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PLATELETS AND THROMBOPOIESIS

Platelet MHC class I mediates CD81 T-cell suppression
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KEY PO INTS

� Platelets internalize and
present exogenous
antigens through MHC-I
during sepsis.

� Increased MHC-I on pla-
telets during sepsis
reduces antigen-specific
CD81 T-cell numbers
and functions.

Circulating platelets interact with leukocytes to modulate host immune and thrombotic
responses. In sepsis, platelet-leukocyte interactions are increased and have been associated
with adverse clinical events, including increased platelet–T-cell interactions. Sepsis is associ-
atedwith reduced CD81 T-cell numbers and functional responses, butwhether platelets reg-
ulate CD81 T-cell responses during sepsis remains unknown. In our current study, we
systemically evaluated platelet antigen internalization and presentation throughmajor histo-
compatibility complex class I (MHC-I) and their effects on antigen-specific CD81 T cells in sep-
sis in vivo and ex vivo. We discovered that both human and murine platelets internalize and
proteolyze exogenous antigens, generating peptides that are loaded onto MHC-I. The
expression of platelet MHC-I, but not plateletMHC-II, is significantly increased in human and
murine platelets during sepsis and in humanmegakaryocytes stimulatedwith agonists gener-

ated systemically during sepsis (eg, interferon-g and lipopolysaccharide). Upregulation of platelet MHC-I during sepsis
increases antigen cross-presentation and interactions with CD81 T cells in an antigen-specific manner. Using a platelet
lineage–specific MHC-I–deficient mouse strain (B2Mf/f-Pf4Cre), we demonstrate that platelet MHC-I regulates antigen-
specific CD81 T-cell proliferation in vitro, as well as the number and functional responses of CD81 T cells in vivo, during
sepsis. Loss of plateletMHC-I reduces sepsis-associatedmortality inmice in an antigen-specific setting. These data identify
a newmechanism bywhich platelets, throughMHC-I, process and cross-present antigens, engage antigen-specific CD81 T
cells, and regulateCD81 T-cell numbers, functional responses, and outcomes during sepsis.

Introduction
T cells are lymphocytes that enable a host to combat pathogens.
In sepsis, a systemic inflammatory condition with organ dysfunc-
tion in response to invading infectious pathogens, CD81 T-cell
numbers decrease, and their functional responses are impaired,
leading to an increased risk of secondary infections and adverse
outcomes.1-6 Many promising preclinical therapeutics for sepsis
have failed.7 Therefore, a deeper understanding of the pathophys-
iological cellular responses in sepsis is needed to develop better
strategies to improve the care of patients with sepsis.

Platelets are canonically known for their roles in mediating
hemostasis and thrombosis. In addition to these well-established

roles, platelets are dynamic effector cells across immune and
inflammatory continuums. Platelets are capable of sensing exog-
enous pathogens and contain Toll-like receptors and other pat-
tern recognition receptors that directly bind exogenous
pathogens, including viruses, bacteria, and parasites.8-12 In sep-
sis, our group and others have found platelets play a number of
important roles in sepsis.8,13-15 For example, platelets directly
interact with other innate and adaptive immune cells during sep-
sis, such as monocytes and neutrophils.14,16 Platelets also pos-
sess the capacity to engage T cells. During ischemia
reperfusion, platelets enhance CD41 T-cell recruitment to liver
sinusoids through CD62P (P-selectin).17 In viral hepatitis, acti-
vated platelets promote intrahepatic accumulation of CD81 T
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cells.18 In HIV and SARS-CoV-2 infections, platelets conjugate
with CD81 T cells.19,20 In malaria, in vitro activated platelets
stimulate antigen-specific CD81 T cells.21 In addition, megakar-
yocytes, platelet progenitor cells, elicit antigen-specific CD81

T-cell responses in immune thrombocytopenia.22 However,
antigen-specific platelet–CD81 T-cell interactions are almost
completely unexplored in bacterial sepsis.

Antigen-specific CD81 T-cell responses depend on major histo-
compatibility complex class I (MHC-I). MHC-I complexes are
composed of an a chain, a b2-microglobulin (B2M) chain, and
an antigen peptide loaded in the antigen-binding groove of the
a chain in both humans and mice, although the nomenclature
differs slightly.23 Classic MHC-I alleles in humans include HLA-A,
-B, and –C, whereas MHC-I alleles in mice are termed H-2D, -K,
and -L. MHC-I genes are highly polymorphic in humans and can
generate millions of different MHC-I genotypes.23 The antigen
peptides presented on MHC-I are typically 8 to 10 amino acids
long and are extremely heterogeneous.24 Once the
peptide–MHC-I complexes are shuttled to the cell surface, they
engage antigen-specific CD81 T-cell receptors (TCRs) on CD81

T cells. Under physiological situations, cells generally present
endogenous intracellular-derived peptides (ie, self-antigens)
through MHC-I. However, during infectious settings, antigen-
presenting cells (APCs), such as dendritic cells, internalize, pro-
cess, and present antigens of pathogen origin via MHC-I (a pro-
cess called cross-presentation) that can either elicit or suppress
antigen-specific CD81 T-cell responses, depending on other fac-
tors, including costimulatory and coinhibitory molecules.25

MHC-I molecules are found on the surface of all nucleated cells as
well as on platelets.26 PlateletMHC-Imolecules have some unique
features compared with MHC-I on nucleated cells. For example,
platelet transfusions are generally well tolerated clinically, whereas
organ transplantations cause rejection, mostly because allogeneic
MHC-I on platelets induces CD81 T-cell tolerance and suppres-
sion rather than activation.27,28 Nevertheless, whether platelets
internalize and process exogenous antigens and whether the anti-
gen presentation and cross-presentation through MHC-I shape
CD81 T-cell responses during sepsis remain unclear.

We identified that both human and mouse platelets actively inter-
nalize and process exogenous antigen. Using a murine cecal liga-
tion and puncture (CLP)–induced sepsis model and
complementary clinical studies in patients with sepsis, we found
that platelet MHC-I expression and antigen cross-presentation by
MHC-I are significantly upregulated in sepsis. This resulted in
upregulated antigen-specific platelet–CD81 T-cell interactions,
reduced antigen-specific CD81 T-cell proliferation in vitro,
decreased CD81 T-cell numbers and interferon-g (IFN-g) produc-
tion in vivo, and impaired antigen-specific CD81 T-cell responses
in vivo. In platelet MHC-I–deficient CD81 transgenic mice, we
identified that loss of MHC-I may improve survival in sepsis. These
data identify a previously unknownmechanismbywhich upregula-
tion of platelet MHC-I during sepsis negatively regulates CD81

T-cell responses and outcomes.

