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Characterization of immunologic tolerance induced by transfusion
of UV-B-irradiated allogeneic mononuclear leukocytes

Kuo-Jang Kao, Eileen S. Huang, and Sandra Donahue

Transfusions of UV-B—irradiated periph-
eral blood mononuclear cells (UV-B—
PBMCs) from BALB/c (H-2 9) mice into
CBA (H-2¥) mice can induce humoral im-
mune tolerance to H-2 9 antigens, and the
induced tolerance is partially mediated by
negative regulatory PBMCs. To further
identify which subset of spleen mono-
nuclear leukocytes (MNLSs) in the tolerant
CBA mice is responsible for the negative
regulatory activity, adoptive transfer ex-
periments were conducted using spleen
MNLs from the tolerant CBA mice. Re-
sults showed that only CD4 * T cells could
transfer the negative regulatory activity in

a dose-dependent manner. This negative
regulatory activity was significantly re-
duced when CD25 * helper T cells were
removed. Further study suggested that
inhibition of IL-12 production by UV-B—
irradiated PBMCs played a role in the
induction of immune tolerance. In vitro
study of the cytokine production profile
by CBA CD4* T cells, after stimulation
with gamma-irradiated BALB/c spleen
cells, revealed an enhanced production
of the type 2 T-cell cytokines after toler-
ance induction. Induction of tolerance
also prevented the development of cyto-
toxic T cells in CBA mice against BALB/c

MNLs. Adoptive transfer study suggested
that the cellular immune tolerance was
also mediated by CD4 * negative regula-
tory T cells. The induced immune toler-
ance was nullified after 400 cGy sublethal
gamma irradiation. These results suggest
that the ex vivo study of cytokine produc-
tion by T cells may be used to monitor
tolerance induction and the selection of
gamma radiation dose is critical for poten-
tial clinical application of the tolerance
induced by UV-B-PBMCs. (Blood. 2001;
98:1239-1245)
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Introduction

Transfusions of donor leukocytes containing blood componertts investigate the effect of gamma irradiation on the induced
inactivated with UV light have been shown to induce immunologitolerance. Results of our study and their clinical implications are
tolerance to allograftsand allogeneic platelefs’ On the basis of reported herein.

these observations, we have developed an approach using 4 weekly

transfusions of peripheral blood mononuclear cells (PBMCs)

inactivated by medium-wavelength UV light (UV-B) to induce .

humoral immune tolerance to allogeneic major histocompatibilidylaterials and methods

complex (MHC) antigens in a murine modehitial characteriza- Animals

tion of the induced tolerance indicated that the tolerance is partially

mediated by the induction of negative regulatory céttowever, Eight-week-old syngeneic CBA/CaH-T6J (CBA) mice with H-BIHC
the identity of these negative regulatory cells is unknown. haplotype, BALB/cByJ (BALB/c) mice with H-2MHC haplotype, and

Later. we found that araft-versus-host disease could be lBe/§LB/c-IL-le"““r”mice with knockout of IL-123 chain were purchased
' 9 pfrom Jackson Laboratory (Bar Harbor, ME). C57BL/6J (BL/6) mice with

vented in Iethglly iradiated BALB/c mice if these mice WEr'g,_2b MHC haplotype were obtained from the Mouse Core at the Depart-
transplanted with bone marrow and spleen cells from CBA MiGRent of Pathology, University of Florida. All mice were housed in a

tolerized to BALB/c H-2 antigens. This finding suggests that temperature-controlled room (25°C) with a 12-hour light=12-hour dark
cellularimmune tolerance might have been induced by transfusiarnygle and fed ad libitum. All animal studies were approved by the
of UV-B-irradiated leukocytes. It appears that the tolerandestitutional Animal Care and Use Committee.

induction by UV-B—irradiated leukocytes could be clinically useful

for the transplantation of allogeneic hematopoietic stem cells apgihodies and streptavidin beads

solid organs. Therefore, further investigation is warranted to gain

better understanding of the nature of the immune tolerance induddfji—-mouse CD11b(M1/70), CD45R/B220, CD4 (RM4-5), CD8a (53-6.7)
by UV-B-irradiated leukocytes Gr-1 (RB6-8C5), CD90.2 (Thy-1.2), and CD25 (PC61) monoclonal antibod-

. . . ies (mAbs) labeled with biotin were purchased from Pharmingen (San
We thus conducted a series of experiments to characterize ng, CA). Streptavidin M280 Dynabeads were purchased from Dynal

induced.negative regulatory cells, to Qemonstrate the _indUCtion(QBke Success, NY). Murine CD4 enrichment antibody cocktail and other
cellular immune tolerance, to determine the association of tolejell separation reagents for the StemSep System were obtained from
ance induction with enhanced type 2 T-cell cytokine response, adgmcCell Technologies (Vancouver, BC, Canada).
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Induction of immune tolerance following the protocol from StemCell Technologies. Flow cytometry

