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IL-1� and IL-1� Are Endogenous Mediators Linking Cell
Injury to the Adaptive Alloimmune Response1

Deepak A. Rao,* Kevin J. Tracey,§ and Jordan S. Pober2*†‡

Preoperative or perioperative ischemic injury of allografts predisposes to graft arteriosclerosis, the major cause of late graft
failure. We hypothesize that injured tissues release mediators that increase the production of pathogenic cytokines by alloreactive
T cells. We find that freeze-thaw lysates of human endothelial cells (EC) increase both IFN-� and IL-17 production by human
CD4� T cells activated by HLA-DR� allogeneic EC. Immunoadsorption of high-mobility group box 1 protein (HMGB1) reduces
this activity in the lysates by about one-third, and recombinant HMGB1 increases T cell cytokine production. HMGB1 acts by
inducing IL-1� secretion from contaminating monocytes via TLR4 and CD14. Upon removal of contaminating monocytes, the
remaining stimulatory activity of EC lysates is largely attributable to IL-1�. Recombinant IL-1 directly augments IFN-� and IL-17
production by activated memory CD4� T cells, which express IL-1R1. Furthermore, IL-1 increases the frequency of alloreactive
memory CD4� T cells that produce IL-17, but not those that produce IFN-�, in secondary cultures. Our results suggest that IL-1,
released by injured EC or by HMGB1-stimulated monocytes, is a key link between injury and enhanced alloimmunity, offering
a new therapeutic target for preventing late graft failure. The Journal of Immunology, 2007, 179: 6536–6546.

G raft arteriosclerosis is the major cause of clinical graft
failure after the first year posttransplantation and is char-
acterized by a diffuse narrowing of the conduit arteries

of the graft (1). Animal models clearly demonstrate a role for the
host antigraft adaptive immune response in the development of
graft arteriosclerosis, as such lesions either do not form, or form
much more slowly, in syngeneic grafts or in grafts transplanted
into immunocompromised recipients (2). Affected arteries contain
infiltrates of T cells subjacent to the luminal endothelium. Graft
endothelial cells (EC)3 are a likely target of the host alloimmune
response, as human EC express MHC class I and class II in vivo
and can activate allogeneic resting memory T cells to proliferate
and produce effector cytokines in vitro (3).

T cell production of IFN-� in particular plays a key role in the
development of graft arteriosclerosis. Genetic ablation of IFN-� or
its receptors ameliorates graft arteriosclerosis in mouse heterotopic
heart transplant models (4, 5). In humanized mouse models, IFN-�
alone is sufficient to induce arteriosclerosis in human artery grafts
(6), whereas neutralization of IFN-� protects human artery grafts
from allogeneic T cell-mediated remodeling (7). Although the role
of IL-17 in graft arteriosclerosis is less clear, IL-17 has been im-

plicated in acute allograft rejection, as blockade of the IL-17R
prolongs survival of murine heterotopic heart allografts (8, 9).

Nonimmune factors also contribute to the development of graft
arteriosclerosis and dictate in part the lifespan of allografts (2). In
human kidney transplantation, cadaver allografts fail at a faster
rate than living donor grafts, often despite better MHC matching
(10). This difference in graft survival has been attributed to the
greater degree of injury incurred by cadaver grafts, which includes
incubation in a hemodynamically unstable donor, longer cold isch-
emic times, and in the case of non-heart beating donors, additional
warm ischemic time (11). In addition, cadaver renal allografts with
delayed graft function, a condition that correlates strongly with
prolonged ischemic time, have a significantly shorter half-life than
those without delayed function (12). One possible explanation of
these observations is the “burden of injury” hypothesis, which pro-
poses that early graft injury is one of several types of injury ex-
perienced by a graft, including acute rejection episodes, chronic re-
jection, and preexisting comorbidities, such that when all of the forms
of injury are summed, grafts exposed to increased perioperative injury
simply reach the threshold of failure earlier (13, 14). Alternatively, the
“immune modulation” hypothesis posits that early graft injury
changes a graft such that it interacts with the host adaptive immune
system differently, eliciting an altered rejection response with in-
creased production of pathogenic cytokines (1, 15). Experiments us-
ing murine cardiac allograft models have provided some support for
this latter hypothesis, as grafts recently exposed to ischemia-reperfu-
sion injury are more rapidly rejected by an adoptively transferred ef-
fector T cell populations than are healed-in grafts (16).

We hypothesize specifically that allograft injury decreases the
overall life of an allograft by releasing mediators sometimes called
damage-associated molecular patterns that, like pathogen-associ-
ated molecular patterns, direct the host adaptive immune response
toward a more pathogenic response characterized by increased
IFN-� and IL-17 production. The mediators produced in injured
allografts that could alter the host adaptive immune response in this
way are unclear. Tissue injury can produce a number of substances
with inflammatory or immunomodulatory properties, including ma-
trix fragments, heat shock proteins, nucleic acids, uric acid, high-
mobility group box 1 protein (HMGB1), and IL-1� (17–22). Heat
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shock proteins and nucleic acids may affect the adaptive immune re-
sponse by acting through TLRs (23, 24). Recently, IL-1� was shown
to be a signal released in response to dying cells that stimulates acute
inflammation (25). Similarly, the effect of uric acid may be to enhance
IL-1 secretion, as its actions also depend on the IL-1R (26).

HMGB1 is a nuclear, DNA-binding protein that is released pas-
sively from necrotic, but not apoptotic, cells and actively from
stimulated APCs (27, 28). Upon release, HMGB1 induces a num-
ber of inflammatory responses, including monocyte inflammatory
cytokine production, neutrophil activation, and dendritic cell matura-
tion (29–31). Responses to HMGB1 have been attributed to signaling
through at least three different receptors, including TLR2, TLR4, and
the advanced glycosylation end product-specific receptor AGER (for-
merly RAGE) (28, 32). HMGB1 appears to alter adaptive immune
responses, as both recombinant HMGB1 and HMGB1 secreted from
LPS-matured dendritic cells promote production of Th1 cytokines in
vitro, and blockade of HMGB1 slows rejection of murine heterotopic
heart allografts in vivo (31, 33, 34).

IL-1� and IL-1� are evolutionarily ancient and prototypical
proinflammatory cytokines (17). Products of two distinct genes,
IL-1� and IL-1� bind the same IL-1 receptor 1 (IL-1R1) and elicit
essentially indistinguishable responses mediated by the signaling
adaptor protein MyD88. A third member of the IL-1 family, IL-1R
antagonist, also binds IL-1R1, but does not transmit an activating
signal and can inhibit the effects of IL-1� and IL-1� (17). Mono-
cyte/macrophages are the predominant source of IL-1�, which is
stored intracellularly as an inactive precursor that is cleaved by
caspase-1 to the active form upon stimulation. In contrast, IL-1� is
expressed in many cell types, including EC and vascular smooth mus-
cle cells, and remains primarily cell-associated in an unprocessed
form that is bioactive (17, 35–39). Effects on lymphocyte activation
were some of the earliest actions recognized for IL-1. IL-1 costimu-
lates proliferation of murine thymocytes and Th2, but not Th1 clones
(40–42). IL-1 has also been shown to costimulate IFN-� production
and proliferation from activated murine T cells and to promote dif-
ferentiation of naive murine T cells into IL-17-producing effector cells
(43, 44). In addition, two recent reports demonstrate that IL-1�, in
combination with IL-6, drives the differentiation of human naive
CD4� T cells toward an IL-17-producing phenotype (45, 46).