Materials and methods
Human participants
Patients admitted to the intensive care unit with a primary diag-
nosis of sepsis were prospectively enrolled within 48 (624) hours

of intensive care unit admission. Sepsis was defined using
SEPSIS-3 consensus criteria.3 Patients with systemic infection
and life-threatening organ dysfunction were diagnosed with sep-
sis when total Sequential Organ Failure Assessment score was
$2. Those with septic shock were a subset of patients with sep-
sis who could be identified as having clinical sepsis with persist-
ing hypotension requiring vasopressors to maintain mean
arterial pressure $65 mm Hg and a serum lactate level .2
mmol/L (18 mg/dL). For comparison, healthy donors were also
recruited. Healthy donors were defined as medication-free men
and women age .21 years without any acute or chronic medical
conditions, illness, or hospitalization within 30 days before
enrollment. All healthy donors and patients provided informed
consent before sample collection (Institutional Review Board
#51506 and #102638). Supplemental Table 1 (available on the
Blood Web site) shows demographic information for healthy
donors and patients with sepsis.

Mice
Wild-type (WT) C57BL/6J male and female mice were obtained
from The Jackson Laboratory. B6.SJL-Ptprc (B6 Cd45.1) mice
were obtained either from The Jackson Laboratory or from the
laboratory of Peter Jensen (Department of Pathology, University
of Utah, Salt Lake City, UT). B2mfl/fl-Pf4Cre mice were obtained
from Craig N. Morrell (University of Rochester School of Medi-
cine, Rochester, NY).29 OT-I mice were obtained from The Jack-
son Laboratory and crossed with B2mfl/fl-Pf4Cre and littermate
control B2mfl/fl mice to generate the B2mfl/fl

–Pf4Cre–OT-I (knock-
out [KO]–OT-I and WT-OT-I) mice. Rag22/2 OT-I mice were
obtained from Taconic Biosciences. All mice were bred and
maintained in the University of Utah animal facility under
pathogen-free conditions according to National Institutes of
Health guidelines. All animal experiments were performed
according to protocols approved by the institutional Animal Care
and Use Committee (protocol #18-10012). Male and female mice
between ages 9 and 16 weeks were used in all experiments.

Platelet isolation
Platelets were isolated as previously described.30 Briefly, blood
was collected into a one-sixth volume of acid/citrate/dextrose
buffer. Platelet-rich plasma was obtained by centrifugation at
100g for 20 minutes or for 10 minutes using minicentrifuge at
room temperature. Platelets were isolated from plasma by cen-
trifugation at 500g for 10 minutes and resuspended in PIPES/
saline/glucose buffer containing 20 nmol/L of prostaglandin E1,
CD451 depleted following the Miltenyi Biotec manufacturer pro-
tocol, centrifuged at 500g for 10 minutes again in PIPES/saline/
glucose buffer containing 20 nmol/L of prostaglandin E1, and
resuspended in Medium 199.

Megakaryocyte culture and stimulation
CD341-derived human megakaryocytes were cultured as previ-
ously described.31 CD341 hematopoietic stem and progenitor
cells were isolated from human cord blood and cultured in
serum-free expansion media supplemented with 25 ng/mL of
stem cell factor and 20 ng/mL of thrombopoietin (TPO) for 6
days. Cells were cultured with 50 ng/mL of TPO only from days
6 to 13. On day 13, megakaryocytes were harvested, washed,
and treated with 50 ng/mL of TPO together with either IFN-g at
250 U/mL or lipopolysaccharide (LPS) at 100 ng/mL, and LPS-
binding protein and CD14 were added to the cell culture to
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facilitate LPS binding, both at a final concentration of 100 ng/
mL. After 20-hour stimulation, HLA-A, -B, and -C expression on
megakaryocytes was measured by flow cytometry.

CLP
CLP was used to induce polymicrobial sepsis in mice. The mice
were first anesthetized with ketamine and xylazine. The lower
abdominal area of anesthetized mice was sterilized using iodine
swabs. A small incision was made in the lower abdominal area
to expose the cecum. The cecum was ligated with a 3.0 silk
suture and then carefully punctured a single time with a
21-gauge needle to expose fecal contents into the abdominal
cavity. The abdominal cavity was then closed with nonabsorb-
able nylon sutures and the area resterilized with iodine. The
mice were then given a subcutaneous injection of 600 mL of
saline and returned to clean cages on a heating pad during
recovery. Mice received buprenex immediately after the surgery
and again a few hours postsurgery subcutaneously. For sham
control conditions, all these steps were followed, except the
cecum was not ligated or punctured. Mice were monitored daily
for disease severity and euthanized 4 days after CLP unless oth-
erwise stated. Platelets were harvested 4 days after CLP
induction.

OVA immunization
To elicit antigen-specific CD81 T-cell responses in vivo, chicken
ovalbumin (OVA) at 2 mg/mL was mixed with equal volume of
either complete Freund adjuvant or incomplete Freund adjuvant
and injected subcutaneously at 50 mL per site at the left and
right hock (100 mL per mouse). For in vivo OVA treatment
(pulse) experiments, mice were administered OVA without adju-
vants intraperitoneally at 3 mg per mouse per day for 3 consec-
utive days.

DQ-OVA and OVA pulse assay
Platelets (2 3 107/mL) in Medium 199 were treated (pulsed) with
DQ-OVA at 100 mg/mL at 37�C for 1 hour, followed by CD41
surface staining at room temperature in the dark for 15 to 30
minutes and acquired on flow cytometry immediately. For nega-
tive controls, platelets were stained for CD41, fixed with equal
volume of 4% paraformaldehyde (PFA), and then pulsed with
DQ-OVA for 1 hour. Proteasome inhibitors MG-132, bortezo-
mib, and lactacystin and corresponding vehicles were added to
platelet suspension at a final concentration of 40 mM for 30
minutes, followed by DQ-OVA pulse for 1 hour; CD41 staining
was added during the last 30 minutes of DQ-OVA pulse. Sam-
ples were acquired on a flow cytometer immediately. To confirm
the successful inhibition of proteasome activity in platelets, the
20S Proteasome Activity Assay Kit was used according to the
manufacturer’s recommendations (MilliporeSigma). Briefly, plate-
lets isolated from control mice were used for the indicated treat-
ment and prepared in the cell lysis buffer following the
manufacturer’s manual and measured for their 20S proteasome
activity. For OVA pulse, platelets (2 3 107/mL) in Medium 199
were pulsed with OVA at 1 mg/mL at 37�C with gentle rotation
for 6 hours, washed, and then stained for CD41, H-2Kb, and
SIINFEKL (SIIN):H2Kb surface molecules. For SIIN peptide pulse,
platelets were pulsed with SIIN peptide (OVA 257-264 [chicken])
at 25 mM for 2 hours and washed 2 times.

AST activity assay
To biochemically evaluate the disease severity in our CLP sepsis
model, AST blood levels were measured using the commercial
AST Activity Assay Kit from MilliporeSigma following the manu-
facturer’s protocol. Briefly, mouse blood was collected by car-
diac puncture without anticoagulants. After clotting for 30
minutes undisturbed at room temperature, blood samples were
centrifuged at 2000g for 10 minutes at 4�C. Serum was col-
lected and centrifuged at 12000g for 2 minutes to further
remove debris and saved for the AST activity assay.