. . ) ) analysis showed that there were no detectable CDZ5cells (less
Immune tolerance was induced in CBA mice by 4 weekly intravenoys . "q 005%)

injections of 2x 10° UV-B-irradiated BALB/c PBMCs in 100pL
phosphate-buffered saline (PBS) through a tail vein under light anesth
of methoxyflurane (Pitman-Moore, Mundelein, IL). UV-B-irradiate
PBMCs were prepared as reported previodsty.week after the last To investigate the role of T cells in the tolerance induced by UV-B—
transfusion of UV-B-irradiated leukocytes, serum samples were collecterhdiated MNLs, T cells from spleen MNLs of tolerant or naive CBA mice

to assess the development of antibodies to donor MHC antigens by flowgre isolated by negative selection as described above. Isolated spleen T
cytometry3# If the CBA mice did not develop any anti-H-2ntibodies cells suspended in PBS were injected into tail veins of naive CBA mice.
after 4 weekly transfusions of UV-B-irradiated BALB/c PBMCs, theyNon-T cells prepared from spleen MNLs by the depletion of T cells with
became tolerized. To ensure the development of tolerance, 2 transfuaat-Thy 1.2 magnetic beads were used as additional control. Two days after
CBA mice were randomly selected and challenged with 2 weekly transfthe injection, CBA mice were challenged with 2 weekly transfusions of a
sions of 1x 1C° untreated BALB/c PBMCs. As expected, none of thesubmaximal antigenic dose ¢4 10% of untreated BALB/c peripheral
tolerized CBA mice developed antibody to M-after 2 challenging MNLs. One week after the second challenging transfusion, serum samples
transfusions with BALB/c leukocytes. All control naive CBA micewere collected and assayed for anti-Hehtibodies by immunofluores-
developed anti-H®antibody. cence flow cytometry. In a separate experiment, CBA mice adoptively
transferred with the isolated spleen CD# cells from naive or tolerant
CBA mice were challenged with peripheral MNLs from BL/6 or BALB/c
mice. Serum samples from the challenged CBA mice were collected and
assayed for the development of anti—Pe2 anti-H-2 antibodies.

The development of antibodies to donor H-2 antigen was determined by

immunofluorescence flow cytomeftyBriefly, BALB/c spleen PBMCs Cytotoxic T-lymphocyte assay

(1.5 % 10 cells) suspended in 2@L PBS containing 0.1% sodium azide . . . . . .

and 1% bovine serum albumin (PBS-azide-BSA) were incubated with Njalve and Folerant CBA mice were immunized with 2 weekly transfusions
L serum at room temperature for 45 minutes. Cells were washed 3 tim 54 fully immunogenic dose of BALB/c PBMCs @ 1C° cells per

and stained with 3Q.L 40x diluted fluorescein-labeled goat anti-mousd'2sfusion). One week after the second transfusion, spleen T cells were
IgG-Fc antibody (Sigma, St Louis, MO) for 30 minutes. After 3 washed1arvested and suspended in Iscoves modified Dulbecco medium (IMDM)

cells were suspended in 0.5 mL PBS-azide-BSA. Mean ﬂuorescen%%mammg 7% FCS, 2 mM L-glutamine, 50M mercaptoethanol, and

intensity (MFI) of 1 10* cells were measured in arbitrary units using aant|b|ot|cs (IMDM-7). Cytotoxic T-lymphocyte (CTL) activity to H'2 or

b e -
FACScan flow cytometer and Lysis-Il software (Becton Dickinson, Pal'é| 2 Eoz:tlve lymphoblasts was m(zasglred _by Iu§|ng t?e ‘JIAM ﬁij"’;_y‘
Alto, CA). Pooled preimmune serum was used as a negative control, Aﬁ/d.np oblast targets were prepared by stimulation of spleen S

R _ob i i ;
pooled immune serum was used as a positive control. Based on the resgng X 10° cell/mL) from H-2! BALB/c or H-2°BL/6 mice with concanava

of our previous study,a serum sample that produced an MFI greater thal.afPA(Con'A) (2.5pg/mL) for 48 hours in IMDM-7 media and labeled with

1.5 times the MFI of the pooled preimmune serum was considered positiv'_é'thzrﬂ:jme (9'25_X |104 :S/ml.‘) Icl)vernight. \ﬁable_f Con_-A sti%;ged
for antibody to donor H-2 antigens. Our previous study also showed that t'|¥€‘p oblasts were isolated by Ficoll-Hypaque centrifugation ag

MFI of antibodies were well correlated with antibody titers measured by (,m_lnutes. After 2 washes, the lymphoblasts were suspended in IMDM-7 and
enzyme immunoassay. diluted to 100 cellgiL. Ten thousand labeled lymphoblast targets were

incubated with different numbers of T cells for 5 hours in a tissue culture
) ) incubator. Cells were harvested using a PHD cell harvester (Brandel,
Isolation of different subsets of spleen T cells Gaithersburg, MD). Degrees of cytotoxic killing were determined as

Spleen MNLs were prepared by Ficoll-Hypaque gradient centrifug‘&tiorqescribe(f'p‘ similar CTL assay was conducted in the CBA mice adoptively

and suspended in PBS containing 1% fetal calf serum (PBS-FCS) t&r%nsferred with 5< 10 spleen CD#4 T cells from naive or tolerant CBA

concentration of 20 000 cellsL after 2 washes with PBS. Different subsetg™Mice. Two days after the adoptive transfer of CDRcells, the CBA mice

of spleen cells were isolated by negative selection through the incubation’§te challenged with 2 weekly transfusions of BALB/c or BL/6 PBMCs as
cells with cocktails of biotin-labeled monoclonal antibodies at 4°C for 3§€Scribed above. A week after the second challenge transfusion, spleen T
minutes. For isolation of T cells, the antibody cocktail included anti—CD45F9/e"S were harvested from 2 mice of each group for the CTL assay.

