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Unique processing pathways within recipient antigen-presenting cells determine
lgG immunity against donor platelet MHC antigens

K. W. Annie Bang, Edwin R. Speck, Victor S. Blanchette, John Freedman, and John W. Semple

Recipient IgG immunity against leukore-
duced donor platelets is dependent on
indirect T-cell allorecognition and is sup-
pressed in vivo by inhibitors (aminoguani-
dine, AMG) of inducible nitric oxide
synthase (INOS). To examine recipient
processing pathways of donor platelet
antigens, enriched macrophages (antigen-
presenting cells [APC]) from BALB/c
(H-29) mice were pulsed with allogeneic
C57BL/6 (H-2P) platelets and transfused
weekly into naive BALB/c mice. Platelet-
pulsed APC stimulated 1gG antidonor
antibody production in 45% of recipients
by the second transfusion and in 100% by
the sixth transfusion; this response was
enhanced by pulsing in the presence of

interferon- y. By the sixth transfusion,
high-titer 1gG1 (mean titer 4990) and
1gG2a (1933) isotypes specific for donor
major histocompatibility complex (MHC)
class | antigens were detected. Platelet
pulsing in the presence of AMG or col-
chicine significantly inhibited the ability
of APC to stimulate 1gG alloantibodies;
only 50% ( P < .005) and 20% (P < .0001)
of recipients, respectively, produced anti-
bodies by the sixth transfusion. AMG
inhibition was reversed by the addition of
L-arginine, the substrate for INOS. In con-
trast, pulsing in the presence of chlor-
oquine, the proteasome inhibitory pep-
tide MG115, or Brefeldin A enhanced APC
immunity (70-100% of recipients antibody

positive by the second transfusion [ P <
.05]); these agents allowed the pulsed
APC to stimulate IgG2a but inhibited 1IgG1
production and this correlated with a
reduction in serum interleukin (IL)-4 lev-
els. The results suggest that for donor
platelet antigens to stimulate 1gG alloanti-
bodies, recipient APC use the essential
generation of nitric oxide and a noncyto-
solic, pH-independent processing path-
way, which can be exploited as an effec-
tive immunotherapy target to further in-
hibit alloimmunization against leukore-
duced platelets. (Blood. 2000;95:1735-
1742)
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Introduction

Production of IgG antibodies is critically dependent on T-celprocessing pathways of clinically relevant protein antigens such as
recognition and activatioh? T cells recognize protein antigens,platelet alloantigens may be fundamental to developing efficacious
which are degraded or processed and combined with molecuésgigen-specific therapies for alloimmunization.

encoded by the major histocompatibility complex (MH@)Anti- Two recipient T-cell recognition mechanisms have been shown
gen processing is critical for generating protein determinants thatinitiate alloimmunity. The direct pathway occurs when recipient
can be loaded and bound within the antigen-binding grooves Bhelper cells directly interact with MHC class Il molecules on
either MHC class | or Il moleculesThe spectrum of antigen donor APC, whereas the indirect pathway is analogous to the
processing ranges from the simple unfolding of conformationabrmal immune responsge.Indirect recognition occurs when
determinants to the proteolytic exposure of primary structure f@aflogeneic non-APC are administered to a recipient and involves
pH-dependent enzymes (eg, cathepsifisfExogenous proteins the processing and presentation of allelic donor antigens (eg, MHC
(eg, bacterial glycoproteins) are generally processed by antigetass | molecules) by recipient APC to recipient T-helper cells. The
presenting cells (APC) via endosomal compartments and anelirect pathway of allorecognition has been implicated in rejection
shunted to intracellular compartments rich in MHC class lesponses in various transplantation models of cafdikiciney?°
molecules® This pathway is necessary for the activation of CD4 and skid®21.22grafts. Within the context of indirect allorecognition,
T-helper cells and help for eventual IgG antibody productfon.interactions between donor antigen and self-APC are critical to
Endogenous antigens (eg, virally derived proteins), on the othBxcell activation and subsequent antibody formafi®#fin 1995, 2
hand, are processed by large molecular weight proteasomes witliporatories using different animal models (murine versus rat) of
the APC cytosol and are subsequently transported to the lumipdhtelet immunity suggested that allogeneic platelets stimulated
surface of the endoplasmic reticulum for loading onto MHC clasd¢G antidonor immunity via indirect recognitid 2’ We subse-
molecule<:10 This pathway is responsible for the stimulation ofjuently demonstrated that the indirect alloimmunity against plate-
CD8" cytotoxic T cells (CTL)! Experimentally, the major distinc- lets was dependent on the activation of inducible nitric oxide
tion between these pathways has been that exogenous antiggmthase (iINOS) within recipient macrophade®26These results
processing is generally susceptible to pH-raising lysomotrophsciggested that recipient macrophages may mediate platelet alloim-
agents such as chloroquine and JIH whereas the endogenous omunity via their known roles as a phagocyte and APC. However,
nonendosomal pathway is nbt214 Understanding antigen- the mechanisms by which donor platelets are engulfed, processed,
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and presented to the recipient’s immune system to stimulate Ig@nk’s balanced salt solution (HBSS) to remove nonadherent cells. The
antidonor immunity remain unknown. To study the antigennumber of adherent cells/dish was estimated by subtracting the nonadherent
processing pathways of allogeneic platelet antigens, adherent Aggtt counts from the seed dose of the dish (approximately 30% of the spleen

