacrifice, and immunohistology demonstrated sparse T cell infil-
tration. These data suggest that monocyte depletion may delay
graft rejection in otherwise unmanipulated mice.

MyD88 and NALP3 pathways are not necessary for host monocyte
response to allografts. To test whether known innate signaling path-
ways that participate in danger recognition also participate in the
monocyte response to allogeneic non-self, we transplanted BALB/c
hearts into wild-type, Myd88~- and Nalp37~ B6 recipients and enu-
merated host mature mono-DCs in the grafts 3 days later. As shown
in Figure 8, mono-DC infiltration of the allografts was significantly
greater in all 3 recipient groups compared with that seen in the
syngeneic (B6) grafts transplanted into wild-type B6 mice. No sig-
nificant differences in mono-DC numbers were detected between
allografts transplanted into knockout and wild-type hosts, although
we observed a trend toward more infiltration in Myd88”~ recipients.
These results suggest that innate allorecognition of allogeneic non-
self by monocytes involves signaling pathways distinct from those
triggered by danger-associated molecules.
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Figure 8. MyD88 and NALP3 pathways are not necessary for host mono-
cyte response to allografts. Syngeneic heart grafts (B6; black circles) were
transplanted into B6 wild-type mice. Allogeneic heart grafts (BALB/c; white
circles) were transplanted into B6 wild-type, Myd88~-, or Nalp3~/- mice. Host
mature mono-DCs that infiltrated the grafts were enumerated 3 days after
transplantation. Recipient strains are indicated on the x axis. P values by
Mann-Whitney U test are shown.

Discussion

We have demonstrated that allogeneic tissues transplanted into
lymphoid cell-deficient mice elicit innate responses that are quan-
titatively and qualitatively distinct from those elicited by synge-
neic grafts. Allogeneic grafts induced persistent differentiation of
monocytes into mature DCs that were present in greater numbers
than in syngeneic grafts, expressed IL-12, and stimulated T cell
proliferation and IFN-y production. In contrast, syngeneic grafts
elicited transient differentiation of monocytes into mature DCs
that neither expressed IL-12 nor stimulated IFN-y production. We
also provided evidence that enhanced differentiation of mono-
cytes into mature DCs in allografts potentiates T cell-mediated
rejection. Therefore, allogeneic non-self links innate immunity to
adaptive immunity by inducing the maturation of DCs.

Our findings unite alloimmunity with the Janeway model of
microbial immunity, which states that recognition of non-self
determinants underlies the initiation of protective immune re-
sponses (1). Traditionally, innate immune activation and APC mat-
uration after tissue transplantation have been attributed to danger
molecules released by dying graft cells, a known consequence of
ischemia-reperfusion injury (11). If danger were the sole driver of
innate immune activation, one would expect APC maturation to
be identical in allogeneic and syngeneic grafts transplanted into
lymphoid cell-deficient hosts, since both types of grafts are sub-
jected to the same surgical procedures, and the contribution of
the host’s adaptive alloimmune response has been eliminated.
However, we found that this is not the case. Monocyte-derived DC
numbers, maturation, and function were significantly different
between allogeneic and syngeneic grafts, and these differences
had a demonstrable impact on T cell activation and graft rejection.
Innate sensing of allogeneic non-self by monocytes, therefore,
provides an important immune adjuvant effect above and beyond
that provided by danger signals. Our data further indicate that the
adjuvant effect of allogeneic non-self is necessary for inducing the
IFN-y* Thl immunity characteristic of most rejection responses.
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The results reported in this article further establish the exis-
tence of allorecognition mechanisms within the innate immune
system, a property previously attributed only to adaptive immune
cells (T, B, and NK cells). The possibility that innate immune cells
respond to allogeneic non-self has been suggested before (36), but
the relevance of such a response to protective immunity has not
been elucidated. Harrison and colleagues identified a subtle dif-
ference in neutrophil and macrophage infiltration of the mouse
peritoneal cavity after injection of allogeneic cells compared with
injection of syngeneic cells (37). This difference was further exag-
gerated if xenogeneic cells were transplanted. We have previously
reported that injection of allogeneic splenocytes into the ear pinnae
of RAG”" mice elicits significantly greater swelling and infiltration
of the skin with host myeloid cells than injection of syngeneic sple-
nocytes (26). The response occurred independently of NK cells and
was mediated by monocytes. These earlier studies set the stage for
exploring innate allorecognition but fell short of defining how it af-
fects the host. In contrast, we have established in the current study
the physiological and disease relevance of innate allorecognition by
demonstrating its role in triggering T cell-dependent alloimmunity
and graft rejection. The determinants responsible for innate allorec-
ognition, however, remain to be defined. Our observation that NOR
and NOD grafts elicit markedly different monocyte responses de-
spite sharing the same MHC suggests that polymorphic non-MHC
loci that differ between NOR and NOD mice code for allodetermi-
nants that modulate monocyte differentiation. Non-MHC regions
that are not shared between the NOR and NOD strains contain
many genes that code for immunologically relevant molecules.
One such gene codes for SIRPa, a polymorphic membrane protein
expressed on monocytes, macrophages, DCs, and neurons (38).
Engagement of SIRPa with its ligand CD47, which is ubiquitously
expressed but is not polymorphic, delivers a “do-not-eat-me” signal
to macrophages and inhibits DC maturation. CD47-SIRPa interac-
tions have been shown to enhance engraftment of xenogeneic and
allogeneic cells in mice and to protect tumor cells from phagocyto-
sis (39-42). The availability of multiple NOD.NOR and NOR.NOD
congenic mice should allow us in the future to determine through a
classical genetic mapping strategy whether SIRPa or other gene(s)
account for the observed innate response to allogeneic non-self.