In this study, we have used in vitro human EC-T cell cocultures
as a model of the allogeneic memory T cell response to investigate
the effects of mediators released by damaged EC on graft rejection.
We report that injured EC release mediators that enhance alloreac-
tive human T cell production of IFN-� and IL-17. Using a candi-
date approach, we first identified HMGB1 as one of these mediators
and demonstrated that HMGB1 enhances T cell IFN-� production
principally through an indirect pathway by inducing monocyte secre-
tion of IL-1�. We subsequently identified IL-1� as the primary me-
diator released from damaged EC that acts directly on T cells to en-
hance early cytokine production. IL-1 released by either mechanism
further promotes the expansion of human alloreactive memory CD4�

T cells that secrete IL-17 in secondary cultures. Thus, we identify a
molecular mechanism by which cell injury alters the adaptive allo-
immune response through release of IL-1.

Materials and Methods
Reagents and Abs

PHA, PMA, and ionomycin were purchased from Sigma-Aldrich. Mouse
anti-human IL-1�, mouse anti-human IL-1�, mouse anti-human AGER,
mouse anti-human CD14, mouse anti-human TNF, mouse anti-human IL-
12p40, mouse anti-human IL-18R�, and mouse anti-human HMGB1 were
purchased from R&D Systems. Mouse anti-human CD3 (OKT3), mouse anti-
human CD28 (clone 28.2), mouse anti-human TLR4, mouse anti-human
TLR2, mouse anti-human CD45RA, mouse anti-human CD45RO, and isotype
control Abs were purchased from eBioscience. Rabbit anti-human phospho-

p38 and anti-human phospho-JNK were purchased from Cell Signaling Tech-
nology. PE-conjugated anti-IFN-� and the isotype control were purchased
from BD Pharmingen. FITC-conjugated anti-human ICAM-1 and an isotype
control were purchased from Beckman Coulter. Anti-human HLA-DR
(LB3.1) was a gift from J. Strominger (Harvard University, Cambridge, MA).
Ultra-pure LPS was purchased from InvivoGen. Recombinant human IL-1�
and IL-1� were purchased from PeproTech. IL-1Ra was purchased from Am-
gen. Recombinant human TNF was purchased from R&D Systems. Recom-
binant human IFN-� was purchased from Invitrogen Life Technologies. Re-
combinant HMGB1 was prepared as previously described (47). Endotoxin
content in the HMGB1 preparations was found to be 0.6 pg/�g of HMGB1 by
the Chromogenic Limulus amebocyte lysate assay (BioWhittaker) (47).

Isolation and culture of human cells

All human cells were obtained under protocols approved by the Yale Human
Investigations Committee. PBMCs were isolated by density centrifugation of
leukapheresis products from anonymized adult volunteer donors. To isolate
CD4� T cells, PBMCs were incubated in RPMI 1640 supplemented with 10%
FBS on tissue culture plates for 30 min at 37°C to deplete adherent PBMCs.
CD4� T cells were isolated from nonadherent PBMCs by positive selection
using magnetic bead separation (Invitrogen Life Technologies). Monocytes
were depleted from CD4-selected populations by further negative selection
using anti-CD14 and anti-HLA-DR Abs at 5 �g/ml for 20 min. Naive and
memory CD4� T cell subsets were isolated from CD4-selected populations by
negative selection using anti-CD45RA or anti-CD45RO Abs at 5 �g/ml. Cells
were then washed twice and incubated with beads coated with goat anti-mouse
Abs (Invitrogen Life Technologies). Monocytes were isolated from PBMCs by
negative selection using magnetic bead separation (Invitrogen Life Technol-
ogies). To generate monocyte conditioned medium, monocytes cultured at 106

cells/ml were treated with HMGB1 at 5 �g/ml or the control buffer for 24 h.
Conditioned medium was passed through a 0.45-micron filter before addition
to EC-T cell cocultures.

HUVEC were isolated from umbilical cords by collagenase (Worthing-
ton Biochemical) digestion and cultured on gelatin-coated (Fisher Scien-
tific) tissue culture plates in M199 supplemented with 20% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin (all from Invitrogen
Life Technologies), 0.1% endothelial cell growth supplement (Collaborative
Biomedical Products), and 100 �g/ml porcine heparin (Sigma-Aldrich) as
previously described (48). Serially passaged cells were used at the third or
fourth subculture. Such cultures are uniformly positive for von Willebrand
factor and CD31 and lack detectable contamination by CD45-expressing leu-
kocytes. For EC activation assays, confluent EC monolayers were washed
once with HBSS and then treated with stimuli as indicated.

To generate lysates, 3–4 million EC were washed in HBSS (Invitrogen
Life Technologies) and incubated in a thin layer of trypsin-EDTA (Invitro-
gen Life Technologies) for 1 min. Detached cells were collected in EC
culture medium, washed twice in HBSS, then resuspended in RPMI 1640
and subjected to four rounds of rapid freezing in liquid nitrogen and thaw-
ing in a 37°C water bath. Incubation of an aliquot in 0.2% trypan blue
(Sigma-Aldrich) confirmed �90% cell lysis. Lysates were centrifuged at
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FIGURE 1. EC lysates contain mediators, including HMGB1, that en-
hance IFN-� production in EC-T cell cocultures. A, EC lysates were added
to cocultures of CD4� T cells with allogeneic HLA-DR� EC, and IFN-�
in the culture medium was assayed by ELISA at 24 h. Mean � SD of
triplicate samples is shown. B, After immunoadsorption by incubation with
isotype control- or anti-HMGB1-coated beads, EC lysates were assayed for
HMGB1 by immunoblotting. C, Control- or HMGB1-depleted EC lysates
were added to cocultures of CD4� T cells with allogeneic HLA-DR� EC,
and IFN-� in the culture medium was assayed by ELISA at 24 h. Mean �
SD of triplicate samples is shown. �, p � 0.001; ��, p � 0.02. One of six
(A) or one of three (C) independent experiments using two different donors
is shown with similar results.
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over 10,000 � g for 10 min at 4°C, and the soluble fraction was collected.
Lysates were kept cold throughout the preparation until immediately before
addition to EC-T cell cocultures.

