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according to

It is necessary to estimate these variances.

3. PARAMETER ESTIMATION METHOD

In order to find a less-biased parameter estimation method for the model derived
in Section 2, we considered expanding Amari and Kawanabe’s proposal (1997). They
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Figure 2. Top: Mean SD plot of the Draize test (vertical axis is standard deviation and horizontal axis is mean),
Bottom: Mean SD plot of the CAM-TB (vertical axis is standard deviation and horizontal axis is mean).
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discussed the problem that nuisance parameters increase with an increase in sample size. In
some cases in which such problems arise, the maximum likelihood method does not derive
consistent estimators (e.g., see Neyman and Scott 1948). The statistical analysis of linear
measurement error models poses the same problem, that is, nuisance parameters increase
with the increase of sample size. For this problem, Amari and Kawanabe (1997) defined a
family of estimating functions under the assumption of homogeneous error variances. We
extend their method to the case with heterogeneous error variances, and propose a parameter
estimation method that makes asymptotic variances of parameters smallest in an extended
family of estimating functions.

Under the common known variances, ai.,; o2, = g%, Amari and Kawanabe (1997)

z1

showed that the estimating functions for By and /31, go(z, z, B) and g, (z, 2, ), become

z—[Fo—Pix
(@, z,f) = (3.0)
90(@,2, ) (1 + D)o
and
gi1(z,2,8) =h(s)2_ﬁ°—/3'x (3.2)

where s = {z+ Bi(2 — Bo)} /(1 + B?) is the sufficient statistic for &, and h(s) is an

arbitr ary function of s. The eatxmatmg functions \_J 1) and (32) can pi'Od’dCC consistent
estimators without depending on nuisance parameters &1, . . ., &,. The asymptotic variance

of B;,7 =0, 1,av.[\/n(B; — B;)], is given by

) limp—oo(1/n) Yie) Bg g, [95(2s, 2, 8)°]
AVn (B — B 2
) = G T Bee ot BT

where Eg ¢, [-] denotes the expectation with respect tothe distributions specified by f and &,
and Og;(-)/9; is the partial derivative with respect to 8;. The derivation of the asymptotic
variance (3.3) is given in Appendix A.1.

We extend estimating functions (3.1) and (3.2) to the case with heterogeneous error
variances. In order to simplify the estimating equation, we constrained h(s) to a linear
function, h(s) = as + b. The resulting estimating equations become

(3.3)

"z — fo— B Biz;
&g T MO T MEdg A Zi — P&y
E —_—e =0<'—‘>ﬁ0=§ e E (3.4)
‘= 0%+ Broz p— o, + Bl iz1 Oz +/3| zi
for By and

3~ [ +[3’101§(~L VRPN el el o 35)
; + Bio 0+ Piog

i=1

for 3). It is necessary to decide on ¢; and b; to estimate 1, while By is uniquely determined.
If we choose «; and b; to minimize the asymptotic variance (3.3), we get a; = O and b; = &;.
Equation (3.5) then becomes

Z& 5 — o — [31-111:0' (3.6)
~L+/

i=1
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31 cannot be estimated by Equation (3.6) because it includes the unknown parameter
&;. Accordingly, we estimate A by substituting the maximum likelihood estimator &; =
{Uii:vi + Bio2 (2~ /30)} /(0% + F02,) of & into Equation (3.6). This &; is consistent
with the sufficient statistic s; for &;. As the result, a; = 0 and b; = &; derive h(s;) = s;.
The estimating equation for /3; becomes

5 (3.7
i=1 (02, + Fio,)?
Incidentally, Bo and /3 i in Equations (3.4) and (3.7) are the same as the maximum likelihood
estimators (Walter 1997). The derivations of Equations (3.4) and (3.7) through the maximum
likelihood method are given in Appendix A.2. The variances of 3y and 3, are given by

var(/?o) = 2 fikd .
A G - (X fi&)
var(ﬁl) = 2 fi

ARG - (2 fifi)z ,
where f; = 1/(0%; + fioz;) and 3o = >0 .

4. SIMULATION STUDY

We conducted a simulation study to evaluate the performance of the parameter estima-
tion method proposed in Section 3. The simulation study was conducted in a framework that
was adaptable to data obtained in a validation study described in Section 2. The following
four parameter estimation methods were compared:

1. Ordinary least squares (we call this method OLS).

2. Estimating Equations (3.4) and (3.7) under the assumption of homogeneous error
variances, and the error variance of response variables are equal to that of explanatory
variables, that is, 02; = o2, = ¢ (we call this method EV1).

3. Estimating Equations (3.4) and (3.7) under the assumption of homogeneous error
variances, and the error variance of response variables are not equal to that of
explanatory variables, that is, 02, = o2 and 02, = o> (we call this method EV2).

4. Estimating Equations (3.4) and (3.7) under the assumption of heterogeneous error
variances, and all error variances of response variables and explanatory variables
vary between measurements (we call this method NEV).

We substituted the Equation (3.4) into Equation (3.7) to find ﬁA 1inEV1,EV2, and NEV.

The Newton-Raphson algorithm was used to solve estimating equations. The initial values
were set to be OLS estimates. The conditions and steps for the simulation study were as
follows:

1. Generate a uniform random number with a range between 5 and 15. This value is
set as &, which denotes a true measurement in the CAM-TB.
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The Results of By for a Simulation Study: Biases (true values minus the means of estimates). Dia-

2 (SDy, SDy) = (.5€,.0025 n(110 — n)), squares: (§Dg, SDy) = (.5€, .005 n(110 — 1)), triangles:

(SDy, SDy) = (& .00259(110 — n)), and circles: (SDy, SDy) = (€, .005 1(110 — n)).