Murine CD81 T-cell isolation and in vitro labeling
Single-cell suspensions of splenocytes from Rag22/2 OT-I mice
were lysed with ACK red blood cell lysis buffer and then washed
with phosphate-buffered saline (PBS). CD81 T cells were iso-
lated by negative selection using a CD81 T-cell Isolation Kit
(mouse) from Miltenyi Biotec following the manufacturer’s
instructions. The purity and viability of isolated CD81 T cells
were measured by flow cytometry (all isolations were .95%
purity and .95% viability). For proliferation assays, CD81 T cells
were washed with PBS twice and then stained with Violet Prolif-
eration Dye 450 (V450) following the manufacturer’s instructions.

CD81 T-cell proliferation assay
The isolated V450-stained CD81 T cells from Rag22/2 OT-I
mice mentioned above were used for the proliferation assay. To
induce CD81 T-cell activation and proliferation in the absence
of stimulation or an exogenous cytokine like interleukin-2, we
added fixed APCs, which stimulate CD81 T-cell proliferation
weakly.32 As to the preparation of fixed APCs, we pretreated
CD45.1 splenocytes with SIIN at 25 mM in the presence of LPS,
CD14, and LPS-binding protein, all at 100 ng/mL for 6 hours,
and then fixed the splenocytes (0.8% PFA for 5 minutes) for a
consistent stimulatory signal for CD81 activation.

Platelets from indicated conditions were used at a ratio of plate-
let:CD8 of 50:1 (comparable to physiological ratios). Fixed
CD45.1 was used at a number equal to CD81 T cells. For CD3/
CD28 antibody–stimulated conditions, we coated the cell culture
plate with a CD3 antibody at 1 mg/mL overnight at 4�C, washed
with PBS before the experiment, and then added a CD28 anti-
body at 2 mg/mL at the time of the experiment.

Quantitative real-time PCR
Total RNA was isolated from platelets lysed in TRIZOL
reagent. Quantitative real-time polymerase chain reaction
(PCR) analysis was then performed with the Quanta Perfecta
SYBR Supermix Kit. HLA-A messenger RNA expression was
normalized to human TUBB1. Thermal cycling conditions were
as follows: 2 minutes at 95�C, 40 cycles of 30 seconds at
94�C, 30 seconds at 54�C, 45 seconds at 72�C, and 10
minutes at 72�C. Primers used for HLA-A and TUBB1 were:
HLA-A forward 59-GATTACATCGCCTTGAACGAGG-39, HLA-A
reverse 59-GCAGGGTAGA AGCTCAGGG-39; TUBB1 forward
59-GCGTGTACTACAACGAAGCCTAC-39, and TUBB reverse
59-AAAACTGTCGGGTTGAAAGAGAG-39.

Flow cytometry
For the MHC-I expression assay, platelets were incubated with
anti-human HLA-A, -B, or -C, antimouse H-2D or H-2K, or
antimouse SIIN:H-2Kb antibodies (depending on the experiment)
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at room temperature in the dark (20-30 minutes, depending on
the antibody). Platelets were then fixed with equal volume of 4%
PFA for 15 minutes. Samples were acquired on a flow cytometer
immediately or, in some experiments, washed with platelet
binding buffer after fixation and acquired on a flow cytometer
within 2 hours. For CD81 T cells, dendritic cells, and monocytes,
single-cell suspensions of peripheral blood mononuclear cells,
lymph nodes, and splenocytes were Fc blocked using rat anti-
mouse CD16/32 (clone2.4G2, BD 553141). Cells were then incu-
bated with the appropriate antibody (depending on the experi-
ment) or viability dye at room temperature for 30 minutes and
then fixed andwashed. For tetramer staining, cells were incubated
with either isotype tetramer control or a specific tetramer at 4�C
for 30 minutes after Fc blocking. Cells were then washed and
stained for CD45, TCRb, and CD8, followed by fixation. Supple-
mental Table 2 lists antibody information. Intracellular IFN-g stain-
ing was carried out following the BD Fixation/Permeabilization
Solution Kit protocol. Briefly, cells were stimulated with eBio-
science Cell Stimulation Cocktail for 4 to 6 hours in vitro, followed
by surface staining including TCRb, CD8, CD44, and CD62L, fixa-
tion/permeabilization, and intracellular staining for IFN-g.

Western blotting
Washed platelets were saved in lysis buffer, separated by gel
electrophoresis, electrotransferred onto polyvinylidene fluoride
membranes, and then blocked in Tris-buffered saline, 0.1%
Tween 20, and 5% dry milk. Western blots were probed with
antibodies against B2M (Abcam), human MHC-I (Santa Cruz Bio-
technology), or mouse MHC-I (Bio-Rad Laboratories). Beta-actin
(Santa Cruz Biotechnology) was used as a control for protein
loading and densitometric quantification.

Immunofluorescence microscopy
For platelet MHC-I staining, platelets (0.5 3 108 to 1 3 108/mL)
suspended in Medium 199 were fixed with equal volume of 4%
PFA and cytospun onto a cover glass. Platelets were then
washed, permeabilized with 0.1% Triton-X 100 in Hanks bal-
anced salt solution, blocked with 10% goat serum, and incu-
bated with primary antibodies at 4�C overnight, followed by
incubation with secondary antibodies at room temperature for 2
hours. For platelet and CD81 T-cell coculture and staining,
chamber wells were precoated with either fibrinogen or poly-L-
lysine. For fibrinogen coating, chamber wells were coated with
fibrinogen at 100 mg/mL at 37�C for 30 minutes or at 4�C over-
night and blocked with 2% serum albumin. For poly-L-lysine
coating, chamber wells were coated with poly-L-lysine at 100
mg/mL overnight at 4�C. OVA- or SIIN-pulsed platelets were
then washed and seeded onto the fibrinogen-coated chamber
wells at a density of 4 3 107platelets per mL for 30 to 40

minutes. The wells were then carefully washed to remove non-
adherent platelets. CD81 T cells isolated from Rag22/2 OT-I
mice were next added to the chamber wells at a density of 4 3

106/mL CD81 T cells per well (ratio of platelets/CD81 T cells,
10:1). After 30 minutes of coincubation, unbound cells were
washed off. The remaining cells were fixed with 2% PFA, fol-
lowed by permeabilization with 0.1% Triton and blocking with
2% serum albumin, and then stained with primary and second-
ary antibodies. Alternatively, SIIN-pulsed platelets were seeded
onto poly-L-lysine–coated chamber wells. Because platelets
remain quiescent on poly-L-lysine, platelets were seeded at a
higher concentration of 6.6 3 107platelets per mL for 1 hour.
The nonadherent platelets were carefully removed. CD81 T cells
from Rag22/2 OT-I mice were added at a platelet/CD81 T-cell
ratio of 10:1 for 1 hour. Samples were fixed with 2% PFA and
then washed. Cells were allowed to settled overnight at 4�C,
washed again the following day, treated with 50 mM of ammo-
nium chloride for antigen retrieval (15 minutes), and continued
for further permeabilization with 0.1% Triton-X 100 in Hanks bal-
anced salt solution, blocking with 10% goat serum, incubation
with primary antibodies at 4�C overnight, and incubation with
immunofluorescent secondary antibodies at room temperature
for 2 hours. Antibodies used included anti-B2M antibody, anti-
CD8a antibody, anti–integrin aIIb antibody, anti-GPIbb deriva-
tive DyLight649, 49,6-diamidino-2-phenylindole, and secondary
antibodies (supplemental Table 2). Two-dimensional and z-stack
images were acquired using an Olympus IX81 FV300 (Olympus,
Melville, NY) confocal scanning microscope equipped with 603/
1.42 NA and 403/1.35 NA oil objectives. Four laser excitation
wavelengths were used (405, 488, 568, and 640 nm). Z-stack
images were used for the reconstructed 3-dimensional structure
for 3-dimensional videos and max projection images.