B220 mADb, anti-CD11b mAb, and anti—-Gr-1 mAb. Anti-CD8 or anti-CD4 . . .

mAb was added to this cocktail for the isolation of CDdr CD8* T cells,  Mixed leukocyte culture for cytokine production profile

respectively. For preparation of spleen non-T cells, biotinylated anti—Thylg”Eleen T lymphocytes (% 10°) from naive, tolerant, and immunized CBA
mAb was used to deplete T cells. The final concentration of each mAb wagi-e were cultured with & 105 BALB/c spleen cells pretreated with 25
pg/mL. After incubation with biotinylated antibodies, the cells weregg gamma ray or 5Qug/mL mitomycin C in 200pL RPMI medium
washed twice with 5 mL ice-cold PBS and resuspended in the Orig"‘@gntaining 10 mM HEPES, 2 mM L-glutamine, 50/ 2-mercaptoethanol,
volume of PBS-FCS. Washed M-280 streptavidin beads (@ beads/mL  4nq 194 heat-inactivated human AB serum in a 96-well flat-bottom Plate.
in PBS) were added to the cell suspension. The ratio of beads to cells g ermatants were harvested and pooled daily from triplicate wells and

5:1. Cells and streptavidin beads were incubated in sterile polypropylepg e assayed for cytokines by enzyme-linked immunoassays.
tubes at 4°C under constant rocking for 40 minutes. Incubation was stopped

by the addition of a _half-volume of PBS. Ce_lls coated With StreptaVidiEnzyme-Iinked immunoassays for IL-4, IL-5,
beads were magnetically rgmoved. Cells without magnetic bgads Wﬁ[(_aloy and interferon-
harvested, washed once with 3 mL PBS, and resuspended in PBS or
appropriate culture media. Purity of the isolated cells was assessedHach well in an immunoassay plate was coated withus0of 5 pg/mL
immunofluorescence flow cytometry. Purity of the isolated T cells weaanti-mouse IL-4, IL-5, or IL-10 antibody in PBS-azide overnight at 4°C.
always between 85% and 90%. Plates were washed 3 times using PBS-azide-0.2% Tween-20, or PBS-a-
CD4" spleen T cells used for some adoptive transfer experiments wéliween, and were blocked with 10 PBS containing 10% newborn calf
prepared from spleens by negative selection using a'CDdell enrich- serum for 30 minutes at room temperature. ThereafterpbQytokine
ment cocktail from StemCell Technologies. The purity of CDR cells standards and unknown samples were added and incubated overnight at
isolated by this method is between 93% and 95%. To deplete T cells positdR&C. After incubation, plates were washed and incubated sequentially with
for both CD4 and CD25, the isolated CDZ cells were incubated with 50 pL of 5 pg/mL biotinylated anti-cytokine antibody diluted in PBS-
biotinylated anti-murine CD25 mAb at og/mL and were processed by Tween-1% BSA, streptavidin-peroxidase (Sigma, St Louis, MO), and

?ﬁ@optive transfer experiments

Immunofluorescent flow cytometry for detection of
antibodies to H-2 antigen

Y
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o-phenylenediamine dihydrochloride peroxidase substrate (Sigma). Paire 800
anti—IL-4, —IL-5, and —IL-10 antibodies and recombinant murine IL-4,
IL-5, and IL-10 standards were obtained from Pharmingen (San Diego
CA). Reagents for interferog (IFN-y) immunoassay were obtained from

Endogen (Woburn, MA), and the assay was performed according to th g
manufacturer’s instructions. Sensitivities of IL-4, IL-5, IL-10, and IFN-

assays were 0.2 pg/mL, 0.2 pg/mL, 5 pg/mL, and 50 pg/mL, respectively.
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Results

Anti-H2d Antib
(Fluorescent Intensity)

o . . 200 1 T
Characterization of negative regulatory cells induced by
transfusions of UV-B—PBMCs 1 L

Our earlier study showed that 4 weekly transfusions of UV-B— 0 T T T T T
irradiated PBMCs from BALB/c (H-9 mice into CBA (H-2) 0 1 2 3 4 5 6
mice could induce humoral immune tolerance to Hatigens' -6

Tolerance appeared to be partially mediated by the induction o, Tolerant CD4 T cells (x10°2)
negative regulatory celtsTo identify and further characterize theFigure 2. Dose-response study of the negative regulatory activity of CD4 T

. : lls. Different numbers of CD4* T cells isolated from the tolerant CBA mi
subpopulation of lymphocytes from the tolerant CBA mice respofic . i o oo gets IS0 iec Torm e Jolerant wen fice were

. X L o ~injected into naive CBA mice. After adoptive transfer of the CD4* T cells, the treated

sible for the negative regulatory activity, we injected each naivRce were challenged with 2 weekly intravenous injections of 4 x 104 BALB/c

CBA mouse intravenously with & 10° spleen T or non-T cells PBMCs. One week after the second challenge transfusion, serum samples were

from naive or tolerant CBA mice. Adoptively transferred mice Wergarvested and assayed for anti—H-29 antibody activities by immunofluorescence flow
. R . ' Gytometry. There were 3 mice in each treatment group. Each value represents the

challenged with 2 weekly transfusions of a submaximal antigeniG.an + sp.

dose of BALB/c PBMCs (4x 10* cells per transfusion). The

development of anti-H®antibody was measured by immunofluo-

- . une response to other H-2 antigens, we adoptively transferred
rescence flow cytometry. As shown in Figure 1A, only naive CB,Kn . pon S gens, pively
. : . naive CBA mice with different subsets of spleen CDHcells from
mice treated with spleen T cells from tolerant CBA mice showergiial

S . . . aive or tolerant CBA mice. Adoptively transferred and control
S|gn|f|_cantly suppressed production of anti—-Hahtibody. Further CBA mice were challenged with BALB/C Hi2 or BL/6 H-2—

Orrr\ésitive peripheral leukocytes, as described. Results of this experi-

activity could be transferred only by CD4T cells (Figure 1B). orpent indicated that the CD£25" negative regulatory cells from

Negative regulatory activity was proportional to the number
CD4* T cells transferred to a naive CBA mouse (Figure 2).