2. Calculate ) = 110exp(é — 10)/{1 + exp(¢ — 10)} (true model). This 1 denotes a

true score in the Draize test.

. Generate normal random numbers with mean £ and standard deviation SD, = .5¢

or £&. The number of generated random numbers is 5 or 10, which is assumed to
be the number of eggs used in the CAM-TB. Set the mean and standard deviation
calculated from these random numbers as a measurement and its according standard
deviation in the CAM-TB. Similarly, generate normal random numbers with mean
7 and standard deviation SD,, = .00257(110 —7) or .0057(110 — 7). If a generated
value is smaller than O or larger than 110, the value is replaced with 0 or 110. The
number of generated random numbers is 3, which is the same as the number of
rabbits used in the Draize test. Set the mean and standard deviation calculated from
these random numbers as the score and its according standard deviation in the Draize
test.

. Repeat Steps 1-3 36 times (in correlation to the number of chemical substances) or

1,000 times. This yields one dataset.

. Bstimate parameters (5 and () by the four methods described (OLS, EVI, EV2,

and NEV).

. Repeat the above steps 1,000 times, and calculate means, biases (true values minus

means), and mean squared errors (MSEs) of parameter estimates (y and [3)).
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Figure 4. The Results of/.a;l for a Simulation Study: Mean squared ervors. Diamonds: (SDg, SDy) = {.5€, .0025
(110 — n)), squares: (SDy, SDy) = (.5¢, .005 n(110 — ), triangles: (SDy, SDy) = (£ .0025 (110 —
1)), and circles: (SDg, SDy) = (£, .005 (110 — 1)),

The results of the simulation study are sumimarized in Figures 3 and 4. We show only
the results of /3 since Bo was uniquely determined as a result of ,31. Figure 3 indicates
biases on the four methods under 4 x 2 x 2 = 16 conditions (pairs of standard deviations
(SDg, SDy) = (.5¢,.00257(110 — 7)), (.5¢,.0057(110 — 7)), (€,.00257(110 — 7)) or
(€,.0051(110 — n)); the number of chemical substances = 36 or 1,000; and the number of
eggs = 5 or 10). Figure 4 indicates mean squared errors.

The following results were obtained from Figure 3. First, magnitude of biases for the
four methods was examined. All four results in Figure 3 show that NEV, EV2, EV1, and
OLS generated smaller order biases. However, the biases of EV2 are alittle larger than those
of EV1 under (SD,, SD,) = (.5¢,.0057(110 — 7)) (symbols in Figure 3 = squares). The
biases of EV2 are also similar to those of NEV under (SD,, SD,,) = (£, .00257(110 — 7))
(symbols in Figure 3 = triangles).

Second, we examined how the difference of standard deviations (SD,, or SD,) influ-
enced biases. All four results in Figure 3 show that biases for SD,, = £ (symbols in Figure 3
= triangles and circles) are larger than those for SD,, = .5 (symbols in Figure 3 = diamonds
and squares). On the other hand, the difference of SD,, that is, SD, = .00257(110 —7)
(symbols in Figure 3 = diamonds and triangles) or SD,, = .0059(110 — 7)) (symbols in
Figure 3 = squares and circles), does not generate much difference in biases except for
EV2. These results imply that error variances in the CAM-TB have more influence on bi-
ases than those of the Draize test. This is especially true for OLS and EV 1. It seems that
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Table 1. Parameter Estimates and Their Standard Errors by Four Estimation Methods (OLS: ordinary

least squares; EV1: 02 = 0% = 0% EV2: 0% = o% and 02, = 02 but 0% # o2; and NEV: all

error variances vary between measurements)

Bo se. (Bo) Bi  s.e (B1)

OLS —6.189 873 277 .047
EV1 —-6.399 1.393 .298 .088
Ev2 —6.281 1.633  .287 114
NEV ~ —10.619 .380  .864 .150

error variances in the Draize test have no relevance to biases. However, the biases of EV2
are small when error variances in the CAM-TB are large.

Third, we examined how differences in the numbers of chemical substances or the
number of eggs influenced biases. The comparisons between the same numbers of chemical
substances and different numbers of eggs (the comparisons between top and bottom in Figure
3) show that on all of four methods, biases when the number of eggs = 5 are larger than
those for when the number of eggs = 10. On the other hand, the comparisons between
the different numbers of chemical substances and same numbers of eggs (the comparisons
between left and right in Figure 3) show that the magnitude of bias does not change with
changes in the number of chemical substances. These results imply that biases become
smaller if the number of eggs used in the CAM-TB increases but not smaller even if the
number of chemical substances increases.

In Figure 4, we can see that MSEs also have features similar to biases. However, NEV
produces large MSEs in the case in which the number of chemical substances is 36 and the
number of eggs is 5.

5. APPLICATION OF THE PROPOSED METHOD TO REAL DATA

We applied the proposed method and the other 3 methods to the data described in
Section 2.

Table 1 summarizes the regression parameters and their standard errors estimated by
the four methods described in Section 3. Figure 5 shows their fitted curves. Bo and B,
by OLS, EV1, and EV2 (solid line, large broken line, and small broken line in Figure 5)
provided almost identical results. Those provided by NEV (solid thin line in Figure 5) were
considerably differed from the other three methods. As Figure 5 indicates, the four methods
do not fit the data well.