The novel findings reported in this article provide the impe-
tus to tackle vexing problems in organ transplantation, such as
tolerance, through the fresh prism of innate allorecognition. Our
key observation that monocyte recognition of allogeneic non-self
persists over time (long after acute surgical inflammation has sub-
sided) should also provide valuable insights into the pathogenesis
and treatment of chronic rejection, the principal cause of long-
term graft failure in humans, and into better strategies to achieve
durable transplant tolerance.

Methods

Mice. C57BL/6] (B6) (Thyl.2, CD45.2, H-2", BALB/c] (BALB/c, H-29),
BALB.B (H-2%), B6.SJL-Ptprca Pepcb/Boy] (CD45.1, Thy1.2, H-2b), CBy].
B6(Cg)-Rag2™%" /] (BALB/c RAG ™), B6.129S7-Ragl™™ /] (B6 RAG ™),
B6.129P-Cx3cr1miit /] (B6 CXSCRl-eGFP CD45.2), B6.129P(Cg)-
Ptpre Cx3cr1miin [Litt] (B6 CXSCRl-eGFP CD4-5.1), B6.FVB-Tg(IT-
GAM-DTR/EGFP)34Lan/] (B6 CD11b-DTR), CB6F1/] (B6 x BALB/c
F1, H-2"9), C57BL/6-Tg(CAG-OVA)916Jen/] (B6-OVA), NOD (NOD/
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ShiLt]), and NOD RAG7yc”~ (NOD.Cg-Ragl" ™o []2rg""!/Sz]) mice
were purchased from The Jackson Laboratory. B6.129S6-Rag2mifve
Tg(TcraTerb)425Cbn  (RAG7-OT-II) and B10;B6-Rag2™™a [12rgm™i
(RAG7yc”") mice were purchased from Taconic. B6.129P-Cx3cr1ti /]
mice were bred on the RAG”/yc” background. C57BL/6-Tg(Tcra-
Terb)1100Mjb/] (B6 OT-I; The Jackson Laboratory) were bred on the
RAG™ background. B6-OVA mice were crossed with BALB/c mice to
generate CB6F1-OVA mice. MyD887~ and NALP3” mice on the B6
background were bred and maintained at the University of Pittsburgh
animal facility. All animals were maintained under specific pathogen-
free conditions.