Statistical analyses
Statistical analyses were performed using Prism 8 software (Graph-
Pad Software). The 2-tailed Student t test or analysis of variance
with post hoc test was used to compare continuous variables
when data were normally distributed. The Mann-Whitney test was
used to compare nonnormally distributed variables. The log-rank
(eg, Mantel-Cox) survival test was used for survival. A 2-tailed P
value of,.05was considered statistically significant.

Results
Platelets actively internalize, process, and cross-
present exogenous antigens through MHC-I dur-
ing sepsis
Platelets have been shown to be capable of cross-presenting
exogenous antigens in vitro,21 suggesting that platelets can

Figure 1. Platelets actively phagocytose, immunoproteolyze, and present exogenous antigens through MHC-I. (A) To determine if murine and human platelets
are capable of internalization and proteolysis of exogenous antigens, isolated mouse platelets (day 4 after CLP) or human platelets (day 0 upon recruitment) were
pulsed with DQ-OVA for 1 hour at 37�C. BODIPY signal indicates successful internalization and processing of the DQ-OVA, which can be detected by flow cytometry.
(B) Representative flow plots demonstrating BODIPY signal in murine platelets labeled with CD41. A majority of platelets were positive for BODIPY after DQ-OVA pulse
(but not when platelets were fixed), showing active antigen internalization and processing by platelets. (C) Platelets isolated from mice after sham or CLP-induced sep-
sis actively internalized and proteolyzed DQ-OVA (n 5 8-14). Fixed platelets pulsed with DQ-OVA were used as negative control. (D) Human platelets from both
healthy donors and patients with sepsis actively internalized and proteolyzed DQ-OVA (n 5 6-8). (E) Platelets isolated from sham or CLP mice were pulsed with OVA in
vitro for 6 hours, and the OVA antigen peptide–MHC-I complex (SIIN:H-2Kb) was detected. As the arrows demonstrate, we observed significantly increased SIIN:H-2Kb

expression in OVA-pulsed platelets from CLP mice compared with sham mice, suggesting increased antigen cross-presentation by platelets during sepsis. Summarized
percentages of SIIN:H-2Kb platelets are shown on the right. Platelets from CLP mice showed significantly increased antigen cross-presentation (n 5 9-12). (F) Mice
received OVA without adjuvant (3 mg per day) for 3 consecutive days, and on day 4, SIIN:H-2Kb expression on the surface of platelets was measured by flow cytometry
(n 5 4-5; representative of 3 independent experiments). (G) SIIN:H-2Kb expression on the surface of platelets after OVA pulse positively correlated with total H-2Kb

expression (n 5 4-5; representative of 3 independent experiments). One-way analysis of variance with Tukey post hoc analysis, unpaired Student t test, and simple lin-
ear regression test were used. ����P , .0001. MFI, mean fluorescence intensity; plts, platelets; WGA, wheat germ agglutinin.
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both internalize and proteolyze exogenous antigens similarly to
professional APCs. However, the efficacy of this process has not
been evaluated. To determine this, we pulsed platelets with
DQ-OVA, a self-quenched conjugate of OVA that, when

proteolyzed, emits fluorescence (BODIPY; Figure 1A, schematic).
Platelets fixed with 2% PFA were used as negative controls. We
found that a majority of murine platelets were able to internalize
and proteolyze exogenous antigens as indicated by the BODIPY

Se
ps

is

D

He
al

th
y

HLA-A,B,C CD41 HLA-A,B,C/CD41

A

E

Co
un

t

C

0

500

1,000
HL

A-
A,

B,
C 

(M
FI

)

1,500
*

Hea
lth

y

Se
psisHLA-A,B,C APC

102 103 104 105 106

150

50

100

200

0

Healthy

Control Sepsis

0

500

1,000

To
ta

l H
LA

-A
 R

NA
 (F

PK
M

)

1,500

*

Hea
lth

y

Se
psis

0

HL
A-

A 
m

RN
A

(F
ol

d 
ch

an
ge

)

**

10

20

30

40

Hea
lth

y

Se
psis

0

200

400

To
ta

l H
-2

D1
 R

NA
 (F

PK
M

) 600

Pnom=0.08

Sh
am

CLP

*F

H-
2D

 (M
FI

)

0
20
40
60

100
120

80

Sh
am

CLP
0

100

200

300

*G

SI
IN

:H
-2

Kb  (M
FI

)

Sh
am

CLP

HLA-A

He
al

th
y

Se
ps

is

5’5’ 3’

H-2D1

Sh
am

CL
P

5’ 3’

B

Figure 2. MHC-I expression increases in both human and mouse platelets during sepsis. (A) IGV snapshots on the left show representative reads of 1 MHC-I allele
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20). (D) Representative immunofluorescent images showing increased MHC-I in platelets from a patient with sepsis compared with platelets from a healthy donor. (E)
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signal (Figure 1B-C). To evaluate antigen processing in platelets
during sepsis, we compared the platelets isolated from sham
and CLP mice 4 days after CLP. Antigen internalization and
processing by platelets were similar under sham and CLP condi-
tions, suggesting that platelets retain their robust capacity for
antigen uptake and processing during sepsis. As shown in Fig-
ure 1D, antigen internalization and processing by human plate-
lets from healthy donors and patients with sepsis were
consistent with the murine findings. Because protein degrada-
tion in the proteasome is the most common pathway for prote-
olysis, we also examined whether platelet proteasome activity
was necessary for DQ-OVA processing. Platelets were treated
with 3 different proteasome inhibitors: MG-132, bortezomib,
and lactacystin. All 3 inhibitors successfully inhibited the 20S
proteasome activity (supplemental Figure 1A-B). However, they
did not inhibit DQ-OVA processing (supplemental Figure 1C-D),
suggesting that platelets internalize and process exogenous
antigens in a proteasome-independent manner.

We then assessed whether platelets are able to load processed
antigen peptides onto their MHC-I complexes and, if so,
whether peptide loading onto MHC-I was altered during sepsis.
Using an antibody specific for the immunogenic OVA peptide
SIIN (amino acid residues 257-264) bound to the MHC-I H-2Kb

allele,29 antigen cross-presentation by OVA-pulsed platelets
from sham and CLP mice was examined by immunofluorescent
microscopy. Platelets were counterstained with the membrane
marker wheat germ agglutinin Alexa Fluor 555. Only a few
OVA-pulsed platelets from sham control mice were positive for
SIIN:H-2Kb (Figure 1E, top panel). However, this antigen cross-
presentation was significantly increased in platelets from CLP
mice with sepsis (Figure 1E, bottom panel; quantification on the
right). As an alternative method, we also measured the mean
fluorescence intensity of SIIN:H-2Kb on the surface of platelets
by flow cytometry as an indicator of antigen cross-presentation
by MHC-I. We observed a modest but significant increase in
antigen cross-presentation by platelets from CLP mice as com-
pared with sham controls, which correlated with H-2Kb expres-
sion (Figure 1F-G). Increased SIIN:H-2Kb expression on platelets
from CLP mice was detected by 2 hours, peaked at 6 hours, and
remained elevated for up to 24 hours (data not shown). This
suggests that although platelets actively internalize and process
exogenous antigens under both healthy and septic conditions,
cross-presentation of exogenous antigen peptides is increased
during sepsis.