Our objective is to formulate a model to predict the score in the Draize test by the
measurement in the CAM-TB. Accurate prediction of Draize test scores is much more im-
portant when CAM-TB produces moderate measurements. Large CAM-TB measurements
indicate high Draize test scores, even though the prediction is not very precise. Though the
prediction is loose, it is possible to identify chemical substances that have strong toxicity. A
chemical substance having strong toxicity cannot be adopted for use in cosmetics. When the
CAM-TB test produces moderate measurements, however, we should be careful to avoid
underestimating the toxicity of the chemical substance being tested. This is what happens

- 042
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Figure 5. Fitted curves (solid line: OLS, large broken line: EVI, small broken line: EV2, and solid thin line: NEV).

when the score in the Draize test is underestimated.

Figure 5 shows that OLS,EV1,and EV2 underestimate the score in the Draize test when
the CAM-TB test produces moderate measurements. Figure 5 also shows that NEV makes
the degree of underestimation smaller in the moderate measurements in comparison with the
other three methods. NEV is a worse fit than the other three methods for large measurements.
As discussed earlier, however, itis not important that the fit for these measurements is wrong.

Consequently, we consider that the proposed method, NEV, results in a better prediction
formula than the other three methods.

6. DISCUSSION

In this article, we extended the estimating function method proposed by Amari and
Kawanabe (1997) to the case in which error variances vary between measurements. The
estimators for the proposed method were incidentally identical to the maximum likelihood
estimators.

We also conducted a simulation study to compare the regression parameters estimated
by the proposed method with those estimated by three other methods under the assumption
of homogeneous error variances. The parameters estimated by the proposed method, NEV,
may be imprecise when sample size is small and error variances are large. However, the
results of the simulation study suggest that, in comparison to the other three methods, NEV
results in smaller biases and MSEs. As shown in Figure 4, NEV produced large MSE in
the case in which the number of chemical substances was 36 and the number of eggs was
5 The reason is that there are few cases in which NEV takes a very large value of B, when
the error variances are large. For example, under (SDy, SDy) = (¢, .0057(110 — 1)), NEV
took 16.93 as the maximum value of /?l.
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In the simulation study, normal random numbers were generated on the original scales
before the logit transformation, while the scales after the logit transformation were modeled.
Our primary objective was to see if the proposed method could have worked in the validation
study. In the validation study, measurement errors occurred at the original scale. This was
because we considered normal error structures at the original scale in the simulation study.
If we knew the true error structures, it would be appropriate to use a nonlinear measurement
error model. Note that to develop such a nonlinear measurement error model is troublesome
with heterogeneous error variances. As a result, in the simulation study, we used somewhat
misspecified models. Nevertheless, the simulation study showed that the proposed method,
NEV, gave the smaller biases and MSEs than the other three methods.

The goal of the validation study was to predict Draize test scores from CAM-TB values.
When a fitted curve shows greater deviation in the direction of underestimating the score
in the Draize test, there is a greater risk of underestimating a chemical substance’s toxicity.
From the results of the simulation study shown in Section 3, it is reasonable to conclude
that the proposed method is less biased than the other three methods in the validation study.
The results of the simulation study also indicate that we can make bias and MSE smaller
if larger numbers of eggs are used in the CAM-TB. This shows that if alternative methods
such as the CAM-TB are carried out with large numbers of experiment materials for each
chemical substance, we can estimate the regression parameters more precisely.

In validation studies, both the measurements in animal experiments and in alternative
methods are measured with error. We need to adopt measurement error models when we
predict measurements in animal experiments by alternative methods. In order to investigate
whether or not the method proposed in this paper is useful in evaluating alternative methods,
we need to examine other alternative methods in addition to CAM-TB.

APPENDIX

A.1 THE DERIVATION OF ASYMPTOTIC VARIANCE (3.3)

If the estimating equation for 3;(5 = 0,1), >oi, g5 (24, 2, Bs, Br) = 0(j # k), is
expanded with a Taylor series on the true parameter §;, we get

2

0= ig(ﬂ?i,zi)ﬁ) + i QQ(_%’B?’_@ <ﬁj - [p’j> + O, <l[§j - ﬁji > ) (A1)
i=1

i=1
/3; takes the almost same value as ; when n becomes very large. Then, since the higher

. 2
~ order terms, O, (l By — B

> , are negligible, Equation (A.1) is transformed as

~ | i 1 = 0 Tiy iy
\/ﬁ(ﬂj “/33') = Zg(w-z:,zvz,ﬁ) ;Z—g—%?——@ : (A2)

i=1 i=1 J
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By applying the law of large numbers, the denominator on the right hand side in Equation
(A.2) converges to

| | n agj (i, Zi, /3)
A 5_: B { o)

By the central limit theorem, the numerator on the right hand side in Equation (A.2) is
distributed according to

—lﬁ Z g5 i,z B ~ N (0, Bpg, |95 (@i 20 ).
i=1

Therefore, /3j is also asymptotically normally distributed with the asymptotic variance

A limpooo(1/1) > i) Epe lg; (:ci,z.i,/})z]
v A (B -6;)] = N
" [\/ﬁ (/J ﬁjﬂ {Hmn_-,oo(l/n) ZZL:I Epe, [5gj (x4, 25, B) /aﬁj] }~

A.2 Tue DERIVATIONS OF EQUATIONS (3.4) aND (3.7) THROUGH THE MAXIMUM
LIKELIHOOD MIETHOD

A pair of measurements, (24,2),1=1,2,...,n, have a functional relationship
g = &+
zi = Po+Oiki+e

where §; and €; are distributed according to

G- ((0)(F )

The log-likelihood function, log L, is given as

mgL:c_lZ{@i—&)' +<zts—/30—/31&>~},

2 2
2 Tgi Ozi

i=1

where C denotes a set of constant terms that does not depend on the parameters Bo, B, and
&. dlog L/ 0&; = 0 gives the maximum likelihood estimator