. 600 150
Because CDACD25" T cells have been shown to mediate the A B
suppressive activity in peripheral self-toleraficéye investigated . _
. : -y =
how depletion of CD25 T cells affected the negative regulatory E‘g - Sk
.. . . 00 k) 2l
activity of CD4" helper T cells. The results shown in Figure 3A £& **° [ i EE "
- . L LT < =
indicated that the negative regulatory activity was significantly g 1 | <z i T
. o o o
reduced after the removal of CD2%elper T cells. To determine %3 J g3 L
. . . & - = A
whether the negative regulatory cells in CBA mice tolerant of =3 2°° | Es 80 .
BALB/c H-2¢ antigens could suppress the primary humoral im- J.
0 0 .
400 = 400 3 2 2 2 2 K] 2 2 2
A . ‘[ B '§ 3 3 3 8 E g E 8
. (5] t R ‘3 in O g % h
z = a
.2 300 I ]' =2 3004 " " o 8 o g 2 8 8
2% T I L 2 & B3 & 2 E
58 ag . T 3 a 8 3 -
TE EES 2 o
< l <. T T 2 2 8
25 200 §§ 2004 [y 1 J. I 3
E g E g L Figure 3. Effect of depletion of CD25 * cells on the negative regulatory activity
<2 1004 + ¢E 100+ T of CD4+ T cells from the tolerant CBA mice.  (A) Each naive CBA mouse was
- I J_ treated with 2.5 X 10° spleen CD4* T cells with or without depletion of CD25* cells
from naive or tolerant CBA mice. No CD4" T cells were given to the CBA mice in the
o--= 5 . o v 0 control group (Control). Thereafter, all CBA mice were challenged with BALB/c
% T R OE B g % i #§ % PBMCs, and the development of anti-H-29 antibody was determined as described.
8 B E L ) é & i , & Analysis of variance showed that only the mice treated with tolerant CD4" T cells
& B g £ & 6 § 5] without depletion of CD25" cells (Tol.CD4* cells) had anti—H-29 antibody activity
é 2 E E, B e significantly lower than in the other 4 groups (P < .04). Anti—-H-2¢ antibody activities

in the CBA mice treated with tolerant CD4" with depletion of CD25" T cells

¥20z dunr €0 uo 3senb Aq Jpd'6€Z 101091 8U/B06SL9L/6ET L/+/86/)Pd-al0IE/POO| AU SUONEDIIGNAYSE//:d})Y WOIj papeojumoq

Figure 1. Adoptive transfer experiments for identification of negative regula-

tory cells in tolerized CBA mice.  (A) Six million cells from spleens of naive or
tolerant CBA mice were injected into each naive CBA mouse. (B) Five million CD4* T
cells were injected into each naive CBA. Control, naive CBA mice with no transfer of
spleen cells. Types of spleen cells used for injection are shown at the bottom. There
were 4 mice in each treatment group. Each value represents the mean = SD.
Analysis of variance showed that only the mice treated with tolerant T cells (**, panel
A) (P = .0001) or tolerant CD4* T cells (**, panel B) (P = .0023) were significantly
different from the remaining groups. There were no statistical differences among
groups marked with asterisks.

(CD4*/CD25™) were not significantly different than in the control and in those treated
with naive CD4* with or without depletion of CD25" T cells (P = .40). There were 4
mice in each group. (B) In a separate experiment, each naive CBA mouse was
adoptively transferred with 5 X 106 spleen CD4* T cells with or without depletion of
CD25* cells from naive CBA mice or CBA mice tolerant to BALB/c H-29 antigens.
Adoptively transferred and control CBA mice were challenged with H-2°—positive
BL/6 PBMCs, as described. Analysis of variance showed that only CBA mice
adoptively transferred with the tolerant CD4" T cells (Tol. CD4* cells) developed
anti—H-2° antibody activities significantly lower than in the other 3 groups (P < .02).
There were 4 mice in each group.
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the tolerant CBA mice could also suppress the humoral immufigble 1. Cytokine production by CD4 + spleen T cells from tolerant and naive

response to H%ntigens (Figure 3B). gifBT;csp:zéiscrglr;se to the stimulation of gamma-irradiated

Cytokine production profile by spleen T cells from IL-4(pg/mb)  IL-5(pg/mt)  IL-10(pg/mb)  IFN-y (ng/mL)
tolerant CBA mice Tolerant 62 400 2300 380
Naive 14 300 1340 500