T cell activation in vitro

Where indicated, EC were treated with 50 ng/ml recombinant human
IFN-� for 72 h to restore HLA-DR expression lost during cell culture. EC
were washed three times with HBSS before coculture with allogeneic

CD4� T cells. No residual IFN-� is detected in IFN-�-treated EC culture
wells after washing the cells with HBSS. CD4� T cells were added at a
density of 3 � 106 cells/ml in RPMI 1640 (Invitrogen Life Technologies)
supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin,
and 100 �g/ml streptomycin.

For activation assays using anti-CD3 and anti-CD28 mAbs, tissue cul-
ture plates were coated with anti-human CD3 Ab in PBS at the indicated
concentrations for 2 h at 37°C. Plates were washed three times in PBS, and
then CD4� T cells were added at a density of 106 cells/ml. Anti-human
CD28 Ab was added directly to T cell cultures.

For restimulation assays, memory CD4� T cells were cocultured with
allogeneic EC for 3 days, washed twice, and rested for 3 days with 10 U/ml
recombinant IL-2. T cells were then washed twice and cocultured with
fresh EC from the same donor as those used in the primary coculture.
Alternatively, to increase the number of responding T cells, CD32-trans-
duced EC, generated as previously described (49), were coated with 1
�g/ml anti-CD3 mAb for 30 min, washed three times with HBSS, and then
cocultured with T cells. T cells were activated and rested as above and then
restimulated for 6 h with 10 ng/ml PMA plus 1 �M ionomycin and ana-
lyzed by intracellular cytokine staining (ICS).

Immunoadsorption of HMGB1

Protein G beads (Invitrogen Life Technologies) were incubated with a
mAb against HMGB1 or an isotype control Ab at a concentration of 1
mg/ml for 1 h at room temperature with continuous shaking. Beads were
washed four times with PBS, blocked by incubation with PBS containing
1% BSA for 30 min, then washed another four times. EC lysates or re-
combinant HMGB1 stock solution was incubated with the coated beads for
1 h on ice with continuous shaking. Solutions recovered following the
depletion procedure were analyzed by immunoblotting to determine the
extent of depletion and added to EC-T cell cocultures.

Flow cytometric analysis

For cell surface staining of EC, cells were washed in HBSS and incubated
with trypsin-EDTA (Invitrogen Life Technologies) for 1 min. Detached
cells were collected in M199 containing 20% FBS and centrifuged at
300 � g for 10 min. Cells were resuspended in PBS containing 1% BSA
and 0.1% sodium azide and incubated with conjugated Abs for 30 min on
ice. For ICS, 10 �g/ml brefeldin A (Molecular Probes) was added for the
last 4 of 24 h EC-T cell cocultures or at the start of 6 h restimulation
periods with PMA plus ionomycin. Cells were collected by vigorous pi-
petting, washed once in PBS, and then fixed in Cytofix/Cytoperm (BD
Biosciences) for 30 min at room temperature. Fixed cells were washed
twice in PBS containing 1% BSA (American Bioanalytical) and 0.1% sa-
ponin (Sigma-Aldrich) and stained with a conjugated anti-IFN-� Ab or an
isotype control diluted at 1/100 for 1 h on ice in PBS/BSA/saponin. Cells
were washed once in PBS/BSA/saponin and once in PBS. T cells or EC
were analyzed on a FACSort using CellQuest software (BD Biosciences).

Immunoblotting

To assess p38 and JNK phosphorylation, EC samples were prepared as
previously described (50). These lysates and freeze-thaw lysates were
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FIGURE 2. Recombinant HMGB1 increases CD4� T cell IFN-� pro-
duction. A, Recombinant HMGB1 (5 �g/ml) was added to cultures of
CD4� T cells alone or to cocultures of CD4� T cells with allogeneic
HLA-DR� or HLA-DR� EC. IFN-� in the culture medium was assayed by
ELISA at 24 h. Mean � SD of quadruplicate samples is shown. B, CD4�

T cells were cocultured with allogeneic EC and stimulated with 1 �g/ml
PHA in the presence or absence of recombinant HMGB1 (5 �g/ml). Brefel-
din A was added for the final 4 h of the 24-h culture, at which time cells
were permeabilized and stained for IFN-� and CD4. C, Mean � SD of
triplicate samples analyzed as in B. �, p � 0.0005; �� p � 0.002. One of
eight (A) or one of three (B) independent experiments is shown using three
different donors with similar results.
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T cells were depleted of monocytes using an anti-CD14 Ab and compared with depletion with a control Ab by flow cytometric analysis for CD4 and CD14.
B, CD4� T cell populations either depleted of CD14� monocytes or not depleted of monocytes were cocultured with allogeneic HLA-DR� EC and treated
with HMGB1 (5 �g/ml) or control buffer. IFN-� in the culture medium was assayed by ELISA at 24 h. Mean � SD of triplicate samples is shown. C,
Monocytes were depleted from CD4� T cell isolates as in A, and negatively isolated autologous monocytes were added back to CD4� T cell isolates or
not before coculture with HLA-DR� allogeneic EC. HMGB1 (5 �g/ml) or control buffer was added. IFN-� was measured in culture medium by ELISA
at 24 h. Mean � SD of triplicate samples is shown. �, p � 0.001; ��, p � 0.0001. One of three independent experiments using three different donors with
similar results.

6538 IL-1 LINKS CELL INJURY TO ALLOIMMUNITY

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


supplemented with an equal volume of 2� SDS-PAGE sample buffer (100
mM Tris-Cl (pH 6.8), 200 mM DTT, 4% SDS, 0.2% bromphenol blue,
20% glycerol) and heated at 95°C for 5 min. Samples were separated by
electrophoresis in a 10% SDS-PAGE gel, and proteins were transferred to
a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h at 4°C. After block-
ing with TBST containing 5% nonfat milk for 1 h at room temperature,
membranes were probed overnight at 4°C with an anti-HMGB1 Ab at 2
�g/ml in the blocking buffer or with anti-phospho-p38 or anti-phospho-
JNK Abs in TBST containing 5% BSA. Bound Abs were detected with a
HRP-conjugated goat anti-mouse or goat anti-rabbit secondary Abs (1/
10,000; Jackson ImmunoResearch, Laboratories) and ECL substrate
(Pierce).

Measurement of cytokine production

Supernatants from EC cultures, monocyte cultures, and EC-T cell co-
cultures were collected after 24 h. ELISA analysis for IL-1�, IL-17
(both R&D Systems), IFN-�, IL-8 (both Invitrogen Life Technologies),
and IL-5 (eBioscience) were performed according to the manufacturer’s
instructions.