é _ U?Z,iflli -+ Blff;lc-i(zi - BO)

@ 2 A 2
o2+ Brog

By substituting this £, into Alog L/0Pp = 0 and dlog L/9pB; = 0, Equations (3.4) and
(3.7) are derived. ‘
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Summary

~ Background: Ketoprofen is well known to evoke the allergic type of photocontact
dermatitis when it is applied to the skin and irradiated with ultraviolet A (UVA) light.
Objective: We aimed to establish a murine model of this photosensitivity and to
characterize pathogenic T cells concerned with the sensitivity.
Methods: Various strains of mice were sensitized on two consecutive days by applica-
tion of ketoprofen to the shaved abdomen and irradiation of the skin with UVA. Five days
later, they were elicited with ketoprofen plus UVA on the earlobes. Immune lymph node
cells and epidermal cells from the challenged sites were analyzed by RT-PCR.
Results: Mice were successfully sensitized and challenged with 4% and 2% ketopro-
fen, respective, plus UVA at20 J/ cm?. The responses in H-2% mice were higher than
those in the other strains examined. Immune lymph node CD4™ or CD8" cells from
ketoprofen-photosensitized H-2¥ mice were transferred i.v. to naive syngeneic reci-
pients. Mice receiving CD4* but not CD8"* cells exhibited ketoprofen photosensitivity,
but transference of both CD4* and CD8" cell populations was more effective. Lymph
node cells from photosensitized mice expressed high levels of mRNA for Th2 cytokine
(IL-4) and Th2 chemokine receptor (CCR4) as well as Th1 cytokine (IFN-y) and Th1
chemokine receptor (CXCR3), as assessed by RT-PCR. In addition, epidermal cells from
challenged earlobes expressed increased levels of both Th1 (TARC) and Th2 (Mig)
chemokines. ,
Conclusion: It is considered that not only Th1 but also Th2 cells participate in the
pathogenesis of murine photocontact dermatitis to ketoprofen.
© 2005 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland
Ltd. All rights reserved.

* Corresponding author. Tel.: +81 93 691 7445; fax: +81 93 691 0907.
E-mail address: tokura@med,uoeh-u.ac.jp (Y. Tokura).
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1. Introduction

Photocontact dermatitis is a specialized form of
contact dermatitis evoked by various chemicals,
such as halogenated salicylanilides, musk ambrette,
benzophenone-3 (oxybenzone), and non-steroidal
anti-inflammatory drugs [1]. Patients develop der-
matitis, when their skin is exposed to these agents
and subsequent ultraviolet (UV) light. This disorder
is pathohysiologically divided into two types, photo-
toxic and photoallergic ones. While the phototoxic
dermatitis is mediated by oxygen intermediates, the
photoallergic type, also known as contact photo-

sensitivity, is a well-organized cutaneous sensitivity .

that is immunologically induced and elicited with
photoallergic agent and UVA. Recently, the inci-
dence of the photoallergic type is higher than the
phototoxic one, because the major causative agents
are non-steroidal anti-inflammatory drug with
photoallergic properties [2].

It has been clarified that the majority of photo-
allergic agents are photohaptens, which bind cova-
lently to protein via the formation of free radicals
resulting from UV irradiation [2]. Because of this
photobinding ability, cells are easily photomodified
with photohapten under exposure to UVA, which is
the action spectrum of photocontact dermatitis.
The main sequential events in photocontact derma-
titis have been investigated with 3,3,4',5-tetra-
chlorosalicylanilide (TCSA) in mice [3,4] and are
virtually the same as those of ordinary contact
dermatitis except for the requirement of UV irra-
diation in sensitization and challenge. Photoconju-
gation of epidermal cells with TCSA is the initial
step. Langerhans cells (LC), which are professional
antigen-presenting cells in the epidermis, play an
important role. Photohapten-bearing .C migrates to
draining lymph nodes in the sensitization phase [5].
T cells sensitized by photohapten-bearing LC induce
the photosensitivity [3] and suppressor or regulatory
T cells involved in this sensitivity have been identi-
fied [6].

Ketoprofen (KP), widely used as a topical non-
steroidal anti-inflammatory drug, is clinically well
known to induce the allergic type of photocontact
dermatitis [7—11]. In addition to the high incidence
of occurrence of photocontact dermatitis, KP is an
interesting drug in its cross-photoreactivity with
thiaprofenic acid, suprofen, phenofibrate, and ben-
zophenone-3 [7—11]. These substances have a
photohaptenic moiety [2] as well as a phototoxic
ability {12,13].

A model of KP photocontact dermatitis has been
reported using guinea pigs [11]. However, little is
known regarding the immunological characteristics
of photocontact dermatitis to KP. In this study, we

established a murine model of KP photosensitivity
and investigated the immunological mechanism,
focusing on the involvement of Th1 and Th2 cells.

2. Materials and methods
2.1. Animals

AKR/N (H-2%), CBA/J (H-2%), C3H/He (H-2"), BALB/c
(H-2%), DBA/2 (H-29), A/J (H-2%), C57BL/6 (B6; H-2°)
were obtained from Kyudo Co. Ltd. (Kumamoto,
Japan). BALB.K/Ola (H-2*) mice were kindly pro-
vided by National Institute of Genetics (Mishima,

Japan). Female mice, 8-week old, were used in this
study.