Production of type 1 (IFNy) and type 2 (IL-4 and IL-5) cytokines — ] ]
by spleen T cells from naive, toleran, and immunized CBA micg, §o7¢ i o (bt netbaions e coleced anapooes fer s
was studied by measurement of cytokines in the media of mix@ghiicate for the cytokines shown in this table. The variation between duplicates was
leukocyte culture (MLC). The results of 2 separate experimerigss than 15%.
shown in Figure 4 indicate that tolerance induction by transfusion '--#indicates interleukin-4; IFN-y, interferon y.
of UV-B—irradiated leukocytes resulted in the increased production
of type 2 cytokines by T cells. In contrast, immunization tantigens but also induced cellular immune tolerance, we immu-
allogeneic leukocytes led to enhanced type 1 and reduced typai2ed the naive and the tolerant CBA mice with PBMCs from
cytokine production. Polarization to type 2 cytokine productioBALB/c mice. When the naive CBA mice were immunized with 2
after tolerance induction was confirmed in another experimeweekly transfusions of BALB/c PBMCs, these mice developed
using CD4 spleen T cells as responders in MLC (Table 1). I€TL against H-2—positive lymphoblasts (Figure 5A). In contrast,
addition, we found that after tolerance induction, the secretion GfTL against H-2-positive target cells could not be detected in the
IL-10 was also increased (Table 1). tolerant CBA mice after immunization with BALB/c PBMCs
(Figure 5B). When H-2-positive lymphoblasts were used as
targets, CTL activity was not detected in either the tolerant and the
naive CBA mice that had been immunized with BALB/c PBMCs
g;[lata not shown).

To determine whether the CD4negative regulatory cells
veloped in the tolerant CBA mice can suppress the cellular
immune responses to H-zositive and H-2-positive target cells,

Effect of tolerance induction on the development of cellular
immunity to H-2 9—positive cells

To demonstrate that transfusions of UV-B-irradiated PBMCs n
only induced humoral immune tolerance to allogeneic MH%e

we conducted an adoptive transfer experiment. Results shown in

30 200
. Exp | Figure 6 indicated that CD4T cells from the tolerant CBA mice
- o could suppress the development of cellular immune response to
% 20°] both H-2- and H-2—positive leukocytes.
< s 100 : ) )
;‘ 10—- Role of IL-12 in tolerance induction
= S: 507 It has been reported that the production of IL-12 by antigen-
presenting cells (APCs) plays an important role in the development
0 0 of type 1 T cellsi!-13 Because immunization of CBA mice with
T2 L A BALB/c PBMCs is associated with the polarization to type 1 T-cell
20 s 100 s cytokine response (Figure 4) and the production of IL-12 by
i G BALB/c spleen stimulatory leukocytes in mLC is inhibited after
e 157 iy UV-B-irradiation (data not shown), the inhibition of IL-12 produc-
{E;, tion by UV-B may play a role in the induction of tolerance by
£ 107 50+ UV-B-irradiated PBMCs. To investigate this possibility, we stud-
3 ied the effect of IL-12 administration on the induction of tolerance
T 5+ 25+ by UV-B-irradiated PBMCs. Five hundred nanograms IL-12
1 dissolved in 100.L PBS was injected intraperitoneally immedi-
0 : 0 ately after each transfusion of UV-B-irradiated PBMCs. None of
o 1 6 7 1 2
200 800 0 ‘0
Exp | Exp 1l A B
g 150 600 § 30+ 304
g 5
=~ 1007 4004 % 207 201
to s
= & 10 10
50 2004 P i—
1 0 D/.D—.Dfr:| 0 A_IA'_—.’A—’I”.’”T
0 1 1 0 - o] 20 40 60 80 100 120 ] 20 40 60 80 100 120
0o 1 6 7 o 1 2 E/T ratio
Day Figure 5. Development of cytotoxic cell activity in naive and tolerant CBA mice

after immunization with 2 weekly transfusions of untreated PBMCs from

Figure 4. Production of IL-4, IL-5, and IFN-  +y by T cells from tolerant, immunized, BALB/c mice. Target cells were ConA-stimulated lymphoblasts from BALB/c mice
and naive CBA spleen T cellsinmLC.  Spleen T cells from tolerant (A), immunized and labeled with 3H-thymidine. (A) Results of cytotoxic activity of spleen T cells from
(O), and naive ([J) CBA mice were stimulated with BALB/c spleen cells treated with naive CBA mice with (M) and without (CJ) immunization of BALB/c PBMCs. (B)
25 Gy gamma irradiation (experiment ) or 50 pg/mL mitomycin C (experiment 2) in Results of cytotoxic activity of spleen T cells from tolerant CBA mice with (A) and
mLC. Supernatants were harvested and pooled from triplicate wells daily and  without (A) immunization of BALB/c PBMCs. Each value is a mean of triplicate
assayed for cytokines as described. incubations.
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2 200 o
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2 10 8= 150
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88 1004
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Figure 6. Development of cytotoxic T-cell activity in CBA mice after adoptive E A
transfer of CD4 * T cells from naive CBA mice or CBA mice tolerant to BALB/c = i i - ;
H-2¢ antigens. (A) CTL activity to H-29—positive target cells in the adoptively 0 5 =] = =)
transferred CBA mice after immunization with BALB/c PBMCs. (B) CTL activity to E * .E x
H-2b—positive target cells in the adoptively transferred CBA mice after immuniza- a o o 2
tion with BL/6 PBMCs. (@), CBA mice without adoptive transfer treatment (positive = o é

control); (CJ), CBA mice transferred with 5 X 10° spleen CD4" T cells of naive
CBA mice; (A), CBA mice transferred with 5 X 10° spleen CD4* T cells from
tolerant CBA mice; (O), naive CBA mice without any treatment (negative control).