from recipient mice were pulsed with donor platelets in th@ells adhered). The phenotype of the adherent ce_IIs (APC) is summarized in
'Be?ble 1. Based on the number of adherent APC/dish, platelets were added to

resence of various metabolic inhibitors and then examined fi . )
Fheir ability to stimulate alloantibodies in naive recipient mice. Th ulse the APC at a ratio of 10:1 (platelets/APC) and were incubated for 18
P ) qurs at 37°C. The pulsed APC were gently scraped from the dish with a

results show that reglplentAPC use U“'que Intracellular pathv_vay@ﬂon scraper and centrifuged at 830 reduce free platelets. The pellet
to process allogeneic platelet MHC antigens for the stimulation @fs then washed twice with’t HBSS and the concentration was adjusted
recipient immunity and suggest that manipulating these pathwaygsi APC/mL for transfusion. Mice received 100-pL transfusions. The
may be an effective form of immunotherapy. transfusion contained less than1(P free intact platelets; at these levels,
intact allogeneic platelets were not immunogenic within the 6-week
transfusion protocd®® The number of adherent donor WBC in the

Materials and methods transfusion product was determined to4&0 WBC per transfusion; this
number of allogeneic WBC per transfusion was not immunogenic on its
Animals and cell lines own (J.W.S., unpublished data). Cell viability was measured as 80% to 95%

by trypan blue dye exclusion. Incubation of the adherent APC with either
Inbred female BALB/c (H-9) mice, 8 to 12 weeks of age, were used as thgyngeneic or allogeneic platelets for 18 hours caused only a slight increase
transfusion recipients and as the source of APC; female C57BL/6°XH-2 the percentage of CD43CD61* cells (Table 1). Where indicated, IFi\-
mice, 6 to 12 weeks of age, were used as platelet donors; the mice Wergo U/mL final) or the chemical inhibitors (0.5 or 1.0 mM AMG; 1 pg/mL
purchased from Harlan-Sprague Dawley (Indianapolis, IN). EL-4 {H-2¢olchicine; 0.1 mM chloroquine, 50 mM Nigl, 1 pg/mL Brefeldin A, or 5
C57BL/6 thymoma, P815 (H?p DBA mastocytoma, and RT 1.1 (H2 ;M MG115, Table 2) were added to the platelet-pulsing step.
CBA lymphoma cell lines were used for serologic typing of the
recipient sera. All cell lines and cell culture assays were maintained éfhloroquine pretreatment of platelets and APC
RPMI-1640 with 5% fetal calf serum (FCS), 100 pg/mL penicillin/
streptomycin/fungizone, 100 mMglutamine, and 5< 10-5 mol/L 2-mer- Where indicated, platelets and APC were pretreated with chloroquine.
captoethanol (cRPMI). Briefly, 1(° platelets/mL were prepared in phosphate-buffered saline (PBS)
containing 0.1 mM chloroquine and 0.4% bovine serum albumin (BSA) and
incubated for 2 hours in the dark at room temperature. The platelets were
then washed twice in PBS (containing 1% EDTA) and readjusted¥onl0
Aminoguanidine (AMG)-arginine (-arg), colchicine, chloroquine, Nj&I,  in cRPMI medium. For chloroquine pretreatment of APC, the adherent APC
Brefeldin A, and the proteasome inhibitor peptide carbobenzebepicyli-  were incubated with the chloroquine solution on the Petri dishes and then
leucyl+-norvalinal (MG115) were obtained from the Sigma Chemical Covashed as above.
(St. Louis, MO). Recombinant murine interferon (IFf)was obtained
from Genzyme Corp. (Cambridge, MA). All of the in vitro incubations wereTransfusion protocol and blood preparation
maintained in cRPMI.

Chemicals

In each transfusion protocol, all mice were prebled 48 hours before the first
transfusion and injected with 100 uL of the platelet-pulsed APC solution
(10”/mL) weekly via the tail vein. Each week, blood was collected from the
Fluorescein isothiocyanate (FITC)-and phycoeyrthrin (PE)-conjugated afffice into red top microvettes (Starstedt, Montreal, Quebec, Canada) and
bodies against CD45, CD4, CD8, CD61, F4/80, H-24l+/&¢, H-2D¢, and immediately placed on ice until clot formation. A portion of the fresh sera
B220 were obtained from Cedarlane Laboratories (Hornby, Ontarif@s used to determine antibody titers and the remainder was frozen at
Canada) and used to phenotype the adherent APC populations. —80°C and used for cytokine determinations.