Quantitative RT-PCR

Total RNA from naive or memory CD4� T cells was isolated using a
Qiagen RNeasy Mini kit. cDNA was synthesized using Taqman R reagents

(Applied Biosystems) according to the manufacturer’s instructions. Quan-
titative RT-PCR was performed exactly as described (51) using the fol-
lowing primers: (5�-3�): IL-1R1 (forward) 5�-GTATCTACAGAACAAG
CCTCC-3�, (reverse) 5�-GTTTGCAATCCTTATACCACTG-3�; GAPDH
(forward) 5�-GAAGGTGAAGGTCGGAGTC-3�, (reverse) 5�-GAAGAT
GGTGATGGGATTTC-3�; AGER (forward) 5�-AGATTCTGCCTCTGAA
CTCAC-3�, (reverse) 5�-CCTTCACAGATACTCCCTTCTC-3�; TLR2
(forward)5�-CTTTCACTGCTTTCAACTGGTAGTT-3�, (reverse)5�-TGA
GGGAATGGAGTTTAAAGATCCT-3�; and TLR4 (forward) 5�-AGAA
CTGCAGGTGCTGGATTTAT-3�, (reverse) 5�-GTTCTCTAGAGATGC
TAGATTTGT-3�.
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FIGURE 5. HMGB1-treated monocytes enhance alloreactive T cell
IFN-� production through secretion of IL-1�. A, Negatively isolated mono-
cytes were treated with HMGB1 (5 �g/ml) or control buffer for 24 h.
Conditioned medium (CM) from HMGB1- or control-treated monocytes
was added to cocultures of CD4� T cells, thoroughly depleted of mono-
cytes, with allogeneic HLA-DR� EC at the indicated dilutions, and IFN-�
in the culture medium was assayed by ELISA at 24 h. Mean � SD of
triplicate samples is shown. B, Monocyte conditioned medium was added
to EC-T cell cocultures at a 1/30 dilution with a neutralizing Ab to IL-1�
or an isotype control Ab (10 �g/ml). IFN-� in the culture medium was
assayed by ELISA at 24 h. Mean � SD of triplicate samples is shown. C,
HMGB1 (5 �g/ml) was added to cocultures of HLA-DR� EC with allo-
geneic CD4� T cells not depleted of monocytes. A neutralizing Ab to
IL-1� or an isotype control was added (10 �g/ml) at the start of the culture.
IFN-� in the culture medium was assayed by ELISA at 24 h. Mean � SD
of triplicate samples is shown. �, p � 0.05; ��, p � 0.005. One of three
independent experiments is shown using two different donors with similar
results.
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Statistical analysis

Unless otherwise indicated, comparisons were made using the Student’s t
test with the Bonferroni posthoc test as appropriate. Where indicated, a
one-sample t test was used to analyze the significance of calculated fold
changes. Differences were considered significant at p � 0.05.

Results
EC lysates contain soluble mediators that enhance alloreactive
T cell IFN-� production

EC lining the vasculature of solid organ allografts are exposed to
multiple insults during the transplantation process (52). We initially
investigated whether damage to EC can release any components that
alter the response of human CD4� T cells to healthy, allogeneic EC.
Lysates of EC were generated by repeated freeze-thaw, cleared by
centrifugation, and added to cocultures of CD4� T cells with IFN-
�-pretreated (HLA-DR�) allogeneic EC. EC that express
HLA-DR can induce allogeneic human CD4� T cells to secrete
IFN-�, and addition of EC lysates significantly increases the
amount of IFN-� produced by alloreactive CD4� T cells (Fig. 1A),
consistent with the hypothesis that damaged EC can release me-
diators that modulate alloreactive T cell cytokine production. We
hypothesized that one such mediator might be HMGB1, a NF
released from necrotic cells. HMGB1 was readily detected in the
lysates by immunoblotting (Fig. 1B). Lysates were then depleted
of HMGB1 by immunoadsorption on magnetic beads coated
with a specific anti-HMGB1 Ab; in parallel, lysates were mock-
depleted using irrelevant Ig-coated beads. Depletion of HMGB1
from the lysates significantly decreases, but does not totally
eliminate, the activity of the lysates, indicating that HMGB1
released from damaged cells can contribute to enhanced IFN-�
production in EC-T cell cocultures (Fig. 1C).

Recombinant HMGB1 effects on IFN-� production in EC-T
cocultures depend on monocytes

To further assess how HMGB1 affects T cell cytokine production,
we used recombinant HMGB1 rigorously depleted of endotoxin, as
previously described (47). Addition of recombinant HMGB1 to
cocultures of CD4� T cells with allogeneic HLA-DR� EC, like
EC lysates, increases T cell IFN-� production (Fig. 2A). The effect
of HMGB1 on cytokine production requires antigenic stimulation,
as HMGB1 does not induce IFN-� production from cultures of
CD4� T cells alone or from cocultures of CD4� T cells with EC
lacking HLA-DR expression. In allogeneic EC-T cell cocultures,

the frequency of CD4� T cells activated by allogeneic EC is quite
low and difficult to analyze without further expansion; therefore, in
some experiments, a suboptimal concentration of the polyclonal
activator PHA was added to boost the number of activated T cells.
In such cultures, addition of HMGB1 increases both the amount of
IFN-� detected by ELISA (data not shown) and the number of
IFN-�� CD4� T cells detected by ICS at 24 h (Fig. 2B).

HMGB1 has been reported to induce activation of EC, which
constitutively express both AGER and TLR4 (53–56). We there-
fore examined whether HMGB1 might affect IFN-� production by
enhancing the efficiency with which EC can activate allogeneic T
cells. However, we did not observe evidence of EC activation by
HMGB1 as measured by several parameters. Specifically, treat-
ment of EC with up to 20 �g/ml recombinant HMGB1 did not
up-regulate surface ICAM-1 expression, did not induce phosphor-
ylation of p38 or JNK, and did not increase IL-8 secretion (data not
shown). Thus we consider it unlikely that EC are the target of
HMGB1 action in our cocultures.