Surgical procedures. Heterotopic transplantation of primarily
vascularized cardiac and kidney grafts was performed as previously
described (43, 44). Cardiac allograft rejection was defined as cessation
of a palpable heartbeat and was confirmed by histological analysis.
Bone marrow plug transplantation was performed under the kidney
capsule by isolating intact bone marrow plugs from donor femurs.
Recipient mice were anesthetized and the kidney exposed via a small
flank incision. A small incision was made in the kidney capsule and a
pocket created with blunt forceps. The bone marrow plug was placed
in the subscapular pocket with vascular forceps.

Bone marrow chimeras. Bone marrow chimeras were created by
lethally irradiating B6 wild-type (CD45.1) mice (10 Gy total body
irradiation using a Nordion Gamma Cell 40 cesium source) followed
by iv. transfer of 107 bone marrow cells from either B6 wild-type
(CD45.2) or B6 CD11b-DTR /eGFP (CD45.2) mice. Donor bone mar-
row reconstitution was verified 8 weeks after transplantation by flow
cytometric analysis of peripheral blood.

Mouse treatment. Bone marrow chimeras were treated with 12.5 or
25 ng/g body weight DT (Sigma-Aldrich) at the indicated time points
(Figure 7 and Supplemental Figure 4). For NK cell depletion, BALB/c
RAG” mice (heart donors) received 50 pl of polyclonal rabbit anti-
mouse Asialo GM1 antibody (Cedarlane) on days -2 and -1 before
transplantation according to the manufacturer’s instructions. NK cell
depletion was verified in the spleen at the time of heart procurement
for transplantation. Absence of transferred NK cells was also con-
firmed in the recipient blood and spleen at the time of graft harvest.
For neutrophil depletion, mice received 500 pg anti-mouse Ly-6G
monoclonal antibody (clone 1A8) (35) or 500 pg isotype control anti-
body (clone 2A3; BioXCell) daily i.p. starting on day -2 before trans-
plantation and for the duration of the experiment.

Leukocyte isolation. Mice were anesthetized and perfused with 20
to 40 ml PBS plus 0.5% heparin via the left ventricle until the fluid exit-
ing the right ventricle did not contain any visible blood. Cells from car-
diac grafts were isolated as previously described (45). Briefly, tissues
were homogenized using a GentleMACS tissue processor (Miltenyi
Biotec) and digested at 37°C for 45 minutes in RPMI plus 10% FCS
containing Collagenase IV (350 U/ml; Sigma-Aldrich) and DNAse I
(20 ng/ml, Sigma-Aldrich). Leukocytes were isolated by gradient cen-
trifugation using Lympholyte M (Cedarlane). Total recovered cells
were counted using a hemocytometer or an automated cell counter
(Beckman Coulter). Leukocytes from bone marrow plugs were iso-
lated using the same procedure.

Flow cytometry and intracellular cytokine staining. The following
fluorochrome- or biotin-tagged antibodies were purchased from BD
Pharmingen, eBioscience, BioLegend, or R&D Systems: CD4 (RM4-5),
CD8a (53-6.7), CD62L (MEL-14), CD44 (IM7), CD90.1 (OX-7),
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CD90.2 (30-H12), CD45.1 (A20), CD45.2 (104), CD45R/B220 (RA3-
6B2), CD49b (DX5), F4/80 (BMS8), CD11b (M1/70), CD11c (N418),
Ly-6C (HK1.4), Ly-6G (1A8), CD19 (1D3), MHCII (M5/114.15.2),
CDS80 (16-10A1), IL-12p40 (C17.8), TNF-a (MP6-XT22), and IFN-y
(XMG1.2). Fixable live/dead Aqua cell stain (405 nm excitation) and
Cell Trace Violet (405 nm excitation) were purchased from Invit-
rogen. Intracellular cytokine staining was performed as previously
described (45). Briefly, cells were washed, stained for surface markers,
fixed with BD Cytofix/Cytoperm, permeabilized with 0.25% saponin,
and incubated with anti-IFN-y, anti-TNF-o or anti-IL-12p40 antibody
for 1 hour at room temperature. Flow acquisition was performed on
an LSR Fortessa flow cytometer (BD Biosciences), and data were ana-
lyzed using Flow]Jo software (Tree Star Inc.).