Figure 7. Immunogenicity of PBMCs of BALB/c mice with knockout of IL-12 B
chain gene. CBA (O,®) and BL/6 (A,A) mice were transfused with PBMCs
(2.5 x 10% from the wild-type (Control) or the IL-128 chain knockout (IL-12 KO)
BALB/c mice weekly for 2 weeks. The development of antibody to BALB/c leukocytes
in the serum collected 1 week after the second transfusion was measured by
the treated CBA mice developed antibody to BALB/c donoimmunofluorescence flow cytometry. MFis for preimmune CBA and BL/6 mice were
leukocytes after 4 weekly transfusions of UV-B—irradiated*and 9. respectively.

BALB/c PBMCs plus IL-12 treatment. Thereafter, the CBA
mice were challenged with 2 fully immunogenic doses of

BALB/c PBMCs. All the CBA mice treated with UV-B-PBMCs JMIC d0se (¢ 10°) of BALB/c PBMCs. The first challenge
: transfusion was given 6 hours after gamma irradiation. Results

and IL-12 became immunized (Table 2). However, the mean . X
antibody activity of this group of CBA mice was lower than tha?hOWeOI that the immune tolerance induced by UV-B-PBMCs

of the naive control group (Table 2). To further investigate th\%zz S;Jr:::neupr:g)It%ltgrirﬁ:):agvig]smar:arsrzg\l/zgo\?vk(nzlr?l#\eeStZSIS;\ﬁrtmhiec-e
role of IL-12 in the induction of tolerance by UV-B—-irradiated ' P

leukocytes, we studied the alloantigenicity of PBMCs fro yrere treated with no more than 2 Gy gamma irradiation
BALB/c mice with knockout of the IL-12 chain gene. Results Figure 8).

showed that PBMCs from the knockout mice had reduced

alloantigenicity (Figure 7).

Discussion

Effect of sublethal gamma irradiation on

. . The primary goals of this study were to characterize the immune
induced immune tolerance

tolerance induced by transfusions of UV-B-irradiated PBMCs

One potential application of induced tolerance was to establighd to obtain necessary information for potential clinical applica-

hematopoietic mixed chimerism under sublethal conditioning #ien of the induced tolerance to transplantation of allografts.

the tolerized recipients. Therefore, it was important to investFxperiments were conducted to determine the identity of negative
gate the effect of sublethal gamma irradiation on the toleranégulatory cells developed during the induction of the immune

induced by UV-B—irradiated leukocytes. For this study, tolerart@lerance and to investigate the effect of the tolerance induction on
and naive CBA mice were treated with 0, 1, 2, or 4 Gy gammi&e cytokine production profile of T cells. Recent success using
irradiation. After gamma irradiation, each mouse was challV-B to inactivate leukocytes in platelet concentrates for the

lenged with 2 weekly intravenous transfusions of a full immuno-

Table 2. Effect of interleukin-12 administration on the induction of
immunological tolerance by UV-B—irradiated allogeneic leukocytes

o
=1
1

)
£
Anti-H-2¢ antibody activity* t;'ﬁ .
(fluorescent intensity, mean * SD, n = 4) % = A .
o @ 1 -
Naive Control 212 + 22 $ E o
UVB-MNL 12+2 g2 ;
UVB-MNL + IL-12 23*+6 E i
o~
Preimmune Sera 12+1 E vy b
=
UVB-MNL are CBA mice received 4 weekly transfusions of UVB-irradiate MNL oo % afa EL 8
from BALB/c mice for induction of tolerance. ’ ' ?IE = g', - g' . E' N
UVB-MNL + IL-12 are CBA mice received the same 4 transfusions of UVB-MNL £ iz =% £8 35 £§ 39 =8 e
plus intraperitoneal injection of 500 ng IL-12. 5 BT T et T oEe TtEe
a

MNL indicates mononuclear leukocytes. Other abbreviations are explained in
Table 1.

*After 4 weekly transfusion of UVB-MNL, all CBA mice including the naive
controls were challenged with 2 weekly transfusions of a fully immunogenic dose of
2 X 10° BALB/c MNL. One week later, all mice were bled for testing of anti-H-24
antibody activity. The mice treated with UVB-MNL + IL-12 developed low levels of
anti-H-29 antibody.

Figure 8. Effect of gamma irradiation on the immune tolerance induced by
transfusions of UV-B-irradiated leukocytes. Tolerant and naive CBA mice were
irradiated with 0, 1, 2, or 4 Gy gamma irradiation and challenged with 2 weekly
intravenous infusions of a full immunogenic dose (2 X 10°) of BALB/c PBMCs. The
development of anti—H-29 antibody activities was measured by immunofluorescence
flow cytometry. Broken line indicates the cutoff value for positive antibody detection.