2.2, Chemicals

KP was obtained from Hisamitsu Pharmaceutical Co,
Inc. (Tokyo, Japan) and 3,3',4',5-tetrachlorosalicy-
lanilide (TCSA) was purchased from Kanto Chemical
Co. Inc. (Tokyo, Japan).

2.3, Light source

"Black light (FL20SBL-B) emitting UVA ranging from

320 to 400 nm with a peak emission at 365 nm was
purchased from Toshiba Electric Co. (Tokyo, Japan).
With a UV radiometer (Topcon Technohouse Corp.,
Tokyo, Japan), the energy output of three 20W
tubes of black light at a distance of 20 cm was

2.4mW/cm? at 365nm and 0.17 mW/cm? at
305 nm.

2.4. Photosensitization and
photochallenge to KP

The basic method for photosesitization and photo-
challenge was described previously [3,4]. Mice were
painted with 50 pl of 1, 2 or 4% KP in acetone to the
clipped abdomen. Within 30 min, the painted site
was irradiated with three tubes of black light at a
distance of 20 cm for 2.5h (20 J/cm? at 365 nm)
unless otherwise mentioned by placing cages con-
taining mice over the lights. We used a pane of
window glass 3 mm thick to insure that no radiation
below 320 nm reached the skin. The painting plus
irradiation was performed on two consecutive days,
i.e., days 0 and 1. Before challenge, the basal line
thickness of both ears on all mice was measured with
a dial thickness gauge. On day 5, all mice were
challenged on both sides of each earlobe with
25 pl of 2% KPin ethanol unless otherwise described.
Within 30 min, the mice received irradiation under
black light at a distance of 20 cm at 20 J/cm? at
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365 nm. Ear thickness was measured 24 h after irra-
diation and was expressed as the mean increment in
thickness above basal line control value.

2.5. Preparation of single cell suspension
of lymph node cells (LNC) and epidermal
cells ‘

Axillary and inguinal lymph nodes were collected on
day 3 or 5 from mice photosensitized with KP on days
0 and 1. Single cell suspensions were prepared by

teasing lymph nodes. For preparation of epidermal

cells, excised murine earlobes were incubated in
0.2% trypsin, Epidermal cells were dispersed and
washed three times in PBS, as described previously
[14].

2.6. Adoptive transfer of sensitivity with
immune LNC

Immune LNC were prepared on day 5 from KP-
photosensitized AKR/N mice. To obtain purified
CD4" or CD8&" T cells, LNC were incubated with
anti-CD4 or anti-CD8 monoclonal antibody (mAb)-
conjugated magnetic beads (Dynal Inc., Oslo, Nor-
way) and the bound cells were detached from the
beads with Detachabeads (Dynal Inc.) according to
the manufacture’s directions. Unfractionated LNC
(2 x 107 cells/mouse) or varying ratios of CD4* or
CD8" T cells in 0.4 ml of phosphate buffered saline
(PBS; pH 7.4) were injected i.v. into naive recipi-
ents. The control mice were injected with PBS
alone. Within 1 h after cell transfer, the recipient
and control mice were challenged on the ears with
2% KP plus 20 J/cm? UVA, and ear swelling response
was measured after 24 h. In a comparison, BALB/c
mice were sensitized with 1% TCSA plus 12 J/cm?
UVA on days 0 and 1, as described previously [3,4],
and LNC were transferred to naive syngeneic mice.
Epicutaneous sensitization and challenge with TCSA
plus UVA was reported [3].

2.7. Reverse transcription-polymerase
chain reaction (RT-PCR) assay

Total RNAwas extracted from LNC or epidermal cells
using the SVTotal RNA Isolation system (Promega
Co., Madison, W!, USA). To prepare first strand
cDNA, 1 g of RNAwas incubated in 100 .l of buffer
containing 10 mM dithiothreitol, 2.5 mM MgCl,,
dNTP mix, 200 U of reverse transcriptase ll (Invitoro-
gen, Carlsbad, CA, USA) and 0.1 mM oligo (dT)1z—18
(Invitorogen). Each cDNA were amplified in a 50 pl
PCR solution containing 0.8 mM MgCly, dNTP mix and
DNA polymerase (Roche Applied Science, Penzberg,
Germany) with synthesized primers. Samples were

N
s

heated to 95 °C for 2 min, 55 °C for 2 min and 72 °C
for 3 min, and cycled 40 times through 95°C for
1 min, 55 °C for 2 min and 72 °C for 3 min. The final
incubation was 72 °C for 7 min. The mixture was
subjected to 1% agarose gel for electrophoresis with
the indicated markers and primers for the internal
standard B-actin. Each sample was applied more
than two lanes in the same gel. The agarose gel was
stained with ethidium bromide and photographed
with UV transillumination.

The sense/antisense primer sequences were as
follows. Interferon-y (IFN-vy): 5'-TGA ACG CTA CAC
ACT GCATCT TGG-3' and 5'-CGA CTC CTT TTC CGC
TTC CTG AG-3; IL-4: 5'-ATG GGT CTC AAC CCC CAG
CTA GT-3' and 5'-GCT CTT TAG GCT TTC CAG GAA
GTC-3/; CXCR3: 5-GCC GAT GTT CTG CTG GTG TTA
A-3"and 5'-TTT TCG ACC ACA GTT GCG GGC-3' CCR4:
5-TCG GAT TTG CTG TTC GTC CTG T-3' and 5'-TAA
GGC AGC AGT GAATGA AGC C-3'; IP-10; 5'-CGC ACC
TCC ACATAG CTT ACA G-3' and 5'-CCT ATC CTG CCC
ACG TGT TGA G-3'; Mig: 5'-TGA TAA GGA ATG CAC
GAT GCT C-3' and 5'-TTC CTT GAA CGACGACGACTT
T-3'; TARC: 5'-CAG GAA GTT GGT GAG CTG GTATAA-
3" and 5-TTG TGT TCG CCT GTA GTG CATA-3'; MDC:
5/-TCT GAT GCA GGT CCC TAT GGT-3' and 5'-TTATGG
AGT AGC TTC TTC ACC CAG-3/; B-actin: 5'-TGG AAT
CCT GTG GCATCC ATG AAA C-3' and 5'-TAA AAC GCA
GCT CAG TAA CAG TCC G-3'. ‘

2.8. Statistical analysis

Student’s t-test was employed to examine the sig-
nificance between the means, and p < 0.05 was
considered statistically significant.