Ex vivo antigen presentation assay. Mono-DCs (lineage [CD19, CD90,
NK1.1, DX5] Ly-6G CD45*'CD11b*GFP*F4/80"°CD11c*) were sorted by
flow cytometry from syngeneic and allogeneic grafts (control splenic
CD11b* DCs) and incubated with endotoxin-free OVA (50 mg/ml) for
24 hours. For controls, CD11b* DCs were sorted from naive (untrans-
planted) mouse spleens and incubated with OVA alone or with OVA and
LPS (100 ng/ml). CFSE or CellTrace Violet-labeled (CTV-labeled) OT-11
(CD4) TCR-tg (Thy 1.2) and OT-I (CD8) TCR-tg (Thy 1.1) T cells were
then added to the cultures (50,000 cells/well each; 1:50 DC/T cell ratio)
and harvested 4 days later. Brefeldin A was added 24 hours before har-
vesting. Cells were stained for CD4, CD8, congenic markers (Thyl.2 and
Thy1.1), CD44, CD62L, and IFN-y and analyzed by flow cytometry.

2-photon intravital microscopy. Multiphoton intravital microscopy
was performed on transplanted kidneys using an established method
(44). An Olympus FluoView FV1000 microscope equipped with a Mai
Tai DeepSee femtosecond-pulsed laser (Spectra-Physics) tuned and
mode-locked to 915 nm was used for all experiments. Mice were anes-
thetized with isoflurane and oxygen and core body temperature main-
tained at 37°C with a homeothermic controller (TC-1000; CWE Inc.).
Animals were kept hydrated by injecting 1 ml of 5% dextrose lactated
ringer’s solution s.c. every 60 minutes. Blood vessels were visualized by
injecting nontargeted QTracker 705 quantum dots (Life Technologies).
The kidney graft was extraverted from the abdominal cavity with intact
vascular connection and immobilized in a custom cup mount. A cover-
slip was placed on top of kidney, and z stacks were visualized with a x25
water immersion objective (NA: 1.05) 25-50 pm below the kidney cap-
sule. A total of 11 slices per stack were acquired at a step size of 2.5 pm.
Brightness and laser power were adjusted based on the imaging depth
and kept below phototoxic levels. Dwell time was set to 8 ps/pixel and
a resolution of 512 x 512 pixels. Approximately 30-second-long stacks
were repeatedly scanned up to 60 times for a maximum imaging time
of 30 minutes per location. Up to 5 different locations per kidney graft
were imaged. All acquired movies were analyzed using Imaris software
(Bitplane). Drift was corrected using the blood vessels as a reference
point. All GFP* cells detected during the imaging time were enumer-
ated. Cells were determined to be extravascular if the majority or all of
the cell body had moved outside the capillary lumen.

Immunohistochemistry. Grafts were harvested from mice after
extensive cardiac perfusion and processed immediately by slicing
into 2- to 3-mm sections and fixing in zinc-buffered formalin for
24 hours. Tissue was then paraffin embedded, and 5-mm sections
were mounted on glass slides according to standard methods. Sec-
tions were stained with anti-mouse CD3 monoclonal antibodies
and peroxidase-conjugated secondary antibody and scanned by a
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Zeiss digital microscopy system. CD3* cells were enumerated using
Pannoramic Viewer (3DHISTECH) and Image] (NIH) software.

Statistics. Four animals per group were chosen so that the exper-
iment had 80% power to detect, at 5% significance, a 2-fold differ-
ence, assuming a 0.5-fold, between-variability difference. Mice from
different litters were randomly assigned to the different experimen-
tal groups. Blinding was not possible. Donor-recipient pairs were sex
matched. Both sexes of mice were used. Technical failures (nonbeating
heart during the first 2 days after transplantation or nonperfused kid-
ney graft at the time of intravital imaging) after transplantation were
excluded from the analysis. All figures display the mean values with SD
error bars. All calculations were performed using GraphPad Prism 6.0
(GraphPad Software). Statistical significance (P < 0.05) was calculated
using an unpaired 2-sided ¢ test or the Mann-Whitney U test.

Study approval. Animals were maintained and procedures were
performed with approval of the Institutional Animal Care and Use
Committee of the University of Pittsburgh.
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