Because we could not detect responses from EC to explain the
effect of HMGB1 on IFN-� production in EC-T cell cocultures, we
explored whether the target of this effect is provided by the T cell
population. Recently, it has been asserted that T cell responses to
allogeneic EC depend upon the presence of monocytes (57). We
have found that serially passaged EC cultures do not contain
CD45� leukocytes. However, our T cell preparations isolated
solely by positive selection do contain a small (�1%) number of
CD14� HLA-DR� monocytes (Fig. 3A). We depleted these cells
by an additional step using anti-CD14 or anti-HLA-DR Abs and
then compared highly purified T cell responses with those of pop-
ulations containing monocytes. Depletion of monocytes from the T
cell populations before coculture with allogeneic EC does not sub-
stantially reduce the amount of IFN-� produced by alloreactive T
cells in the absence of an additional stimulus. In other words, in
our hands, contaminating monocytes are not required for alloge-
neic T cell responses to cultured EC. However, the ability of
HMGB1 to enhance IFN-� production is markedly reduced in the
absence of monocytes (Fig. 3B). To confirm a role for monocytes
in mediating the effect of HMGB1, CD4� T cells were isolated and
depleted of monocytes, and negatively isolated autologous mono-
cytes were added back at a ratio of 20:1 (CD4� T cells to mono-
cytes) before coculture with allogeneic EC (Fig. 3C). HMGB1
induced much more IFN-� production in cocultures to which
monocytes were added back.
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IL-1� via TLR4 and CD14. A, Monocytes isolated by
negative selection were treated with increasing concen-
trations of HMGB1. IL-1� in the culture medium was
assayed by ELISA at 24 h. B, Monocytes were pretreated
with blocking Abs to TLR2, TLR4, CD14, or AGER or
an isotype control Ab (20 �g/ml) for 30 min before ad-
dition of HMGB1 (10 �g/ml). IL-1� in the culture me-
dium was assayed by ELISA at 24 h. C, Monocytes were
treated with HMGB1 or LPS. IL-1� in the culture me-
dium was assayed by ELISA at 24 h. Mean � SD of
triplicate samples is shown. �, p � 0.00005. D, The
HMGB1 stock solution was incubated with beads coated
with a control Ab or an anti-HMGB1 Ab, and then an
aliquot of each was analyzed by immunoblotting for
HMGB1. Both the HMGB1 stock solution and the con-
trol buffer were subjected to immunoadsorption and then
added to monocytes as in A, and IL-1� in the culture
medium was assayed by ELISA at 24 h. One of three
independent experiments is shown using two different
donors with similar results.
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We also investigated whether HMGB1 acts directly on highly
purified T cells to modulate cytokine production. HMGB1 had no
discernible effect on resting T cells. In cultures of monocyte-de-
pleted CD4� T cells activated with anti-CD3 and anti-CD28
mAbs, HMGB1 could increase IFN-� production in a dose-depen-
dent manner (Fig. 4A). However, when the same T cell isolates are
activated by allogeneic HLA-DR� EC, similar concentrations of
HMGB1 have little or no effect on IFN-� production (Fig. 4B). We
detect mRNA for AGER (2.2 � 1.2% of GAPDH) and TLR2
(0.035 � 0.018% of GAPDH), but not TLR4, in both resting and
activated CD4� T cells; however, the effect of HMGB1 on anti-
CD3- and anti-CD28-activated T cells could not be blocked by
mAbs against AGER, TLR2, TLR4, or CD14 (Fig. 4C). HMGB1
thus appears to act directly on CD4� T cells to enhance IFN-�
production following activation with anti-CD3 and anti-CD28, al-
though it remains unclear through which receptor(s) HMGB1 acts
on T cells. Importantly, an immunomodulatory effect is not ob-
served when T cells are activated by allogeneic EC, and the effect
of HMGB1 on alloreactivity is highly dependent on the presence
of monocytes.

HMGB1-treated monocytes augment alloreactive T cell IFN-�
production through secretion of IL-1�

Given that a small number of monocytes are sufficient to mediate
an HMGB1-induced increase in IFN-� production in EC-T cell
cocultures, we hypothesized that monocytes respond to HMGB1
by producing a soluble factor that enhances alloreactive T cell
cytokine production. Consistent with this hypothesis, monocytes
separated from the EC-T cell coculture by Transwell enhance
IFN-� production when treated with HMGB1 (data not shown).
Conditioned medium was collected from monocytes treated either
with HMGB1 or the control buffer and added to EC-T cell cocul-
tures depleted of monocytes. Addition of conditioned medium
from HMGB1-treated monocytes increases IFN-� production in
EC-T cell cocultures in a dose-dependent manner, whereas addi-
tion of conditioned medium from control-treated monocytes has no
effect (Fig. 5A). Neutralizing Abs to TNF or IL-12 did not inhibit
the ability of HMGB1-treated monocyte conditioned medium to
enhance IFN-� production, nor did a blocking Ab to the IL-18R
(data not shown). In contrast, a neutralizing Ab to IL-1� com-
pletely blocks the ability of the HMGB1-treated monocyte condi-
tioned medium to increase IFN-� production (Fig. 5B). Consistent
with this result, addition of an anti-IL-1� neutralizing Ab to co-
cultures of monocytes and CD4� T cells with allogeneic EC
strongly inhibits the ability of HMGB1 to increase IFN-� produc-
tion (Fig. 5C). Thus, in EC-T cell cocultures, HMGB1 enhances
alloreactive CD4� T cell IFN-� production indirectly by inducing
IL-1� secretion from contaminating monocytes.

HMGB1 induces monocyte production of IL-1� in a TLR4- and
CD14-dependent manner

To further examine the ability of HMGB1 to induce monocyte
IL-1� secretion, human monocytes were purified by negative se-
lection and treated with increasing concentrations of HMGB1.
HMGB1 increases IL-1� secretion in a dose-dependent manner
(Fig. 6A). HMGB1-induced IL-1� secretion could be blocked by
blocking Abs against TLR4 and CD14, but not against TLR2 or
AGER (Fig. 6B). Because TLR4 and CD14 are the well-charac-
terized receptors for endotoxin, a common bacterial contaminant,
several controls were performed to demonstrate that the IL-1�-
inducing activity is conferred by HMGB1. The endotoxin content
of the HMGB1 preparations was found to be 0.6 pg/�g HMGB1
by the Limulus assay (47). Addition of ultra-pure LPS at 10 pg/ml,
a concentration that exceeds that contained in HMGB1 prepara-

tions added to monocytes, induces far less IL-1� secretion than
does 10 �g/ml HMGB1 (Fig. 6C). In addition, depletion of
HMGB1 from the stock solution by immunoadsorption on anti-
HMGB1, but not control beads, fully removes the activity of the
stock solution (Fig. 6C). Further, the ability of HMGB1 to induce
IL-1� secretion from monocytes can be fully destroyed by heating
at 80°C for 15 min; however, this standard control for LPS may not
be specific, as heating low concentrations of ultra-pure LPS before
addition to monocyte cultures also diminished the ability of LPS to

0

50

100

150

200

IgG anti-IL-1α 
+ 

anti-IL-1β

IgG anti-IL-1α anti-IL-1β

Buffer EC Lysates

anti-IL-1α 
+ 

anti-IL-1β

IF
N

-γ
 (p

g/
m

L)

** **
**

#

0

250

500

750

1000

anti-IL-1α

Buffer EC Lysates
IgG IgG

IF
N

-γ
 (p

g/
m

L)

** **

0

15

30

45

60

IgG IgG anti-IL-1α

Buffer EC Lysates

IL
-1

7 
(p

g/
m

L)

##

0

125

250

375

500

0 10 100
IL-1Ra (ng/mL)

IF
N

-γ
 (p

g/
m

L)

**
**

0

15

30

45

60

0 10 100
IL-1Ra (ng/mL)

IL
-1

7 
(p

g/
m

L)