3. Results

3.1. Induction of photocontact dermatitis
by KP plus UVA

As shown in Fig. 1, AKR/N mice were sensitized by
topical painting of 4% KP and subsequent irradiation
with 20 J/cm? UVA, or by KP alone. They were
challenged on the earlobes with 2% KP and/or
20 J/cm? UVA. A significant ear swelling response
was observed in mice challenged with both KP and
UVA, whereas elicitation with KP or UVA alone did
not induce the response. In mice sensitized with 4%
KP alone, KP plus UVA evoked a detectable swelling
response. Since elicitation with KP alone did not
yield any response, this was considered to be a
phototoxic response, and was significantly lower
than the photoallergic response to KP. Thus, treat-
ment with KP plus UVA was capable of inducing the
allergic type of photocontact dermatitis in mice.
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Sensitization Challenge

Ear swelling + SD (x 1073 cm)

4% KP+UVA 2% KP+ UV

4% KP + UVA 2% KP

4% KP + UYA UVA
4% KP

2% KP + UV.

4% KP 2% KP

Fig. 1

Requirement of both KP and UVA for induction and elicitation of allergic photocontact dermatitis. AKR/N mice

were sensitized with KP (4%) plus UVA (20 J/cm?) or KP alone on days 0 and 1. On day 5, they were challenged on both sides
of each earlobe with KP (2%) and/or subsequent UVA (20 J/cm?). Ear swelling was measured 24 h after irradiation. Each

column represents the mean £ S.D.

3.2. KP concentration and UVA dose
effective for induction and elicitation of
photocontact dermatitis

AKR/N and C3H/He mice were sensitized with 1, 2,
or 4% KP in combination with 20 J/cm? UVA, and
challenged with 2% KP plus 20 J/cm? UVA (Fig. 2A).
KP at both concentrations of 2 and 4% produced
significant ear swelling responses, with the latter
being slightly more effective than the former. When
4% KP-photosensitized mice were challenged with 1,
2, or 4% KP in combination with 20 J/cm? UVA, 2 and
4% KP induced comparable responses in AKR/N mice,
while all three concentrations of KP produced sig-
nificant responses in C3H/He (Fig. 2B). When AKR/N
mice were sensitized with 4% KP alone and chal-
lenged with 2% or 4% KP plus UVA, photochallenge
with 4% KP produced two-fold higher swelling than
2% KP (data not shown), indicating that the photo-
toxic response of 2% KP was low.

AKR/N mice were sensitized with 4% KP and UVA at
10, 20, 30 or 40 mJ/cm?, and challenged with 2% KP
plus 20 mJ/cm? UVA (Fig. 2C). UVA at 20, 30, and
40 mJ/cm? yielded significant and comparable
responses. Therefore, we used 4% KP for photosensi-
tization and 2% KP for photochallenge in combination
with 20 mJ/cm? UVA in the following experiments.

3.3. Different reactivity in photocontact
dermatitis among various mouse strains

Eight strains of mice were sensitized and challenged
with KP plus UVA. AKR/N, CBA/J, C3H/He, BALB.K/

Ola, and A/J exhibited higher responses than did
BALB/c, DBA/2 and B6 mice (Fig. 3). Considering
that BALB/c and BALB.K/Ola mice are H-2-congenic
strains and thus differ only at the H-2 complex, it

seems that H-2* mice are high responders in this
sensitivity.

3.4. Adoptive transfer of photocontact
dermatitis

Immune LNC were taken from AKR/N mice photo-
sensitized with KP 5 days before and injected i.v.
into naive recipients, which were challenged with
KP plus UVA. As positive control, a group of mice
were epicutaneously sensitized and challenged in
parallel. Fig. 4A shows that mice receiving 2 x 107
LNC exhibited a significant degree of photocontact
dermatitis but to a lesser degree than the epicuta-
neously sensitized mice. Along with this study,
immune LNC from BALB/c mice photosensitized with
TCSA-were transferred to naive syngeneic recipi-
ents. They had a stronger but similarly reduced level
of response as compared to the epicutaneously
sensitized mice. When donor mice were treated
with UVA alone, transfer of their LNC did not induce
the sensitivity in recipients (Fig. 4B).