¥20z dunr €0 uo 3senb Aq Jpd'6€Z 101091 8U/B06SL9L/6ET L/+/86/)Pd-al0IE/POO| AU SUONEDIIGNAYSE//:d})Y WOIj papeojumoq



1244  KAOetal BLOOD, 15 AUGUST 2001 - VOLUME 98, NUMBER 4

prevention of HLA alloimmunization in patients with acute noninterfered with the induction of complete immune tolerance by
lymphocytic leukemi& supports the feasibility and the safety ofUV-B—irradiated BALB/c PBMCs supports this possibility. To
such an approach. further demonstrate that the production of IL-12 by donor leuko-
Results of our earlier adoptive transfer study demonstrated tltgtes is important for transfusion-associated alloimmunization to
the induction of humoral immune tolerance by UV-B-irradiateHC antigens, we investigated the alloantigenicity of peripheral
leukocytes is associated with the development of negative reguRrBMCs from BALB/c mice with knockout of the IL-J2chain. We
tory MNLs.* To determine the identity of the negative regulatoryound that leukocytes from the IL-B2chain-deficient mice indeed
MNLs, the same adoptive transfer approach was used to tesid reduced alloantigenicity (Figure 7). However, the leukocytes
different subsets of MNLs for suppression of the humoral immurfeom these knockout mice were not tolerogenic. These results
response to H¥positive leukocytes. Our results show that onlguggest that the inhibition of IL-12 production is necessary but
CD4* T cells could transfer the suppressive activity. Further studyot sufficient for the induction of tolerance by UV-B—
indicated that the transfer of suppressive activity was compromisiecadiated PBMCs.
after the depletion of CD25T cells (Figure 3). These findings  Although our previous study showed that transfusions of
suggest that CD4CD25" T cells are the major players in theallogeneic leukocytes inactivated with UV-B can induce complete
suppression of the humoral immune response to allogeneic leukeimoral immune tolerance,it is unknown whether cellular
cytes. They are consistent with recent reports that Ci2dulatory immune tolerance can be induced at the same time. If the tolerance
T cells can be induced ex vivo to inhibit T-cell response tinduced by UV-B-inactivated leukocytes is to be applied for
alloantigen® and that CD4CD25" T cells are the unique allogeneic bone marrow and solid organ transplantation, it is
immunoregulatory cells for the maintenance of peripheral toleimportant to learn whether cellular immune tolerance can be
ance®10 Nevertheless, how the transfusion of UV-B-irradiatethduced by the same approach. Our recent study using bone
PBMCs induces the development of negative regulatory helpemTarrow and spleen cells from the tolerized CBA mice for
cells and how the immune response is suppressed by @DP5"  hematopoietic reconstitution and prevention of graft-versus-host
T cells remain to be determined. disease in lethally irradiated BALB/c mitesuggested possible
In addition, the results of our adoptive transfer study (Figurieduction of the cellular immune tolerance by UV-B—irradiated
3B) showed that the negative regulatory CD# cells not only allogeneic leukocytes. To confirm the development of cellular
suppressed the humoral immune response to BALB/d ldri- immune tolerance, we challenged the tolerized CBA mice with
gens but also inhibited the humoral immune response to BL/6 H-®illy immunogenic doses of BALB/c PBMCs and found no
antigens. The lack of absolute specificity to M-@ntigens is development of significant T-cell-mediated cytotoxicity to 42
consistent with our earlier finding that CBA mice tolerant tgositive targets (Figure 5).
BALB/c H-29 antigens also became tolerant to BL/6 Pdhti- Further adoptive transfer study (Figure 6) showed that the
gens? It is possible that CDACD25"-negative regulatory cells CD4*-negative regulatory T cells from the tolerant CBA mice
from the tolerant CBA mice may respond to different H-2 antigensould also suppress the development of CTL activities to both
and suppress the humoral immune response t8 &hitgens. H-2°- and H-2-positive target cells. These results are consistent
Earlier, it was reported that the induction of tolerance bwith the concurrentinduction of both humoral and cellular immune
neonatal priming of allogeneic cells resulted in the polarizetlerance by transfusions of UV-B-irradiated allogeneic PBMCs,
production of type 2 cytokines by T ce&17Because we observedand they support the idea that the induced cellular immune
the development of negative regulatory T-helper cells after toleoelerance is mediated by the development of negative regulatory
ance induction by transfusions of UV-B—inactivated PBMCs, it waGD4" T cells. However, it is unknown whether the same negative
of interest to investigate the production of cytokines by T cells fromegulatory CD4 T cells are responsible for the suppression of
the tolerant CBA mice. The results of our study revealed enhandedmoral and cellular immune responses.
production of type 2 T-cell cytokines, such as IL-4, IL-5, and IL-10 If the tolerance induction by UV-B—-irradiated PBMCs is to be
(Figure 4, Table 1). In contrast, immunization of CBA mice tapplied to allogeneic hematopoietic stem cell transplantation, it is
allogeneic BALB/c leukocytes led to the diminished production dmportant to know how pretransplantation conditioning regimens,
type 2 T-cell cytokines and the enhanced type 1 T-cell cytokirmich as gamma irradiation, affect the induced immune tolerance.
response (Figure 4). These findings indicate that the tolerantieerefore, we investigated the effect of sublethal doses of gamma
induction by UV-B—PBMC:s is associated with polarization to typeays on induced tolerance and found that 4 Gy gamma irradiation
2 T-cell cytokine response. However, the possibility that CDAl  annulled the tolerance induced by UV-B leukocytes despite the
regulatory cells may be responsible for the increased productionisimunosuppressive effect of 4 Gy gamma irradiation (Figure 8).
IL-10 should also be consideré®.Despite uncertain cellular Nevertheless, tolerance was preserved when the dose was reduced
sources of IL-4, IL-5, and IL-10, the ex vivo T-cell cytokine studyto 2 Gy or less. Susceptibility of the tolerance to gamma irradiation
could be useful for monitoring tolerance induction by UV-B-suggests that the induced negative regulatory or anergized immune
PBMCs in patients. cells are sensitive to gamma irradiation. This finding indicates that
Production of IL-12 by APCs during the initial phase of thehe dosage of pretransplantation gamma irradiation is important
immune response is critical for the development of ThO cells to Tteihd should be carefully selected.
cells!-13Absence of IL-12 steers the development of ThO cells to In summary, transfusions of UV-B—inactivated allogeneic leuko-
Th2 cells'?13 Because tolerance induction by UV-B-irradiateatytes can induce humoral and cellularimmune tolerance. Tolerance
leukocytes polarizes T cells to the type 2 cytokine response aimdluction by UV-B leukocytes leads to the enhanced production of
UV-B—irradiation inhibits IL-12 production by BALB/c spleentype 2 T-cell cytokines in mLC and to the development of
cells (K.J.K., unpublished observation, July 1998), the inhibition &8D4*CD25"-negative regulatory T cells. Induced tolerance is
IL-12 production by UV-B irradiation of BALB/c APCs may play a susceptible to 4 Gy or more sublethal gamma irradiation. These
critical role in the tolerance induction by UV-B—PBMCs. Ourfindings have provided useful information for potential clinical
finding that the administration of 500 ng recombinant IL-12pplication of this approach to patients.