* *

A

B

C
**

FIGURE 7. Neutralization of IL-1� and IL-1� blocks the effect of EC
lysates on T cell IFN-� and IL-17 production. A, EC lysates generated by
freeze-thaw were added to cocultures of HLA-DR� EC with allogeneic
CD4� T cells thoroughly depleted of monocytes. A neutralizing Ab to
IL-1� or an isotype control was added at 10 �g/ml. IFN-� and IL-17 in the
culture medium were assayed by ELISA at 24 h. Mean � SD of triplicate
samples is shown. B, EC lysates were added to cocultures of HLA-DR� EC
and allogeneic CD4� T cells that contained a small number of monocytes.
Neutralizing Abs to IL-1� and/or IL-1� were added as indicated at 10
�g/ml. IFN-� in the culture medium were assayed by ELISA at 24 h.
Mean � SD of triplicate samples is shown. C, Increasing concentrations of
IL-1R antagonist were added as indicated to cocultures treated with EC
lysates (f) or control buffer (u). IFN-� and IL-17 in the culture medium
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�, p � 0.05; #, p � 0.005; ��, p � 0.0005; ���, p � 0.00005. One of three
independent experiments is shown using three different donors with similar
results.
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induce IL-1� secretion (data not shown). Cumulatively, this evi-
dence strongly suggests that the recombinant protein HMGB1 in-
duces IL-1� from monocytes by directly engaging CD14 and
TLR4 and that this effect is not attributable to contamination by
endotoxin.

IL-1� released directly from damaged EC enhances alloreactive
T cell IFN-� production

Consistent with a previous study, human EC can express IL-1�,
which is stored in an unprocessed form that is fully bioactive as a
cytokine (17, 35). Because IL-1� strongly enhances IFN-� pro-
duction in EC-T cell cocultures (Fig. 5, B and C), we hypothesized
that IL-1� may contribute to the portion of the activity of the
lysates that is not removed by HMGB1 depletion. EC lysates en-
hance IFN-� production in cocultures fully depleted of monocytes,
and in these cocultures, neutralization of IL-1� blocks almost all of
the IFN-�-stimulating activity of the lysates (Fig. 7A). IL-1 has
recently been reported to influence murine CD4� T cell production
of IL-17, a cytokine implicated in the development of autoimmune
inflammation (44, 58). Therefore, we also investigated the effect of
IL-1� in EC lysates on alloreactive T cell IL-17 production. As
with IFN-�, EC lysates increase the amount of IL-17 produced,
and the majority of this activity is also blocked by neutralizing
IL-1�. In cocultures that include monocytes, neutralization of both
IL-1� and IL-1� blocks almost all of the activity of the lysates
(Fig. 7B). The fraction of the activity contributed by IL-1� vs
IL-1� varies among experiments and is likely due to variation in
the lysate preparations and/or differences in the number or respon-
siveness of monocytes included in the cultures. Nonetheless, dual
neutralization of both IL-1� and IL-1� consistently blocks almost
all of the ability of mediators released from damaged EC to en-
hance alloreactive T cell cytokine production. Addition of IL-1R
antagonist, which binds the IL-1R but does not transmit a positive
signal, also blocks the effect of EC lysates on T cell IFN-� and
IL-17 production (Fig. 7C).

IL-1 enhances cytokine production from human memory T cells

To directly examine the ability of IL-1 to modulate T cell cytokine
production, we added recombinant IL-1� to EC-T cell cocultures
depleted of monocytes. Addition of recombinant IL-1� increases
both IFN-� and IL-17 production in a dose-dependent manner
(Fig. 8A). IL-1 acts directly on T cells to enhance cytokine pro-
duction, as T cells stimulated in the absence of APCs with plate-
bound anti-CD3 plus anti-CD28 produce increasing amounts of
IFN-� and IL-17 upon treatment with IL-1 (Fig. 8B). IL-1 en-
hances IFN-� production more effectively from memory T cells
compared with naive T cells, although IL-1 effectively enhances
IL-17 production from both naive and memory cells. CD4� T cells
express IL-1R1 mRNA, and three different donors demonstrated
somewhat higher IL-1R1 mRNA expression in memory vs naive
CD4� T cell subsets (13-, 2.4-, and 2.6-fold greater); however,
both naive and memory CD4� T cells up-regulate IL-1R1 expres-
sion following activation with anti-CD3 and anti-CD28 (Fig. 8C).

IL-1 promotes expansion of IL-17-secreting alloreactive human
memory CD4� T cells

The experiments described above show that IL-1 released as a
consequence of cell damage enhances both IFN-� and IL-17 pro-
duction from alloreactive CD4� T cells in primary EC-T cell co-
cultures. We also investigated whether IL-1 could affect the rela-
tive proliferation or differentiation of specific human alloreactive
memory CD4� T cells, assessed by a change in frequency of T
cells that produce specific cytokines. To investigate this, we per-
formed restimulation experiments in which purified memory
CD4� T cells were cocultured with allogeneic EC, and increasing
concentrations of IL-1 were added. After 3 days of coculture, T
cells were rested for three days and then restimulated with fresh
EC from the same donor as was used in the primary culture. Ad-
dition of IL-1 to primary EC-T memory cell cocultures causes a
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significant increase the amount of IL-17 produced by the alloreac-
tive T cell population upon restimulation (Fig. 9A). In contrast,
IL-1 has little effect on the amount of IFN-� produced upon re-
stimulation and appears to slightly decrease the amount of IL-5
produced. These data are consistent with expansion of IL-17-se-
creting T cells.

To examine more directly whether addition of IL-1 to primary
EC-T cell cocultures changes the frequency of cells that produce
Th1, Th2, or Th17 cytokines upon restimulation, we used a model,
developed in our laboratory, in which EC are transduced to express
the Fc�R CD32, are coated with anti-CD3 mAb, and are then
cocultured with memory CD4� T cells. In these cocultures, the
bound anti-CD3 mAb provides a defined TCR signal and the EC
provide costimulatory molecules, resulting in polyclonal activation
of the cocultured T cells. In this experiment we adapted the model
to provide a primary stimulus, with or without IL-1, for 3 days.
The activated memory T cells were then recovered, rested for 3
days, and then restimulated using PMA plus ionomycin in the pres-
ence of brefeldin A. The pattern of cytokine production was then
assessed by ICS and flow cytometry. Addition of IL-1 during the
primary cocultures in this system causes a significant increase in
the number of T cells that produce IL-17 upon restimulation (Fig.
9, B and C). Consistent with a recent report (59), we observed both
IL-17� single producers and IL-17� IFN-�� double producers
within the memory CD4� T cell population, and both subpopula-
tions were similarly increased by exposure to IL-1. Consistent with
our results in allogeneic cocultures, exposure to IL-1 during the
primary activation did not substantially change the number of
IFN-�- or IL-4-producing CD4� T cells upon restimulation. These
results suggest that IL-1 can skew the population of human mem-
ory CD4� T cells activated by EC toward IL-17 production.