Antibodies

. Flow cytometric analysis
Platelet preparation

rFeOJ detection of 1gG antidonor antibodies,®1@onor spleen cells were
incubated with serial dilutions of fresh recipient sera for 45 minutes at 4°C,

as previc_Just described. Briefly, mice were bled via the tail vein into }Nashed once, and labeled with FITC-conjugated goat antimouse 1gG (Fc
EDTA-microvettes (Sarstedt, St. Laurent, Canada), the blood was IOOC)s‘?‘peciﬁc, Cedarlane Laboratories) for 45 minutes at 4°C in the dark. Cells

and centrifuged at Z@and the pl"’.‘IEIEt_”Ch plasma (PRP) collected, Ca%ere analyzed by flow cytometry using a FACSort flow cytometer (Becton
was taken not to disturb or aspirate the buffy coat. The platelets wete

) ; ) B ; kinson, San Jose, CA) equipped with an argon ion laser, operating at 15
washed 3 times in 1% EDTA-saline and adjusted to a concentration o“c ) equipp 9 P 9
10°%mL (stock solution, this concentration approximates a 300-mL platelet
concentrate of 3k 10! platelets). White blood cells (WBC) were enumer-taple 1. iImmunophenotype of BALB/c spleen cell leukocyte populations
ated by flow _cytometry as previously descritZédVBC levels in the_ stock Whole 2 hNonadh. 2 hAdh. 18 hAdh,
platelet solution were 1.8 1.7 WBC/UL. At these levels, allogeneic WBC g pnopuiation Spleen APC APC  APC + Platelets
on their own did not generate alloantibodies or appear to affect recipient
immunity2326 For incubation with APC, platelets were resuspendefP4” T cells

C57BL/6 donor mice were bled and leukoreduced platelets were prepal

123 +4.8* 10.6 0.8 3.0+12 26+1.0

in cCRPML. CD8* T cells 61+30 55+14 30%20  19+04
B220* B cells 176 +45 156+60 241+75 323+92
F4/80 macrophages 45*+40 45+13 332=x30 26.7 = 0.9
Platelet-pulsed APC MHC class I+ (H-2DY) 491+ 9.7 457 +113 67.4+75 67.7+45

In vitro platelet-pulsed APC were prepared according to Oh & with ~ MHC class i+ (FAYI-ES) 247 +6.9 243+49 630+21 585=39
modifications. Briefly, BALB/c mice were killed and their spleens wer&D45" cells 44004 394+100 561+136 585x99
teased into single cell suspensions and gifleen cells in 10 mL cRPM| CD457/CD61" cells <10 <10 15x01  S51=xo01f
were incubated in plastic tissue culture-treated Petri dishes (Falcon, .y, are expressed as mean percentage + SD of total cells (n = 3).

Franklin Lakes, NJ) for 2 hours at 37°C to allow for adherence. The tcpas+/cD61+ phenotype was similar if either syngeneic or allogeneic platelets
supernatants were removed and the dishes were gently rinsed 3 times wife used to pulse the APC.
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Table 2. Summary of metabolic inhibitors used during the platelet pulsing

Cytokine/Inhibitor Biochemical Effect Ref
IFN-y Up-regulates nitric oxide production 41,42
Up-regulates MHC class Il expression and iNOS 32
Aminoguanidine Inhibits INOS production of NO 43, 44
L-arginine Amino acid substrate for INOS. 43, 44
Colchicine Inhibits tubulin polymerization 31
NH,CI Prevents endosomal/lysosomal acidification 45
Chloroquine Prevents endosomal/lysosomal acidification 46, 47
Strips B,M from MHC class | 27,28
Brefeldin A Inhibits nascent protein transport from E/R to golgi. 48
MG115 Inhibits cytosolic proteasomes 49

mW; 10,000 events were acquired using an electronic cellular (lymphocyte)
gate based on forward and side scatter and were analyzed using LYSYS |
software (Becton Dickinson). Matched prebleed serum was used as the
negative control in all experiments. Antidonor MHC specificity of the
antibodies was confirmed by positive reactivity with donor cells but
absence of reactivity with recipient or third-party cells. Isotype characteriza-
tion of the antidonor antibodies was performed using FITC-conjugated goat
antimouse IgG1 and 2a (Cedarlane Laboratories). For phenotypic analysis
of adherent APC, scraped cells were stained with the indicated FITC- 22}
labeled or PE-labeled antibodies for 45 minutes in the dark, washed, and
analyzed as above. o
O

Cytokine determinations

Sera from the transfused mice or controls were tested for the presence o ol
IL-4 and IL-12 using an ultrasensitive commercial solid-phase enzyme- .}
linked immunosorbent assay (ELISA) kit (OptEIA Mouse IL-4 and IL-12

sets, PharMingen, San Diego, CA). The IL-4 kit had a sensitivity of more
than 0.2 pg/mL and the IL-12 assay had a sensitivity of more than 5 pg/mL.