MHC-I on human and murine platelets is
increased during sepsis
We and others have reported that the platelet transcriptome
and proteome are dynamically altered during sepsis.13,30 We
therefore evaluated whether increased antigen cross-
presentation by platelets during sepsis is associated with upre-
gulation of MHC-I genes.

We first interrogated a platelet RNA sequencing data set from
clinical and experimental sepsis that we recently published.13

The messenger RNA expression of MHC-I alleles HLA-A, HLA-B,
and HLA-C were significantly upregulated in human platelets
during clinical sepsis (Figure 2A; supplemental Figure 2A).
Genes mediating other components of the MHC-I pathway,
including complex assembly, antigen loading, and transporta-
tion, such as calreticulin (CALR), calnexin (CANX), ERp57
(PDIA3), and TAPBP, were also increased in platelets during clin-
ical sepsis (supplemental Figure 2B). Increased MHC-I expres-
sion on platelets was independently confirmed in a larger cohort
of patients with sepsis by real-time PCR, flow cytometry, immu-
nofluorescent microscopy, and western blotting (Figure 2B-D;
supplemental Figure 2D). MHC-I expression was not significantly
associated with age (R2 5 0.00002; P 5 .98) or sex (P 5 .63) in
either healthy donors or patients with sepsis. The expression of
MHC-II alleles was not increased in human platelets during sep-
sis (supplemental Figure 2C), suggesting a degree of selectivity
for upregulation of the MHC-I pathway. Because platelets are
anucleate, we also evaluated whether agonists generated in
sepsis (eg, IFN-g and LPS) upregulate MHC-I expression in meg-
akaryocytes. Both IFN-g and LPS significantly increased MHC-I
expression on human CD341–derived megakaryocytes (supple-
mental Figure 2E).

We next examined the expression of MHC-I in murine platelets
during CLP-induced experimental sepsis. Similar to changes in
human septic platelets, the expression of the murine MHC-I
allele H-2D was upregulated during CLP sepsis (Figure 2E).
Other murine MHC-I alleles and genes involved in the antigen
presentation pathway were also consistently increased in our
RNA sequencing data set (supplemental Figure 3A-B). Similar to
platelets from patients with sepsis, MHC-II alleles were not
increased in murine platelets during experimental sepsis (supple-
mental Figure 3C). We confirmed in an independent set of
experiments that H-2D surface protein expression was also sig-
nificantly increased on murine platelets during CLP by flow
cytometry and total MHC-I expression by western blotting (Fig-
ure 2F; supplemental Figure 3D). Increased MHC-I expression
on platelets during sepsis was accompanied by increased anti-
gen presentation in vitro (Figure 1E) and in vivo (Figure 2G).
These data indicate that platelet MHC-I expression and activity
are increased in platelets during clinical and experimental
sepsis.

Platelets interact via MHC-I with antigen-specific
CD81 T cells during sepsis
A primary function of MHC-I is to present peptides to antigen-
specific TCRs on CD81 T cells. During sepsis, whether exogenous
antigen cross-presentation by platelets increases engagement of
antigen-specific CD81 T cells is unknown. To establish this, we
pulsed platelets with the OVA peptide SIIN. We then seeded pla-
telets onto fibrinogen-coated chamber wells, cocultured platelets

Figure 3. Platelet MHC-I mediates increased interactions between platelets and antigen-specific CD81 T cells during sepsis. (A) To study whether the
antigen–MHC-I complex on platelets can directly engage antigen-specific CD81 T cells, platelets were isolated from either sham or CLP mice, pulsed with SIIN for 2 hours,
washed, seeded onto fibrinogen-coated chamber wells, and cocultured with SIIN:H-2Kb-specific CD81 T cells from Rag22/2 OT-I mice. Unbound cells were washed off.
Attached CD81 T cells were fixed and stained for confocal immunofluorescent imaging. (B) Representative Z stack maximum projection images showing an increased num-
ber of CD81 T cells (labeled with 49,6-diamidino-2-phenylindole [DAPI] and CD8) attached to platelets (labeled with GPIb) from CLP mice compared with sham mice. Yellow
arrows illustrate CD81 T cells that are attached to platelets. (C) Quantification of CD81 T cells per image shows the interaction between platelets and CD81 T cells in an
antigen-specific manner (n5 15). One-way analysis of variance with Tukey post hoc analysis was used. ��P, .01, ����P , .0001. ns, not significant.
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with CD81 T cells from Rag22/2 OT-I mice at a ratio of 10:1, and
measured CD81 T-cell binding (Figure 3A, schematic). Rag22/2

OT-I is a transgenic mouse strain that expresses SIIN:H-2Kb-spe-
cific TCRs on CD81 T cells.31-33 Therefore, CD81 T cells from
Rag22/2 OT-I mice are commonly used for studying antigen-
specific interactions between MHC-I and CD81 T cells. As shown
in Figure 3B and supplemental Videos 1 and 2, very few CD81 T
cells bound to unpulsed platelets from either CLP or sham control
mice. In contrast, CD81 T cells readily bound to SIIN-pulsed plate-
lets, and the number of attached CD81 T cells was significantly
increased during sepsis (Figure 3C; supplemental Videos 3 and 4).
Because fibrinogen can activate platelets, we also seeded plate-
lets onto poly-L-lysine–coated chambers and cocultured platelets
with CD81 T cells to examine interactions between quiescent
platelets and CD81 T cells. As shown in supplemental Figure 4,
consistent with our previous findings, platelets from CLP mice
induced significantly increased CD81 T-cell attachment. These
findings indicate that platelet MHC-I can present antigen
peptides and engage antigen-specific CD81 T cells and that this
is increased during sepsis.

Platelet MHC-I suppresses CD81 T-cell numbers
and functions in vivo during sepsis
To evaluate the in vivo significance of the interactions between
platelet MHC-I and CD81 T cells in sepsis, we used a platelet
lineage–specific B2M knockout mouse strain (B2Mf/f-Pf4Cre) and
littermate control mice (B2Mf/f; referred to herein as B2M1/1; Fig-
ure 4A).34 B2M, which encodes b2-microglobulin, is required for
MHC-I complex assembly and antigen cross-presentation. MHC-I
expression was intact on platelets from B2m1/1 mice (Figure 4B).
Consistent with our findings in C57BL/6JWTmice with sepsis (Fig-
ure 2E-F; supplemental Figure 3A,D), platelet MHC-I expression
was upregulated in B2M1/1 mice after CLP sepsis (Figure 4B). In
contrast, MHC-I expression on platelets from B2Mf/f-Pf4Cre mice
was defective and did not increase after CLP (Figure 4B). As shown
in supplemental Figure 5, MHC-I expression on total leukocytes,
dendritic cells, and monocytes was intact in both B2Mf/f-Pf4Cre
and littermate control B2M1/1mice.