Discussion
Injury to an allograft incurred before or during the transplantation
process appears to enhance the immunogenicity of the allograft,
but the specific molecules that mediate the effect remain unclear.

In this study, we have used an in vitro coculture system to examine
the effect of mediators released by damaged cells on human mem-
ory CD4� T cell responses to allogeneic EC. Although this is a
reductionist model, it has been widely used to study human allo-
immunity and offers two important advantages over the use of
mouse systems. First, human EC, but not mouse EC, can activate
resting allogeneic CD4� T cells (60, 61). Given that these two cell
types are in frequent contact in an allograft, the EC-T cell inter-
action is likely to be important in human allogeneic responses in
vivo, especially those that lead to graft arteriosclerosis (1). Second,
this model produces selective activation of memory T cells (62).
Alloreactive memory CD4� T cells, which are difficult to study in
murine models, constitute a considerable portion of the total hu-
man alloreactive T cell pool and are important mediators of allo-
graft rejection (63, 64). By examining human CD4� T cell re-
sponses to allogeneic EC, we specifically focus on this population.

Using this system, we identify two pathways by which EC in-
jury can result in the release of IL-1, a potent modulator of T cell
responses. First, IL-1� can be released directly by damaged EC.
Second, EC release of HMGB1 can induce monocyte secretion of
IL-1�. The combined actions of IL-1� and IL-1� account for es-
sentially all of the ability of EC lysates to enhance T cell IFN-�
and IL-17 production in EC-T cell cocultures. We further demon-
strate that exposure to IL-1 upon activation preferentially promotes
expansion of human memory CD4� T cells that produce IL-17.

Although more commonly thought of as an inflammatory me-
diator of innate immunity, IL-1 is known to exert strong effects on
adaptive immune responses (65). Both exogenous and endogenous
IL-1 can function as adjuvants in promoting T cell-dependent Ab
responses in vivo (66, 67). Originally described as a T cell coac-
tivator, IL-1 acts directly on murine T cells to promote prolifera-
tion and cytokine production and can synergize with IL-12 to en-
hance human T cell cytokine production (41–43, 68). We find that
human CD4� T cells up-regulate IL-1R1 expression following
activation and that IL-1 acts directly on human CD4� T cells
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Pooled data from three T cell donors are shown. B, Purified memory CD4� T cells were activated by coculture with CD32-transduced EC coated with
anti-CD3 mAb with or without 100 pg/ml IL-1� and then restimulated with PMA plus ionomycin and analyzed by ICS. Representative dot plots of ICS
for IFN-� and IL-17 from one donor are shown. C, Pooled data from four T cell donors treated as in B are shown. Fold change in the amount of cytokine
produced (A) or the number of cytokine-positive T cells (C) upon restimulation between IL-1-treated cocultures and control cocultures was calculated for
each donor. Data were analyzed by a one-sample t test and represent the mean � SE in (n � 3 experiments) A or (n � 4 experiments) C. �, p � 0.05.
The range of values for amount of cytokine measured in A were IFN-� (47–737 pg/ml), IL-17 (15–1012 pg/ml), and IL-5 (10–437 pg/ml). The range of
values for the percentage of cells positive for each cytokine in C were IFN-� (14–34%), IL-17 (0.7–5%), and IL-4 (2.4–4.8%).
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activated by anti-CD3 and anti-CD28 mAbs or by allogeneic EC to
augment IFN-� and IL-17 production.

In cocultures of highly purified CD4� T cells with allogeneic
EC, neutralization of IL-1� blocks almost all of the activity of EC
lysates in enhancing IFN-� and IL-17 production. IL-1� is ex-
pressed by both resting EC and vascular smooth muscle cells and
remains primarily cell-associated in a bioactive, unprocessed form
(17, 35, 69). Once released, it may act on neighboring cells to
induce an initial inflammatory response following cell injury. In
addition to mechanical injury, both hypoxia and sublytic comple-
ment deposition, which are stimuli relevant to solid organ trans-
plantation, can induce EC release of IL-1� (70, 71). Sublytic com-
plement deposition allows for IL-1� release, independent of cell
death, through disruption of the plasma membrane, either by gen-
erating membrane pores or by inducing membrane vesiculation
(72, 73). Also, inflammatory cytokines such as TNF and IL-1 itself
cause EC to present bioactive IL-1� on their surface in a mem-
brane-bound form (35). Thus, allograft injury may facilitate re-
lease or presentation of IL-1� to host immune cells by several
mechanisms.

In addition to IL-1�, we identify HMGB1 as a second mediator
released from damaged EC that modulates alloreactive T cell
IFN-� and IL-17 production. It has been previously shown that
HMGB1 is the major factor released from freeze-thaw lysates of
murine fibroblasts that induces monocyte TNF secretion (27). We
now show that HMGB1 can be released from damaged cultured
human EC and that HMGB1 contributes a significant fraction of
the IFN-�-stimulating activity of clarified EC freeze-thaw lysates.
Interestingly, both IL-1� and HMGB1 are inflammatory molecules
that also participate in gene regulation in the cell nucleus and have
thus been labeled “dual-function” cytokines (74, 75). As both mol-
ecules lack signal peptides, it is tempting to speculate that detec-
tion of released nuclear mediators may be an ancient pathway of
recognition of cell injury.

The effect of HMGB1 on cytokine production is not due to
direct effects on EC, as HMGB1 does not activate EC in our stud-
ies. HMGB1-induced activation of a transformed microvascular
EC cell line, HMEC-1, was shown to depend in large part on TNF
production by HMEC-1 cells (53). We cannot detect TNF produc-
tion from untransformed HUVEC, thus this may explain the lack
of effect in our system. One other study did report HMGB1-in-
duced activation of HUVEC (54). It is unclear why we have not
observed such an effect. Our HUVEC are devoid of CD45� con-
taminants, mostly monocytes, present in some other culture sys-
tems (76). Thus a possible explanation is that HMGB1 effects on
HUVEC cultures may depend on monocyte contamination. How-
ever, it is also possible that HUVEC grown under different con-
ditions are different from each other and that some HUVEC cul-
tures may respond to HMGB1, whereas others do not.