Statistical analysis

Chi square test for unpaired proportions was used to compare the number o
antibody-positive recipients between 2 transfusion groups at each week of
transfusion.

Results

Allogeneic platelet-pulsed APC immunity

To determine the immunogenicity of platelet-pulsed APCvi€re
transfused weekly and the sera of the recipient mice were tested fol
the presence of antidonor IgG antibodies by flow cytometry.

Control transfusions with syngeneic APC alone or syngeneic
platelet-pulsed APC did not induce an antidonor IgG response in
any mice tested (Figure 1A and B) nor did APC pulsed with the

donor WBC amounts found in the allogeneic platelet population

(not shown). In contrast, allogeneic platelet-pulsed APC induced
detectable 1gG antidonor antibody production by the second
transfusion (Figure 1C); 45% of recipients had antidonor antibod-
ies, and by the sixth transfusion 100% of recipients became
antibody positive (Table 3). Thus, recipient APC became immuno-
genic when pulsed with donor platelets. Characterization of the
serum IgG antibodies showed that they reacted strongly with dOQFFfFl

O
<
—

A

i

FLUORESCENCE

ure 1. 1gG antidonor antibody production in BALB/c mice with weekly
sfusions of 10 °© allogeneic platelet-pulsed BALB/c APC.  Each panel repre-

MHC-matched cells (EL-4, Hb; but not with recipient (P815, sents overlaid fluorescence histograms of C57BL/6 WBC incubated with sera (1:25
H-29) or third-party (R1.1, H-9 MHC cell lines. Isotype analysis dilution) from a representative transfused mouse and labeled with FITC-goat

of the 1gG molecules showed that the pulsed APC induced tf

@imouse 1gG. The front histogram in each panel represents the prebleed serum,
and each of the subsequent histograms are consecutive transfusions (weeks 1-6). A

prOdUCtion of high'titer IgGl (499& 1213, meant SEM) and shift of the fluorescence to the right represents presence of antibody. (A) 108
IgG2a (1933*+ 629) antidonor antibodies (Figure 2). In prelimi-unpulsed BALB/c APC transfused into BALB/c recipients. (B) 10° BALB/c platelet-

nary experiments sera from immunized recipients could indue@sed APC transfused into BALB/c recipients. (C) 108 C57BL/6 platelet-pulsed APC
’ transfused into BALB/c recipients.

thrombocytopenia when infused into naive platelet donor mice;
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Table 3. Percentage of mice with detectable antidonor alloantibody *

Transfusion Week

Agent Added
to Pulse N Pre 2 4 6

None 38 0t 45 — 70 — 100 —
IFN-vy (100 U/mL) 10 O 80 (P <.05)f 100 (P<.05) 100 (n/s)
AMG (1 mM) 19 0 10 (P < .01) 30 (P<.05) 50 (P < .0005)
Colchicine (1 ug/mL) 15 0 15 (P < .05) 20 (P<.01) 20 (P <.0001)
NH,CI (50 mM) 10 0 40 (n/s) 80 (n/s) 100 (n/s)
Chloroquine (0.1 mM) 31 0 70 (P<.05) 100(P<.01) 100 (n/s)
BrefeldinA(lpg/mL) 9 0 100(P<.05) 100 (n/s) 100 (n/s)
MG115 (5 pM) 9 0 100(P<.05) 100 (n/s) 100 (n/s)

*APC were pulsed with donor platelets at a ratio of 10 platelets: 1 APC in
the presence of the agents indicated, washed twice and 10 APC were trans-
fused weekly.

tData are expressed as the percentage of recipients with detectable antidonor
antibody by flow cytometry (rounded to nearest 5%).

$The x2 test of independent proportions was used to compare the agent-treated
pulsed APC groups against the nontreated pulsed APC group (n/s indicates not
significant).

platelet counts dropped from 974160 to 225+ 240 (X 10°%/L)
by 1 hour after infusion.
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Recipient APC iNOS activation plays a critical role in platelet
antigen processing

Previously we observed that when AMG was administered to
recipient mice, it completely prevented formation of IgG antidonor
antibodies against transfusions of intact platelef® test the role

of this inhibitor in affecting platelet antigen processing, recipient
APC were pulsed with donor platelets in the presence of 1 mM
AMG. Compared with AMG untreated-pulsed APC immunity, after
2 transfusions of AMG treated-pulsed APC, only 10% of recipients
became antibody positive and 50% were antibody positive after 6
transfusions R < .0005, Table 3). Flow cytometric analysis of
recipient sera revealed that AMG significantly reduced the titers of
total IgG, 1gG1, IgG2a, alloantibodies (not shown).