20z aunr g0 uo jsenb Aq Jpd'6£21010918U/8065291/6EZ L /7/86/4Pd-0Jo11e/PO0|qAeU SUOKED!IgNdYSE//:d)Y WOl papeojumoq



References

BLOOD, 15 AUGUST 2001 - VOLUME 98, NUMBER 4

IMMUNE TOLERANCE INDUCED BY UV-BWBC 1245

Lau H, Reemtsma K, Hardy MA. Pancreatic islet
allograft prolongation by donor-specific blood
transfusions treated with ultraviolet irradiation.
Science. 1983;221:754-756.

. Slichter SJ, Deeg HJ, Kennedy MS. Prevention of
platelet alloimmunization in dogs with systemic
cyclosporin and by UV-irradiated or cyclosporine
loading of donor platelets. Blood. 1987;69:414-
418.

Kao KJ. Effect of leukocyte depletion and UV-B
irradiation on alloantigenicity of major histocom-
patibility complex antigens in platelet concen-
trates: a comparative study. Blood. 1992;80:
2931-2937.

Kao KJ. Induction of humoral immune tolerance
to major histocompatibility complex antigens by
transfusions of UV-B—irradiated leukocytes.
Blood. 1996;88:4375-4382.

Del Rosario mLU, Zucali JR, Kao KJ. Prevention
of graft-versus-host disease by induction of im-
mune tolerance with ultraviolet B-irradiated leuko-
cytes in H-2 disparate bone marrow donor. Blood.
1999;93:3558-3564.

10.

11.

Matzinger P. A simple assay for DNA fragmenta-
tion and cell deaths. J Immunol Methods. 1991;
145:185-192.

. Coligan JE, Kruisbeek AM, Margulies DH, She-

vach EM, Strober W. Proliferative assays for T

cell function. In: Current Protocols in Immunology.

New York: John Wiley; 1999: unit 3.12.

. Thornton AM, Shevach EM. CD4" CD25" immu-

noregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 pro-
duction. J Exp Med. 1998;188:287-296.

. Suri-Payer E, Amar AZ, Thornton AM, Shevach

EM. CD4* CD25" T cells inhibit both the induc-
tion and effector function of autoreactive T cells
and represent a unique lineage of immuno-
regulatory cells. J Immunol. 1998;160:1212-
1218.

Roncarolo MG, Levings MK, Traversari C. Differ-
entiation of T regulatory cells by immature den-
dritic cells. J Exp Med. 2001;193:F5-F9.

Hsieh CS, Macatonia SE, Tripp CS, Wolf SF,
O’Garra A, Murphy KM. Development of Thl
CDA4™ T cells through IL-12 produced by Listeria-

12.

13.

14.

15.

16.

17.

induced macrophages. Science. 1993;260:547-
549.

Abbas AK, Murphy KM, Sher A. Functional diver-
sity of helper T lymphocytes. Nature. 1996;383:
787-793.

Romagnani S. The Th1/Th2 paradigm. Immunol
Today. 1997;18:263-266.

TRAP Trial Study Group. A randomized trial
evaluating leukocyte-reduction and UV-B irradia-
tion of platelets to prevent alloimmune platelet
refractoriness. N Engl J Med. 1997;237:1861-
1869.

Groux H, O’'Garra A, Bigler M, et al. ACD4" T-cell
subset inhibits antigen-specific T-cell response
and prevents colitis. Nature. 1997;389:737-742.

Chen N, Gao Q, Field EH. Expansion of memory
Th2 cells over Thl cells in neonatal primed mice.
Transplantation. 1995;60:1187-1193.

Forsthuber T, Yip HC, Lehman PV. Induction of
Th1 and Th2 immunity in neonatal mice. Science.
1996;271:1728-1730.

20z aunr g0 uo jsenb Aq Jpd'6£21010918U/8065291/6EZ L /7/86/4Pd-0Jo11e/PO0|qAeU SUOKED!IgNdYSE//:d)Y WOl papeojumoq