We next examined CD81 T-cell numbers and frequency in the
B2Mf/f-Pf4Cre and B2M1/1 mice subjected to CLP or sham condi-
tions. Published studies have found that the number of CD81 T
cells are reduced after clinical and CLP-triggered sepsis.1,35-38

Consistent with this, we also found that the numbers of CD81 T
cells were significantly decreased in B2M1/1 mice after CLP sepsis
when we measured the CD31CD81 population in the viable
CD451 leukocytes isolated from the mesenteric lymph nodes (the
draining lymph nodes during CLP sepsis), peripheral blood,
spleen, and nondraining lymph nodes (Figure 4C-E; supplemental
Figure 6A). In contrast, CD81 T-cell numbers from B2Mf/f-Pf4Cre
mice (where platelet MHC-I was defective) did not significantly
change during sepsis in mesenteric lymph nodes and were at

levels comparable to those in nonseptic sham control conditions
(Figure 4C-D). Consistent findings were observed in CD81 T cells
from the peripheral blood and spleen, although levels were
incompletely restored in the spleen (Figure 4E; supplemental Fig-
ure 6A). We further characterized the CD81 T-cell populations,
including the CD62LhighCD44low naïve CD81 T cells and CD44high

effector/memory CD81 T cells. During sepsis, CD44highCD81 T
cells were decreased in the mesenteric lymph nodes of B2M1/1

mice but did not change in B2Mf/f-Pf4Cre mice (Figure 4D). There
was no difference in CD62LhighCD44low naïve CD81 T cells
between B2M1/1 and B2Mf/f-Pf4Cremice (data not shown). IFN-g
production is a hallmark ofCD81 T-cell function, andwemeasured
the intracellular IFN-g production in CD81 T cells. Splenic CD81 T
cells from B2M1/1 mice subjected to CLP sepsis showed sup-
pressed IFN-g intracellular expression (supplemental Figure 6B). In
contrast, IFN-g production by CD81 T cells in B2Mf/f-Pf4Cre mice
subjected to CLP sepsis was similar to that in sham control condi-
tions (supplemental Figure 6B). We also examined the number of
CD81 T cells in nondraining lymph nodes during sepsis (including
cervical and axillary lymph nodes) but did not see any differences
between B2M1/1 and B2Mf/f-Pf4Cre mice (data not shown). In
addition, we examined CD41 T cells in mesenteric lymph nodes,
peripheral blood, and spleen. As anticipated, CD41 T-cell num-
bers and frequencywere not affected by plateletMHC-I deficiency
(Figure 4D-E; supplemental Figure 6A). These data suggest that
both CD81 T-cell numbers and functions (eg, IFN-g production)
are regulated by plateletMHC-I during sepsis.

To assess whether loss of B2M might alter platelet count or size
during sepsis, we measured platelet count and mean platelet vol-
ume. There was no significant difference between B2M1/1 and
B2Mf/f-Pf4Cre mice (supplemental Figure 7A-B). We also exam-
ined the monocytes in the spleen and mesenteric lymph nodes
after CLP, because platelet-derived b2M has been shown to be
able to regulatemonocytes in vivo.34 However, there were no dif-
ferences in the number of monocytes between B2M1/1 and
B2Mf/f-Pf4Cre mice (data not shown). In addition, we measured
the serum AST levels as an indicator of liver injury in sepsis. Both
B2M1/1 and B2Mf/f-Pf4Cre mice showed similarly increased AST
as comparedwith sham control mice (supplemental Figure 7C).

Platelet MHC-I mediates decreased antigen-
specific CD81 T-cell proliferation in vitro dur-
ing sepsis
Our in vivo data suggest that platelet MHC-I mediates
decreased numbers of CD81 T cells in sepsis. This suppression
could occur through direct interactions between platelets and
CD81 T cells or through indirect interactions with other cells or
molecules. We therefore next evaluated whether platelet MHC-I
could mediate direct suppression of antigen-specific CD81 T
cells in vitro. Because antigen-specific CD81 T-cell proliferation
was previously shown to be reduced in sepsis,39 we carried out

Figure 4. Platelet MHC-I mediates CD81 T-cell suppression during sepsis in vivo. (A) To study the function of platelet MHC-I function in vivo, we used a platelet
lineage–specific B2M knockout strain (B2Mf/f -Pf4Cre). A representative western blot probed for B2M in platelets from a B2Mf/f-Pf4Cre mouse and littermate B2M1/1

control mouse is shown. (B) B2M1/1 or B2Mf/f-Pf4Cre mice were subjected to sham or CLP and euthanized on day 4. H-2D expression on platelets was measured by
flow cytometry. Only platelets from B2M1/1 mice had increased H-2D expression during sepsis. Platelets from B2Mf/f -Pf4Cre mice remained negative and unchanged
(n 5 7-13). (C) Representative flow plots of the CD81 T-cell population from sham or CLP mouse mesenteric lymph nodes. B2M1/1 mice had decreased CD81 T cells
when subjected to CLP, whereas the B2Mf/f-Pf4Cre mice did not. (D-E) Summarized CD81 T-cell frequencies and absolute numbers, CD44highCD81 T-cell frequencies,
and CD41 T-cell frequencies in the mesenteric lymph nodes (D) and peripheral blood (E) (n 5 10-24). Upper bracket compares the percentage of CD81 T cells
between littermate control sham (eg, baseline) and B2M knockout during CLP. This bracket is included to visually highlight that the absence of MHC-I results in near-
normal levels of CD81 T cells during sepsis. One-way analysis of variance with Tukey post hoc analysis was used. �P , .05, ��P , .01, ���P , .001. ns, not significant.
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CD81 T-cell proliferation assays in the presence of platelets
from WT and MHC-I–deficient mice under sham or CLP sepsis
conditions. We stained CD81 T cells from Rag22/2 OT-I mice
with the proliferation dye V450, which was incorporated into live
cells. With each cell division, the V450 dye transfers to a new
generation of cells, and the fluorescent intensity in each cell is