3.5. Essential and augmentative roles of
CD4" and CD8" cells, respectively, in
photocontact dermatitis

CD4* or CD8" Tcells (5 x 10° cells/mouse) purified
from KP-immune LNC of AKR/N mice were trans-
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>
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2 3 4 5
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UVA 20 J/cm?
UVA 30 J/em?
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AKR

Challenge alone

(©
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Fig. 2 Effects of KP concentration and UVA dose on sensitization and chaltenge of photocontact dermatitis. AKR/N and
C3H/He mice were sensitized with varying doses of KP (1—~4%) (A) or 4% KP (B) plus UVA (20 J/ cm?) on days 0 and 1. On day
5, they were challenged on both sides of each earlobe with 2% KP (A) or varying doses of KP (1~4%) (B) plus UVA (20 J/
cm?). In (C), AKR/N mice were sensitized with 4% KP plus varying doses (10-40 J/em?) of UVA and challenged with 2% KP
plus 20 J/cm? UVA, Ear swelling was measured 24 h after irradiation. Each column represents the mean =+ S.D. 'p < 0.05.

ferred to naive syngeneic recipients. Upon chal-

lenge with KP plus UVA, mice injected with -

CD4* cells, but not CD8" or CD4~CD8™ cells, exhib-
ited a significant swelling response compared
to the non-injected control mice (Fig. 5). When
mice were injected with-increasing numbers of
CD8* cells additionally with CD4" cells, 5 x 10°

&R

cells, but not 1 or 2.5 x 10° cells, enhanced the
CD4* cell-induced response. This combination of
CD4* and CD8" cells produced a comparable
response to the epicutaneously sensitized mice.
The results suggested that CD4™ T cells mediate
the sensitivity and CD8" T cells participate in the
full responses.
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Ear swelling + SD (x 103 cm)

4 5

AKR/N

CBA/JJ
H-2k

C3H

BALB./Ola

BALB/e
H-28

DBA2
wa | an
H-2v ‘ B6

N=d-6

Fig. 3 Photocontact dermatitis to KP.in various mouse
strains with different H-2 haplotypes. Mice were sensitized
with 4% KP plus 20 J/cm? UVAondays O and 1. Onday 5, they
were challenged with 2% KP and 20 J/cm? UVA. Data are
expressed as: Aear swelling, representing (sensitization and
challenge) — (challenge alone). Each column represents
the mean % S.D.

3.6. Elevated mRNA expression of
cytokines and chemokine receptors of
both Th1 and Th2 cells in immune LNC

AKR/N mice were sensitized with KP plus UVA on
days 0 and 1, and single cell suspensions of immune
LNC were.pr‘ep‘ared on day 1 (immediately after
sensitization), 3 and 5. The expression of Th1 and
Th2 ‘cytokines, as represented by IFN-y and IL-4,
respectively, was examined by RT-PCR. As shown in
Fig. 6A, KP photosensitization increased the expres-
sion of both cytokines compared to vehicle alone.
Notably, IL-4 was markedly augmented by KP plus
UVA on day 5. .

Th1 and Th2 cells express chemokine receptor
CXC chemokine receptor 3 (CXCR3) and CC chemo-
kine receptor 4 (CCR4), respectively. The expression
of these chemokine receptors was also tested in
immune LNC. As most discernibly seen in day 5
LNC, CCR4 expression was remarkably enhanced
by sensitization with KP plus UVA, while CXCR3
was increased to a lesser degree (Fig. 6B).

Ear swelling = SD (x -10-* cm)

Mice receiving: Challenge 0 1

R
XY

4 $ 6 7

KP + UV 2% KP
A +UVA
i.v. injection of 2% KP
Immune LNC +UVA
e 2% KpP
+UVA
0.1% TCSA
TCSA + UVA s 3

L.v. injection of

0.1% TCSA
Immune LNC +

UVA

0.1% T([iSA
+UV
(A)

LNC from

mice treated with: Challenge 0

Ear swelling+ SD (x 107 cm)
L2 3 4 s

2% KP+ UVA
UVA alone 2% KP + UVA

4% KP + UVA
(B)

2% KP + UVA

p<0,05

N=4.8

Fig. 4

(A)and (B) Transfer of LNC from KP- or TCSA-photosensitized mice. AKR/N (for KP) and BALB/ ¢ (for TCSA) mice were

injected i.v. with immune LNC (2 x 107 cells/mouse) from KP- or TCSA-photosensitized mice. The control mice were not
injected. Within 1 hafter cell transfer, the recipient and control mice were challenged with 2% KP plus 20 J/cm? UVA or 0.1%
TCSA plus 20 J/cm? UVA, and ear swelling response was measured after 24 h, Each column represents the mean + 5.D.
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Immune LNC (x 109 . 1

Ear swellingt SD (x 10 cm)

Sensitization with KP + UVA §
(positive control)

CD4\+"c¢eHs (5

Cb’S* C‘(;HSV(D-)

CD4* cells '<;sﬁ) +che cells (1
CD4* cells (5) + CD8* cells (2.5
CD4+ cells (5) + CD8* cells (5)
CD4: CD8§" cells (5)

Challenge alone

p <0.05

p <0.05

N=5-6

Fig. 5 Transfer of CD4" and/or CD8" cells fréfh‘KP-photosensitized'mice. Mice were injected with intravenous injection
of purified CD4* and/or CD8* Tcells from KP-photosensitized AKR/N mice. The control mice were not injected. Within 1 h
after cell transfer, the recipient and control mice-were challenged with 2% KP plus UVA irradiation. Each column

represents the mean £ S.D.