Rather than an effect on EC, we find that the effect of HMGB1
on EC-T cell cocultures requires the presence of small numbers of
monocytes. We observe that HMGB1 induces monocyte secretion
of IL-1�, as has been previously described (29, 77). HMGB1 may
signal through multiple receptors, including TLR2, TLR4, and
AGER. We find that HMGB1-induced IL-1� secretion is mediated
through TLR4 and CD14, in accord with recent reports that
HMGB1 signals through TLR4 in primary human macrophages
and that the two proteins physically associate (32, 78). TLR4-
dependent effects of endogenous HMGB1 have also been demon-
strated in murine models in vivo, as neutralization of HMGB1
protects mice with intact TLR4 signaling, but not mice with de-
fective TLR4 signaling, from hepatic ischemia-reperfusion injury
(79). Although TLR4 is a well-characterized receptor for endo-
toxin, our controls strongly suggest that the IL-1�-stimulating ac-

tivity is conferred by HMGB1 and not microbial contaminants.
The HMGB1 preparations used in these studies contain insufficient
endotoxin to account for the IL-1�-inducing activity of HMGB1.
The cytokine-stimulating activity can be removed from HMGB1
stock solutions by immunoadsorption using a specific anti-
HMGB1 Ab. In addition, the activity is fully heat-labile, though
we also observe some decrease in the activity of low concentra-
tions of ultra-pure LPS upon heating, as has been described (80).
We cannot fully eliminate the possibility that recombinant
HMGB1 preparations carry microbial components that may con-
tribute to the cytokine-inducing activity. However, HMBG1 con-
tained in lysates of primary human EC, which contain little if any
microbial contamination, contributes a significant fraction of the
activity of EC lysates in enhancing T cell cytokine production. We
have not ruled out the possibility that HMGB1 contained in EC
lysates carries other molecules, for example nucleic acids or lipids,
that contribute to the cytokine-stimulating activity of the lysates. If
additional cofactors are involved, our immunoadsorption results
suggest that such cofactors must physically interact with HMGB1.

We have also observed that HMGB1 acts directly on CD4� T
cells to enhance IFN-� production following activation by anti-
CD3 and anti-CD28 mAbs. This effect could not be inhibited by
blocking Abs against TLR2, TLR4, or AGER. Thus there may be
other, as yet unidentified, receptors for HMGB1, and the interest-
ing possibility remains that HMGB1 may act through atypical
mechanisms that involve entrance into the cytosol or nucleus of
target cells (29). Interestingly, this effect is not seen when CD4�

T cells are activated by coculture with allogeneic HLA-DR� EC,
which may suggest that strong activation, as delivered by mAbs,
may be required to sensitize T cells to HMGB1, e.g., by inducing
a receptor. Alternatively, cocultured EC may inhibit the actions of
HMGB1 on T cells, for example by producing a factor that either
neutralizes HMGB1 or blocks the TCR for HMGB1. It appears
unlikely that EC directly neutralize HMGB1, however, because
EC do not appear to inhibit the ability of HMGB1 to induce mono-
cyte secretion of IL-1� in EC-T cell-monocyte cocultures.

HMGB1 blockade has been reported to delay rejection of fully
mismatched allografts in a murine heterotopic heart transplantation
model, however, the specific mechanisms by which HMGB1 act
remain unclear (34). We demonstrate here that in EC-T cell co-
cultures, the ability of HMGB1 to enhance alloreactive T cell cy-
tokine production arises primarily from its ability to induce IL-1�
secretion from monocytes, indicating a potential mechanism by
which HMGB1 may modulate alloreactive T cell responses in
vivo. In addition to HMGB1, other mediators that promote IL-1�
secretion from monocytes may also be liberated following cell
damage. Extracellular ATP activates purinergic P2X7 receptors,
leading to activation of the inflammasome and IL-1� processing
(81). Likewise, monosodium urate crystals, which can precipitate
from high uric acid concentrations produced during cell death, also
induce IL-1� secretion through activation of the inflammasome,
and IL-1R knockout mice are protected from monosodium urate
crystal-induced gouty inflammation (26, 82). As monocytes are
capable of producing large quantities of IL-1�, this response may
serve to amplify an initial signal of cell death, for example
HMGB1 release from necrotic cells. A recent report demonstrated
in a murine peritonitis model that heat-shocked, UV-irradiated
EL4 cells induce secretion of IL-1�, rather than IL-1�, from peri-
toneal macrophages (25). This finding is in contrast with our data,
which demonstrate that human monocytes produce primarily
IL-1� in response to EC lysates, due at least in part to HMGB1.
This discrepancy may reflect differences in the source of dead cells
or the method used to induce cell death. Alternatively, it may re-
flect differences in the target cell responses or species differences.
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In addition to augmenting early cytokine production from allo-
reactive CD4� T cells, we show that exposure of memory CD4�

T cells to IL-1 during a primary coculture with allogeneic EC
selectively increases the number of IL-17-producing cells assessed
in a secondary culture. Our data do not distinguish whether the
increase in the number of IL-17-producing cells induced by IL-1 is
due to differentiation of primary uncommitted human memory
CD4� T (Th0) cells toward the Th17 lineage or selective expan-
sion of previously differentiated IL-17-producing cells. Interest-
ingly, there appeared to be an expansion of IFN-�/IL-17 double-
positive T cells comparable to that of IL-17 single-positive cells.
There is considerable plasticity in the phenotypes of differentiated
human memory CD4� T cells; however, little is known about the
signals that direct further differentiation of human memory T cells
upon reactivation (83). While our manuscript was under review,
two groups of investigators recently reported that the combination
of IL-1� plus IL-6, but not TGF-�, strongly promotes the differ-
entiation of naive human CD4� T cells toward an IL-17-producing
phenotype (45, 46). As EC are prodigious producers of IL-6, the
combination of IL-6 plus IL-1 in the T cell-EC cocultures reported
in this study may promote differentiation of EC-activated memory
CD4� T cells toward the Th17 lineage (84). Alternatively, IL-1
may selectively enhance the proliferation or survival of previously
differentiated IL-17-producing cells. In either case, our results in-
dicate that, in addition to the described effects on naive T cell
polarization, IL-1 also skews the alloreactive memory T cell pop-
ulation toward IL-17 production. As T cell production of IL-17
fuels inflammation and tissue injury in a number of models, our
results suggest that IL-1 release from injured allografts may have
long-lasting detrimental effects on allograft survival by skewing
the responding alloreactive T cell population toward production
of IL-17-driven inflammation. It will be of considerable interest
to more clearly define the role of IL-17 in human graft
arteriosclerosis.

There is continued interest in developing novel strategies to in-
hibit the nonimmune signals that may contribute to allograft re-
jection, and particular attention has been focused on dampening
the early inflammatory response to transplantation-associated in-
jury. Using an in vitro model of an interaction that is likely to be
important in the development of clinical graft arteriosclerosis, our
studies suggest that IL-1 production may be an important conver-
gence point for multiple signals of cell injury or death that may
occur during transplantation. In addition to eliciting inflammatory
responses, IL-1 released following cell injury appears likely to also
enhance the host antigraft adaptive response, with the IL-1R on T
cells serving in part as a sensor of tissue injury. Our results thus
provide a rationale for testing the utility of perioperative treatment
with IL-1R antagonist, a clinically approved therapeutic agent, to
improve late allograft survival.
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