Kinetic characteristics of the AMG effects on antibody produc-
tion were studied by pulsing in the presence of either 0.5 mM
AMG, 1 mM AMG, or 1 mM AMG plus 1 mM L-arg, the
endogenous substrate for iINOS (Table 4). Both doses of AMG
reduced the ability of pulsed APC to stimulate an IgG immune
response. As expected, compared with the lower dose, 1 mM AMG
caused an earlier inhibition because only 10% of the recipients
were antibody positive after 2 transfusiois< .02, Table 4). In

The adherent APC were then pulsed with donor platelets in tfeNtrast, co-incubation of AMG with an equimolar concentration (1
presence of 100 U/mL IFN; a potent stimulator of MHC class II MM) of L-arg induced antibody production in all recipients by the
expression and iNOS activation. By the second transfusion, 80%3§cond transfusion, that is-arg rescued and enhanced the

the recipients were antibody positive and 100% were immune &M
the fourth transfusion (Table 3). Thus, IFNsignificantly en-

hanced the immunogenicity of donor platelet-pulsed AP&:(.05).

The role of microtubules in platelet antigen processing

G-mediated antibody inhibition R < .05, Table 4). These
results confirmed that modulation of INOS activity within recipient
APC significantly affects the alloantibody response.

Endosomal and nonendosomal pathways in APC differentially
affect platelet antigen immunity

To determine the role of tubulin in platelet antigen processing, APC

were pulsed with donor platelets in the presence of 1 pg/miC distinguish between endosomal (pH dependent) and nonendo-
colchicine. Compared with nontreated pulsed APC, colchicirR®mal (PH independent) processing pathways, the lysomotropic
significantly inhibited the IgG antibody response; antidonor antibog9€nts NHCI and chloroquine were incubated with the platelet
ies were detected in 15% of recipients by the second transfusfoRC cultures. Although the antibody response after,8li-expo-

(P < .05, Table 3) and only 20% by the sixth transfusiBr< .0001,
Table 3).

.g 900
g
14000¢ |§
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£ 9000- |3
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Figure 2. Titers of total IgG ( @), IgG1 (O), and IgG2a ([J) antidonor antibodies in
BALB/c mice after receiving weekly transfusions of 10 6 donor platelet-pulsed
BALB/c APC. Fresh sera from the recipient mice at each transfusion week were
titrated and analyzed for reactivity against donor cells by flow cytometry. The data are
expressed as the mean = SEM of the reciprocal titers. The insert shows rescaled
data for the first 3 weeks of transfusion.

sure was similar to responses seen with control transfusions (ie,
without inhibitor), chloroquine significantly accelerated the 1gG
response in that 70% of recipients were antibody positive after the
second transfusioP(< .05, Table 3) and all mice were positive by
the fourth transfusionR < .01, Table 3). Flow cytometric analysis

of serum IgG revealed that chloroquine initially increased total IgG
production, which subsequently declined (Figure 3). Concurrently,
the chloroquine-treated pulsed APC markedly increased the produc-
tion of IgG2a by the second transfusion (Figure 3), whereas the
production IgG1 alloantibodies was inhibited throughout the entire
transfusion protocol (Figure 3).

Table 4. Effects of in vitro AMG and L-arginine on the pulsed APC immunity *

Transfusion Week

Treatment N Pre 2 4 6
None 33 ot 45 — 70 — 90 —
AMG (0.5 mM) 8 0 50 (n/s)F 25(P<.1) 50 (P < .05)
AMG (1 mM) 19 0 10 (P < .02) 30 (P < .05) 50 (P < .01)
AMG (1 mM)

+LAg@AmM) 8 0  100(P<.05) 100 (n/s) 100 (n/s)

*APC were pulsed with donor platelets at a ratio of 10 platelets: 1 APC in
the presence of the agents indicated, washed twice and 10 APC were trans-
fused weekly.

tData are expressed as the percentage of recipients with detectable antidonor
antibody by flow cytometry (rounded to nearest 5%).