approximately half of the previous. SIIN-pulsed and LPS-
stimulated CD45.1 splenocytes were fixed and added to the
coculture to induce consistent baseline levels of CD81 T-cell
proliferation. Platelets were pulsed with SIIN, washed, and
added to the culture at a platelet/CD81 T-cell ratio of 50:1 to
mimic the estimated ratio in peripheral blood (Figure 5A,
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Figure 5. Platelets from mice with sepsis directly induce antigen-specific CD81 T-cell suppression in vitro. (A) Platelets isolated from B2M1/1 or B2Mf/f-Pf4Cre
mice on day 4 after CLP were pulsed with SIIN for 2 hours, washed, and cocultured with antigen-specific CD81 T cells isolated from Rag22/2 OT-I mice for 60 hours
at 37�C in uncoated cell culture plates. (B) Representative flow plots for CD81 T-cell proliferation at baseline. CD81 T cells were stained with the proliferation dye
V450 before coincubation. (C-D) A representative flow plot and quantitation demonstrating decreased CD81 T-cell proliferation when CD81 T cells were incubated
with platelets isolated from C57BL/6 mice after CLP compared with sham. Proliferation was normalized to CD81 T cells incubated with platelets from sham mice. (E-F)
A representative flow plot and quantitation demonstrating suppressed CD81 T-cell proliferation during sepsis, when CD81 T cells were incubated with platelets iso-
lated from B2M1/1 mice compared with platelets from B2Mf/f-Pf4Cre mice. Proliferation was normalized to CD81 T cells incubated with platelets from B2Mf/f-Pf4Cre
mice after CLP. All plots are representative of 3 independent experiments. An unpaired Student t test and Mann-Whitney test were used. *P , .05. FSC, forward scat-
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Figure 6. Antigen-specific CD81 T cells are protected in platelet MHC-I–deficient mice during sepsis. (A) To induce OVA-specific CD81 T-cell responses, mice were
given OVA–complete Freund adjuvant (CFA) immunization 12 days before CLP surgery and OVA–incomplete Freund adjuvant (IFA) 2 days after CLP. On day 5 after CLP,
draining lymph nodes (LNs) were collected, and SIIN:H-2Kb tetramers were used to measure the antigen-specific CD81 T-cell population. (B) Representative flow plots show-
ing the gating strategy for SIIN:H2Kb1 tetramers using splenocytes from Rag22/2 OT-I mice as positive control. (C-D) Representative flow plots (C) and summary of the per-
centage and absolute number (D) of SIIN:H-2Kb–specific CD81 T-cell population in the draining LNs from B2M1/1 and B2Mf/f-Pf4Cre mice after CLP. The antigen-specific
CD81 T-cell population was significantly protected in the B2Mf/f-Pf4Cre mice (n5 5). (E) Comparable survival of the platelet MHC-I–deficient mice (B2Mf/f-Pf4Cre) and litter-
mate controls (B2M1/1) when subjected CLP. (F) To evaluate the impact of the MHC-I–regulated antigen-specific CD81 T-cell responses in vivo, B2M1/1 or B2Mf/f-Pf4Cre
mice were crossed with OT-I mice to generate a platelet MHC-I–deficient CD81 T-cell transgenic strain of mice (B2M1/1

–OT-I [WT OT-I] and B2Mf/f
–Pf4Cre–OT-I [KO–OT-I]).

(G) WT–OT-I or KO–OT-I mice were immunized with OVA-CFA on day 212 and subjected to CLP on day 0 and OVA-IFA on day 2. Survival was monitored daily for 5 days.
Whereas 7 of 10WT–OT-I mice died by day 5, only 3 of 7 KO–OT-I died. Mann-Whitney and log-rank (eg, Mantel-Cox) survival tests were used. �P, .05, ��P, .01. FSC, for-
ward scatter; PE, phycoerythrin; SSC, side scatter; WBC, white blood cell.
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schematic). Baseline CD81 T cells proliferated at a rate of
�8% to 9% (Figure 5B). The addition of platelets from sham-
treated C57BL/6J WT mice, as an additional control, did not
substantially alter the rate of baseline CD81 T-cell proliferation
(�10%; Figure 5C, left panel). In contrast and consistent with
our in vivo findings, CD81 T-cell proliferation was suppressed
by �30% by platelets from C57BL/6 WT mice with sepsis (Figure
5C, right panel; Figure 5D). We next tested the effect of plate-
lets from either B2M1/1 control or B2Mf/f-Pf4Cre mice on CD81

T-cell proliferation during sepsis. Platelets from B2Mf/f-Pf4Cre
mice, where B2M and therefore MHC-I were absent, showed
near-normal levels of CD81 T-cell proliferation (�8%; Figure 5E-
F). These data suggest that platelet MHC-I directly mediates
CD81 T-cell proliferation during sepsis.

We next evaluated if platelets still suppress CD81 T-cell activa-
tion and proliferation when CD81 T cells are provided with addi-
tional costimulatory signals. Exogenous CD3/CD28 antibodies
were added to platelets cocultured with CD81 T cells to activate
CD3 and CD28 on CD81 T cells.40 As shown in supplemental
Figure 8A-B, platelets also reduced CD81 T-cell proliferation in
sepsis, even in the presence of exogenous robustly activating
CD3/CD28 antibodies.

Platelet MHC-I regulates antigen-specific CD81

T-cell responses and outcomes during sepsis
We next sought to determine the impact of platelet MHC-I on
antigen-specific CD81 T-cell responses in vivo. Mice were first
administered OVA–complete Freund adjuvant to induce OVA-
specific CD81 T-cell responses, followed by induction of sepsis
with CLP and then vaccination with OVA–incomplete Freund
adjuvant (Figure 6A, schematic; Figure 6B, gating strategy).
Draining lymph nodes were harvested 3 days later, and antigen-
specific CD81 T cells were measured using SIIN:H-2Kb BV421
tetramers. Consistent with our other findings (Figures 4C-E and
5C-F), both the frequency and numbers of antigen-specific
CD81 T cells during CLP sepsis were higher in B2Mf/f-Pf4Cre
mice compared with B2M1/1 littermate controls (Figure 6C-D).

Prior studies have demonstrated that reduced CD81 T-cell num-
bers and functions in sepsis are associated with adverse out-
comes.2,35,36,41 We therefore next assessed whether interactions
between platelet MHC-I and CD81 T cells regulated outcomes in
sepsis. CLP is a polymicrobial sepsismodel. As expected,mortality
fromCLP sepsis did not differ betweenB2M1/1 andB2Mf/f-Pf4Cre
mice, because both these strains of mice have a diverse TCR rep-
ertoire in their CD81 T-cell population (Figure 6E). We next evalu-
ated the impact of antigen-specific interactions between platelet
MHC-I and CD81 T cells on sepsis outcomes. To do this, we
crossed B2M1/1 and B2Mf/f-Pf4Cre mice with OT-I mice to
generate a plateletMHC-I–deficient, CD81 T-cell transgenic strain
with a dominant OVA-specific CD81 T-cell population. We have
employed the following nomenclature for these 2 strains:
B2M1/1

–OT-I (WT–OT-I), because their plateletMHC-I expression
is intact and CD81 T cells are transgenic, and B2Mf/f

–Pf4Cre–OT-I
(KO–OT-I), because their platelet MHC-I expression is defective
and the CD81 T cells are transgenic (Figure 6F). When the mice
were subjected to CLP, sepsis-associated mortality trended lower
in KO–OT-Imice, comparedwithWT–OT-I littermate controls (sur-
vival, 60% vs 30%; P5 .35; Figure 6G).