These results suggested that Th2 cells as well as
Th1 cells are stimulated in photocontact dermatitis
to KP, with the former being more enhanced by this
phototreatment. ‘

3.7. Elevated mRNA expression of
chemokines of both Th1 and Th2 cells in
challenged epidermis

Murine epidermal keratinocytes produce Th1 che-
mokines, interferon-inducible protein-10 (IP-10/
CXCL10) and monokine induced by interferon-y
(MIT/CXCLY), and Th2 chemokines, thymus and
activation-regulated chemokine (TARC/CCL17) and
macrophage derived chemokine (MDC/CCL22).
These Th2 chemokines bind to CCR4 on Th2 cells,
while the Th1 chemokines have affinity to CXCR3 on
Th1 cells [15]. To address the role of these chemo-
kines in infiltration of Th1 and Th2 cells at the
challenged site, AKR/N mice were sensitized with
KP and UVA, and 5 days later, challenged on the
earlobes with KP or vehicle in combination with UVA.
Epidermal cell suspensions were prepared from the
ears 24 and 48 h after challenge and subjected toRT-
PCR. At 24 h after challenge, the expression of Mig
and TARC was increased by treatment with KP plus
UVA, as compared to no treatment or vehicle alone
(Fig. 7). The expression at 48 h was virtually the
same as that at 24 h, but less discernible. IP-10 and
MDC were not substantially changed. Thus, both

B

certain Th1 and Th2 chemokines, but not all, were
expressed‘increasingly in the challenged epidermis.

4., Discussion

The present study was aimed to establish a murine
model of photocontact dermatitis to KP. The photo-
sensitivity was successfully induced and elicited by
skin application of KP and subsequent irradiation
with UVA. The optimal concentration of KP was 4%
for sensitization and 2% for elicitation, and the dose
of UVA was 20 J/cm?. In a comparison with a repre-
sentative allergic photocontactant TCSA [3,4],
these concentration and dose are high, and the
degree of ear swelling response is low. Patients with
photocontact dermatitis to KP exhibit a strong
erythematous reaction, and even bulla formation
occurs in some patients [8—11,16]. Our present
system, therefore, is not a complete mimicry to
the clinical photosensitivity. Nevertheless, the
photoallergic potential of KP can be evaluated by
this murine model.

The magnitude of response depended on the
strain of mice, and at least the major histocompat-
ibility complex (MHC) seems to influence the
response. H-2" mice are high responders compared
to H-2%° mice. This is strikingly in contrast to
photocontact dermatitis to TCSA, in which H-29P
mice are high responders, while H-2* is the low
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Fig. 6 RT-PCR analysis of mRNA expression of cytakines and chemokine receptors in immune LNC. LNC were taken from
mice 1 h (day 1), 48 h (day 3) and 96 h (day 5) after sensitization with KP plus UVA. Each assay was performed four times
using two independent samples. Representative data were shown. Veh: vehicle alone.

responder haplotype [4]. Thus, the susceptibility to
photocontact dermatitis in individuals appears to be
different depending on each photocontactant. The
majority of exogenous photoallergic substances
have a photohaptenic property [2,17]. Photohap-
tens are capable of binding to MHC class Il mole-
cules/self peptides on LC upon exposure to UVA[18].
in this context, the T cell response is likely con-
trolled by MHC molecules.

In the adoptive transfer study, injection of CD4" T
cells was crucial to evoke the sensitivity, but trans-
fer of both CD4* and CD8" cells resulted in a higher
response. In accordance with the present study,
cutaneous photoallergy to exogenous agents is
mediated by CD4* T cells [4,17,18]. The roles of
CD4* and CD8* Tcells in ordinary contact hypersen-
sitivity remains disputed. Several independent stu-
dies have shown mediation of the sensitivity by CD8"
Tcells [19-21]. On the other hand, the contribution

of CD4" cells has been variously reported, as CD4"
cells are unnecessary [21], helpfut [22,23], or sup-
pressive [24,25]. Circumstantial evidence may indi-
cate that CD4" cells participate more profoundly in

- photocontact hypersensitivity than ordinary contact

hypersensitivity. For example, in vitro stimulation of
immune LNC with photohapten results in the pre-
ferential propagation of CD4" cells, and the sensi-
tivity can be transferred to naive mice with CD4™ T
cell line [17]. In such a case, CD8" T cells may be
required for the full development of the sensitivity.

In the draining LNC, mRNAs for not only IFN-y and
CXCR3 but also IL-4 and CCR4 were increasingly
expressed. Rather, the expression levels of these
Th2-relevant molecules were higher than those of
Thi. Such a Th2 dominant state was also found in
photosensitivity to TCSA [26]. In the skin, keratino-
cyte-derived chemokines initiate migration of T
cells. mRNAs for TARC (a ligand for CCR4) and Mig

4
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Fig. 7 RT-PCR analysis of chemokine mRNA expression in epidermal cells. Epidermal cell suspenéions were prepared
from earlobes of KP/UVA-sensitized mice 24 or 48 h after challenge with KP plus UVA. Each assay was performed four

times using two independent samples. Veh: vehicle alone.

(a ligand for CXCR3) were also enhanced in the
epidermal cells from earlobes of mice sensitized
and challenged with KP plus UVA. This chemokine
expression is different from that of ordinary contact
sensitivity to picryl chloride, which shows apparent
Tht1 chemokine mRNA expression but no TARC
expression in the challenged ears [27]. Of particular
importance is whether these ThZ cells serve as
effectors or suppressors in the sensitivity. We mea-
sured the percentage of CD4"CD25" cells, indicative
of regulatory T cells [24,25], in immune LNC from
KP- or TCSA-photosensitized AKR/N or BALB/cmice,
and found no increment of cells bearing this phe-
notype (data not shown). Together with the ability
of CD4* T cells to transfer the sensitivity, these
findings implies that CD4" cells play a helper or
effector role in photocontact dermatitis to KP.

Photocontact dermatitis to KP is known to prolong
at the applied skin site even several months after
cessation of application [9—11]. This enigmatic phe-
nomenon cannot be clarified from the present study.
In addition to its photohaptenic moiety, KP might
exert its pharmacological effect on LC [28], possibly
leading to the prolongation. Elucidation of this
phenomenon may characterize this photosensitivity
more specifically.
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