$The x2 test of independent proportions was used to compare the agent-treated
pulsed APC groups against the nontreated pulsed APC group. (n/s indicates not
significant).
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500 other hand, pretreatment of APC with 0.1 mM chloroquine before
platelet pulsing enhanced its ability to stimulate IgG antibodies
400 similarly to when chloroquine was added concurrently with the
300 Total |gG platelets; all recipients became antibody positive after the second
transfusion (Table 5). Thus, the 0.1 mM dose of chloroquine in the
2004 APC pulsing cultures primarily affected APC function.
100+ The role of cytosolic i
pathways in donor platelet
04 antigen processing
To determine if the donor platelet antigens could be processed

‘100-0 246 0246 02 46 within the cytosolic compartment, the APC were pulsed with donor

Chloroquine Brefeldin A MG115 platelets in the presence of the proteasome inhibitory peptide
MG115. In a similar fashion to chloroquine, MG115 significantly

Q
|
"=
I- 500~ accelerated the 1gG response so that 100% of recipients were
c antibody positive after the second transfusién<( .05, Table 3),
400+ whereas it increased IgG2a titers during the entire transfusion
Q 300~ IgG1 protocol and decreased titers of IgG1 (Figure 3). Pulsing the APC
g.’ in the presence of Brefeldin A caused similar results (Table 3 and
© 2004 Figure 3). Thus, inhibiting cytosolic pathways (proteasomes and
nascent protein synthesis) increased the pulsed APC immunity and
L
0 100+ affected its ability to stimulate T-helper 1-associated and T-helper
04 2—associated IgG isotypes.
it
g -100- Inhibitor-mediated 1gG2a production is associated with
O 0246 0246 024E¢6 changes in serum IL-4 levels
Chi ine Brefeldin A MG115
B oroquine Breteidin G Because murine 1gG1l and IgG2a isotypes are associated with
0 500 T-helper 1 and T-helper 2 cytokine patterns, respectively, serum
IL-4 and IL-12 levels were analyzed by ELISA. None of the
400- |gG23 platelet-pulsed APC populations significantly affected IL-12 levels
3004 within the recipients (not shown). On the other hand, platelet-
pulsed APC stimulated an initial rise in IL-4 sera levels at 1 and 2
2004 weeks of transfusion, which subsequently declined to nontrans-
fused serum levels by the sixth transfusion (Figure 4). However,
100+ when chloroquine, Brefeldin A, or MG115 was added to the
04 APCl/platelet cultures, a decrease in serum IL-4 levels was detected
by the first and second transfusion (Figure 4).

-100-

0 246 0246 02 486
Chloroquine Brefeldin A MG115 Discussion

TranSfUSion Week The recipient immune mechanisms that result in platelet alloimmu-

Fioure 3. Analveis of 16G | recio . sed with nization remain relatively poorly understood. Our results suggest
igure 3. Analysis of 1gG isotype patterns. ecipient mice were transfused witl . ; . .
donor platelet-pulsed APC that were additionally exposed to inhibitors during the that platelet alloimmunization is fundamenta"y related to the

pulsing step (chloroquine, Brefeldin A, and MG115). Sera sampled at the second, ~ @ntigen-processing and presentation mechanisms within recipient
fourth, and sixth transfusions were analyzed for total IgG, IgG1, and IgG2a antibodies
by flow cytometry. Each data point represents the percent change in antibody titer
compared to APC not exposed to inhibitor, that is, the mean IgG1 or IgG2a titers
obtained in the inhibitor groups divided by the mean titers in the noninhibitor group (as
shown in Figure 2).

Table 5. Effects of chloroquine pretreatment on antidonor
alloantibody production  *

Transfusion Week

Pretreated  Chloroquine
Untreated Cell Cell Concentration N Pre 2 4

Thus, endosomal or chloroquine-sensitive (pH dependent) process
. . . ﬁPC/plateIetsT — 0 33 0f 45 — 70 —
ing pathways of platelet antigens favor the production of IgG
(Figure 2), whereas chloroquine-insensitive (pH independe /\ipc Platelets OLmM 140 55 (S)s 85 ()
g ' ; ) q P P . rll'):ltelets APC 0.1mM 8 0 100 (P<.01) 100 (P<.1)
pathways are associated with elevated IgG2a responses (Figure-3)-
Because chloroquine can Sth from the surface of p|ate_ *APC or donor platelets were pretreated with chloroquine and then used in the
27,28 . C pulsing assay, washed twice and 106 APC were transfused weekly.
lets; We, wanted to ensure that the F:hloroqume treatments Wé% ‘tData for the untreated APC/platelet cultures (n = 33) are included from Table 2
only affecting the adherent APC function. Donor platelets or APfg statistical comparison.
were first pretreated with the 0.1-mM chloroquine dose in the Data are expressed as the percentage of recipients with detectable antidonor
pulsing step. Compared with nontreated platelets, pretreatmen@{ody by flow cytometry (rounded to nearest 5%).
. . . o §The x? test of independent proportions was used to compare the agent-treated
platelets with 0.1 mM chloroqume did not affect the ablllty of th%ulsed APC groups against the nontreated pulsed APC group. (n/s indicates not