Discussion
Platelets are dynamic effector cells that orchestrate immune and
inflammatory host responses during infectious and inflammatory
diseases.8,42,43 Interactions between platelets and CD81 T cells
are generally less well understood. In our current study, we
found that platelets actively internalize and process exogenous
antigens and present antigen peptides to antigen-specific CD81

T cells. In sepsis, platelet MHC-I is increased, leading to
decreased CD81 T-cell numbers, reduced CD81 T cell prolifera-
tion, and impaired CD81 T-cell intracellular IFN-g production.

CD81 T-cell responses during sepsis have unique features com-
pared with other infectious settings. For example, during
malaria, CD81 T-cell numbers and functional responses are gen-
erally upregulated.21 In contrast, during sepsis, CD81 T-cell
numbers and functional responses are suppressed and associ-
ated with increased secondary infections and mortality.2,6,36,44

Reduced CD81 T-cell numbers during sepsis involve all CD81

T-cell compartments, including naïve, effector, and memory
cells.2,5,6 Sepsis may also suppress CD81 T-cell responses
against heterologous pathogens by diminishing the diversity of
naïve CD81 T cells and causing loss of CD81 T-cell effector
functions.35,36,38 MHC-I is a key molecular complex regulating
antigen presentation to CD81 T cells and subsequent CD81

T-cell responses. Although platelets are known to possess robust
levels of MHC-I and signal to CD81 T cells,21 whether platelet
MHC-I contributes to CD81 T-cell suppression during sepsis has
not been examined.

Antigen presentation includes antigen internalization and proc-
essing into peptides, binding of antigen peptides to MHC-I, and
transportation to the cell surface.45 In vitro activated platelets
are capable of antigen cross-presentation, indicating that plate-
lets can internalize and process OVA.21 Megakaryocytes are also
capable of antigen cross-presentation.22,46 However, the dynam-
ics and efficacy of the internalization and proteolysis processes
have not been evaluated. When we pulsed platelets with an
exogenous antigen (eg, DQ-OVA, commonly used to evaluate
antigen internalization and processing by APCs47), human and
murine platelets robustly internalized and processed exogenous
antigen within an hour. Moreover, processed peptides were
loaded onto platelet MHC-I through cross-presentation.

Platelets from mice with sepsis have significantly increased anti-
gen cross-presentation. MHC-I complexes are often the limiting
factor for the efficiency of antigen presentation and cross-
presentation by APCs.45 We also observed that increased anti-
gen cross-presentation by platelets during sepsis was associated
with increased expression of MHC-I alleles in platelets. In addi-
tion to sepsis, increased platelet MHC-I was also previously
demonstrated in mice infected with the malaria strain P ber-
ghei.21 Although we did not measure the processing of specific
viral or bacterial pathogens, platelets have been shown to be
capable of internalizing influenza virus.11 Recent work by Pariser
et al46 has also shown that megakaryocytes (platelet precursor
cells) internalize E coli. These findings indicate that platelets are
able to internalize other antigens and/or pathogens besides
SIIN. Although OVA cannot passively enter cells, OVA can be
internalized through phagocytosis or receptor-mediated endocy-
tosis.48,49 Proteasome-mediated proteolysis is a common mech-
anism in other cells.50,51 However, based on our data, platelets
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seem to process OVA in a proteasome-independent mechanism
under the conditions of our experiments. It may be that auto-
phagosomes and lysosomes, which generate antigen peptides
in other cells,52,53 are responsible for processing exogenous
antigen in platelets.

In our current study, increased platelet MHC-I expression during
sepsis also resulted in greater platelet–CD81 T-cell interactions
in vitro. Our previous studies found increased platelet-leukocyte
aggregates, including platelet–CD81 T-cell aggregates, in the
peripheral blood from patients with sepsis and COVID.14,19

Consistently, recent work by Albayati et al54 also showed that
platelet–T-cell aggregates are increased after CLP sepsis and
that the platelet P2Y12 receptor regulates direct platelet–T-cell
aggregation formation as well as T regulatory cell numbers and
functions. Published work has shown that dendritic cell–derived
exosomes are able to regulate CD81 T-cell numbers and func-
tions.55 Platelets release soluble and exosome-packaged media-
tors upon activation. In preliminary experiments, we did not
observe any evidence that platelet releasate suppresses CD81

T-cell proliferation during CLP sepsis (data not shown). Whether
direct platelet binding to CD81 T cells is required for T-cell
responses remains largely unknown. Although our data suggest
that platelet MHC-I engages CD81 T cells in an antigen-specific
manner, we cannot completely exclude the possibility that solu-
ble factors, exosomes, or microvesicles released by platelets
during sepsis may contribute to altered CD81 T-cell numbers or
functions.

In WT mice where platelet MHC-I was intact and upregulated,
CD81 T cell numbers, proliferation, and IFN-g production were
significantly reduced during sepsis. This is consistent with prior
studies showing decreased CD81 T-cell numbers in lymphoid
organs and peripheral blood during experimental and clinical
sepsis.35,37,41,56,57 When we examined CD81 T cells in mice with
sepsis lacking platelet MHC-I, CD81 T-cell numbers, proliferation,
and levels of IFN-g production were restored to normal or near-
normal levels. We could not clearly attribute these findings to
other cells, including classical APCs, because we did not identify
any differences in the numbers of dendritic cells, monocytes,
or leukocytes between platelet MHC-I–sufficient and
MHC-I–deficient mice. Furthermore, by using MHC-I tetramers,
we identified that the number of antigen specific CD81 T cells is
maintained during sepsis when platelet MHC-I is absent. In a small
sample size, preservation of CD81 T-cell numbers and functions in
the absence of platelet MHC-I was associated with a trend toward
reduced mortality that did not reach significance after CLP sepsis
in a platelet MHC-I–deficient CD81 T-cell transgenic strain
(B2Mf/f-Pf4Cre/OT-I). Although this is consistent with studies
where either pharmacological or genetic rescue of CD81 T-cell
numbers improved survival in mice after CLP sepsis,41,58 these
findings will need to be examined further in future studies.

Strengths of our study include parallel investigations in human
and murine platelets during sepsis and concordant findings that
MHC-I is upregulated in both clinical and experimental sepsis.
We also used mouse models where MHC-I alleles and CD81

T-cell epitopes are known, and peptide–MHC-I tetramers to
quantify antigen-specific CD81 T-cell responses in sepsis. We
recognize that our patients with sepsis and healthy donors were
not matched on the variable of age. However, based on pub-
lished platelet RNA data sets from healthy human donors, MHC-

I expression does not significantly change with aging.59,60 Con-
sistent with this, there was no association between MHC-I allele
expression and age in our patient cohorts. We also appreciate
the possibility that cosignaling ligands for CD81 T cells may also
mediate platelet MHC-I-CD81 T-cell interactions.25 Finally,
although dendritic cells may suppress CD81 T-cell functions, we
did not observe any differences in dendritic cell numbers during
sepsis or between platelet MHC-I–sufficient and platelet
MHC-I–deficient mice.39

In summary, the results from this study indicate that through
platelet MHC-I, which is upregulated similarly during clinical and
murine sepsis, platelets internalize, process, and present
antigens to CD81 T cells. Through this mechanism, increased
MHC-I on platelets during sepsis results in suppressed CD81

T-cell numbers, proliferation, and functional responses.
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