platelet-pulsed APC to induce IgG antibodies (Table 5). On thgnificant).
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—o- Untreated AMG, a selective inhibitor of iINO$3° and colchicine, an
6 -3 Chloroquine inhibitor of tubulin formation®! The colchicine sensitivity suggests
that platelets require tubulin-dependent processes (eg, phagocyto-
sis), possibly to be taken up and transported to phagolysosomes for
destruction. With respect to AMG, our previous results showed that
when AMG was administered to recipient mice, it completely
inhibited their ability to mount an IgG alloantibody response
against intact donor platelet transfusiGh©ur current results are
consistent with this in that AMG significantly inhibited the ability
of APC to stimulate alloantibody production (Table 3). Thus, it
appears that INOS activation is an essential platelet-processing step
within APC responsible for IgG alloantibody production. However,
how INOS and its product nitric oxide (NO) actually mediate
platelet antigen processing is unknown, but 2 possibilities exist.
Transfusion Week Because iNOS is knoer to assoglate with p_hagolysosome_ mem-
branes’233 perhaps NO itself, or its conversion to peroxynitrite
Figure 4. Analysis of serum IL-4.  Recipient mice were transfused with donor ONOO") in th . n £ roxide. directl latelet
platelet-pulsed APC that were additionally exposed to inhibitors during the pulsing ( ) ep esg CeE O supero €, e_C y causes p_a ele
step (chloroquine, Brefeldin A, and MG115). Sera at the first, second, and sixth membrane glycoprotein damage (eg, due to nitration, unfolding, or
transfusions were analyzed for IL-4 and IL-12 cytokines by ELISA. Data are cleavage) to generate MHC class ||_binding motifs within the
expressed as the fold change in IL-4 and were calculated by dividing the mean pg/mL P
values obtained at each transfusion week with the mean pg/mL values in the prebleed phagolysosomes. Becausc_e endosomes Cont_almng MHC class I
sera. There were no significant changes in IL-12 levels. molecules normally fuse with phagolysosoriéit,may allow for
the NO-processed platelet antigens to be loaded into the antigen-

APC, which stimulate recipient T-helper cells and eventual alloantinding grooves of the MHC molecules for subsequent transport to
body production. We previously showed that allogeneic leukoreducét® surface. Alternatively, NO significantly affects F-actin rearrange-
platelet transfusions stimulate alloantibody formation together withents and intracellular membrane movements, which could physi-
a transient and early stimulation of splenic macrophage-mediate@lly shunt platelet antigens to sites rich in MHC molecdfe$lt
cytotoxicity?3 Both responses could be completely suppressed ity possible that a combination of both mechanisms could affect
vivo by inhibitors of iNOS such as 8monomethyle-argining3  platelet antigen processing and ultimately antibody production. We
and AMG?25 This suggested that iINOS may be associated wigfe currently studying these possibilities. The current results
platelet antigen-processing mechanism(s) within the APC, whighipport the concept that manipulating NO levels within recipient
was responsible for platelet immunity. To study the processifi?C may be an effective and selective immunotherapy for the total
pathways in recipient APC, we used an in vitro system in whicigduction of alloimmunization against leukoreduced platelets.
adherent APC from recipient mice were pulsed with allogeneic Classically, for MHC class Il presentation and subsequent
platelets and then transfused weekly into naive recipient mice. Gaiimulation of antibody production, exogenous protein antigens
results show that recipient APC pulsed with donor plateletieed to be shunted to endosomal compartments within the APC for
produced high-titer IgG antidonor MHC class | antibodies wheprocessing by pH-dependent (eg, sensitive to the lysomotrophic
transfused, and that iINOS activation was an essential ARQents, chloroquine and NEI) proteases such as the cathepsdins.
processing event leading to alloantibody formation. In additiodhe experiments using lysomotrophic agents, particularly chloro-
both endosomal and nonendosomal processing compartments withiime, showed that it actually enhanced the recipients’ ability to
the APC were used to process platelet antigens, and these pathwagsluce 1IgG more quickly against the platelet-pulsed APC (Table
affected the isotype profile of the alloantibody response. 3). This suggests that processing of exogenously added donor
The 1gG antibody response induced by the platelet-pulsed ARGatelet antigens can occur via a chloroquine insensitive or
was specific for intact MHC class | molecules on donor leukocytesonendosomal cellular pathway. Paradoxically, we found that
The only source of intact allogeneic MHC class | within the washezhloroquine treatment of the recipient APC reduced their ability to
pulsed APC that could prime antigen-reactive B cells for T-cell helgtimulate non—complement-fixing IgG1 and transiently, but signifi-
would be those present on free donor platelets. We estimated tbantly, enhanced the production of complement-fixing 1gG2a
less than 5< 1(F free platelets (including both donor-derived andantibodies (Figure 3). Thus, both endosomal and nonendosomal
recipient-derived platelets) from the pulsing step were actualprocessing pathways can act on platelet antigens; endosomal
transfused. Although these numbers are too low to induce &hloroquine-sensitive) processing may be responsible for IgG1
antibody response themsel#&shey could be in sufficient quantity alloantibody responses, whereas both endosomal and particularly
to prime antigen-specific B cells to become reactive to the T-celbnendosomal (chloroquine insensitive) pathways regulate 19gG2a
help generated by the pulsed APC. Furthermore, small numberspodduction. These data are one of the few examples in which an
donor WBC from the pulsing step may have been potentialgxogenous protein antigen can be handled by an APC for subse-
transfused. We estimated that up to approximately 10 donor WB@ent MHC class llI-dependent antibody production without the
could potentially have been transfused, but in control experimemeqjuirement for endosomal (chloroquine-independent) processing;
these numbers of donor WBC could not stimulate immunity oto our knowledge, this has only been shown to occur for influenza
their own. Thus, the observed immunity generated was primaritgatrix proteit® and measles virus protelfi.Several laboratories
due to the recipient APC pulsed with donor platelets. The ability dfave confirmed that T-cell responses to exogenous antigen can be
the donor platelet pulsing step to induce antibody (ie, the immunohloroquine insensitive if the protein antigens have been previously
stimulatory platelet antigen-processing pathway) was sensitivedegraded into peptide fragmests. For example, chemically

—¥— Brefeldin A
-0-MG115

Fold Change in Serum IL-4
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modified myoglobirf, denatured lysozyme,and the unfolded of CD8" CTL and immune nonresponsiveness in C57BL/6 recipi-
carboxy-terminal epitope of fibrinogerall can be presented to ents is reversed when CBF cells are deleted (eg, CD8 knockout
MHC class ll-restricted T-cell clones, even in the presence gfice)"° However, the proteasome inhibitory peptide MG115 actu-
enough chloroquine to completely block the presentation of thgly enhanced the ability of pulsed APC to stimulate lgG2a
native protein. Because chloroquine can potentially modify MHgroduction and argues that if CD& cells are being activated by

by stripping .M, we ensured it was not directly acting on thehe MHC class | processing pathway, they do not appear to inhibit
platelets in the pulsing step by showing that pretreating the platelgts immune response (eg, by activated CTL lysing recipient APC as
with 0.1 mM chloroquin_e did_ not affect 'Fhe platelets’ ability tothey are presenting platelet antigens). The fact that MG115
convert adherent APC into immunogenic cells (Table 5). Thge,ateq 1gG2a production indicates that exogenous platelet anti-

significance of chloroquine-insenstive (nonendosomal) processg&s can reach the cytosolic MHC class | pathway, and its inhibition
of platelet antigens is not yet known, but because IgG1 and IgG '

isotypes are closely associated with T-helper 2 and T—helper”}%ly make more antigen available for the MHC class Il pathways.

I : . . .~ In summary, allogeneic platelet antigens have unique antigen-
activation, respectively, it may suggest that the different processin cessing requirements to stimulate antidonor MHG class |
pathways (endosomal versus nonendosomal) affect the isot)ﬁfg_b dI? qgl Within th imu'at A:DC latelet-derived
patterns via differential T-cell activation. In support of this ntibody formation. Within the recipient » platelet-derive

chloroquine-treated APC significantly reduced the serum levels MHC Class I molecules need exposure to iINOS activation and can
IL-4 in the recipient mice by the second transfusion (Figure 4)S€ €ither an endosomal or nonendosomal processing pathway to
Furthermore, the results (Figure 3) showing that Brefeldin A al&§Enerate immunogenic motifs that control the stimulation of IgG
enhanced IgG2a production while suppressing IgG1 antibodig4oantibody formation. Our results may have application for those
additionally suggests that nascent protein synthesis (eg, MHC cl&5ical situations where platelet recipients become alloimmunized
1) within the APC may be required for IgG1 but not IgG2adespite receiving leukoreduced platelets or potential application in
production. Perhaps IgG2a production uses recycled MHC clasghpse already immunized recipients (eg, due to prior pregnancy or
molecules from the APC surface, as has been shown to occur fi@nsfusion) who receive leukoreduced platelet products. Overall,
other protein antigen®:3° Taken together, our data suggest theur results suggest that platelet processing pathways, particularly
intriguing possibility that different processing pathways may shuntlated to iINOS, may be targets for the development of specific
platelet antigens to different intracellular compartments or MH{gnmunotherapies to prevent alloimmunization in these patients.
class Il molecules, which can induce differential stimulation of
IgG isotypes.
Itis generally thought that exogenous _antigens do n_ot enter tA‘%:knowIedgment
cytosolic (proteasome) pathway of antigen processing that is
mainly responsible for the generation of MHC class | peptidéhe authors would like to thank Dr Jung H. Oh (Department of
complexes for recognition by CTL. We previously repoftéduat Experimental Pathology, Emory University, Atlanta, GA) for his
allogeneic platelet transfusions are associated with the generati@ipful discussions and encouragement.
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