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Bulleted statements:

What'’s already known about this topic?

2-Methoxymethyl-p-phenylenediamine is a new p-phenylenediamine (PPD) derivative with

reduced skin sensitization properties.

What does this study add?

Exposure to a hair dye test product containing 2-methoxymethyl-p-phenylenediamine on the
forearm for 30 min indicated a concern for 9/30 (30%) of PPD-allergic individuals, while 70%
were negative. This response rate is significantly lower than we previously reported for PPD

under simulated hair dye use conditions (84%).

Abstract
Background: Factors influencing elicitation responses in individuals allergic to p-

phenylenediamine (PPD) related to hair dyeing are not well understood.

Objectives: Investigation of the elicitation response to the new, less-sensitizing PPD-
alternative 2-methoxymethyl-p-phenylenediamine (ME-PPD) under simulated hair dye use

conditions.

Patients/Methods: The cross-elicitation response to ME-PPD (2% in a hair dye test product
for 30 min on forearm and rinsing) was analysed in 30 PPD-allergic individuals with
diagnostic patch test grades +, ++ or +++ according to the classification of the International

Contact Dermatitis Research Group at day 2 and day 3.
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Results: Cross-reactivity to the ME-PPD containing hair dye test product was elicited in 9/30
(30%) while 70% were negative (-). Cross-reactivity was elicited in 2 of 4 cases with grade
+++, 3 of 10 with grade ++, and 4 of 16 with grade +. Under identical conditions, PPD was
previously found to elicit 21/27 of these PPD-allergic individuals. In 18 of these 21
individuals, either the strength of the cross-elicitation response to ME-PPD was decreased

or no response occurred.

Conclusions: Under simulated hair dye use conditions a significantly lower degree of cross-
elicitation to ME-PPD (9 of 30 PPD-allergic individuals) was observed than previously
reported for PPD (84%). Additionally, a decreased cross-elicitation strength was observed
across all three patch test grades likely reflecting the reduced skin sensitization properties of
ME-PPD. Consequently, careful dermatological evaluation is required to assess cross-

reactivity to ME-PPD in hair-dye allergic patients.

Introduction

2-Methoxymethyl-p-phenylenediamine (ME-PPD) is a recently developed
p-phenylenediamine derivative '. The introduction of a methoxymethyl side chain into PPD
yielded a hair dye precursor with excellent hair coloring performance when used together
with couplers (e.g. m-aminophenol) and an oxidizing agent (e.g. hydrogen peroxide) in hair
dyes 2. Furthermore, ME-PPD has significantly reduced skin sensitizing properties compared

', Chemical

to PPD or the structurally related compound p-toluylenediamine (PTD)
structures are depicted in Fig. 1. For instance, the effective concentration of ME-PPD
necessary to induce an immune response 3-fold above vehicle control (EC3 value) in the
local lymph node assay (LLNA) was 4.3%, indicating a moderate skin sensitizing potency
compared to values of 0.1 and 0.17% equivalent to strong ® or extreme * potencies for PPD
and PTD, respectively. Furthermore, assessment of the skin sensitizing potency under

consumer hair dye usage conditions through a quantitative risk assessment (QRA) indicated

a much lower likelihood of ME-PPD to induce skin sensitization compared to PPD or PTD .
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The introduction of a less skin sensitizing substitute for PPD and PTD is justified by several
additional aspects. PPD and PTD are considered the most important allergens associated
with hair dye-related allergic contact dermatitis. A recent study confirmed sensitization to
PPD in 4.5% of a total of 2939 tested eczema patients, 2.8% reacted to PTD, and about

55% of these cases mentioned dying hair as likely cause of their sensitization °.

Furthermore, apart from sensitization to either compound, a positive relationship of an
elicitation response to PPD on patch testing and concomitant reactions to other chemically
related (para-substituted benzene) components of oxidative hair colours can be observed.
For instance, individuals sensitized to PPD may also cross-react to PTD, m-aminophenol, p-
aminophenol, or 2-nitro-PPD © as well as to some azo dyes ’. This cross-elicitation has been
extensively studied for individuals with sensitization to PPD. Recently, Sgsted and
colleagues ° reported concomitant reactions to PTD in 50% of PPD patch test positive cases
(67 of 133), while PPD responses in those sensitized to PTD were found in 81%.
Concomitant reactions to the precursor p-aminophenol were found in 35% of the PPD-
sensitized cases, while simultaneous reactions to m-aminophenol were 18% in PPD- and
27% in PTD-sensitized individuals. Also a high degree of concordance (>80%) with PPD
was detected among those with a positive patch test reaction to the aminophenols. Thus,

usage of hair dye products containing PPD or PTD is a concern for PPD-allergic individuals.

On the other hand there are chemicals which are tolerated by PPD-sensitized patients.
Elicitation responses to resorcinol, in line with its significantly lower sensitization potency in
humans 8, are rarely found (0.1% in the above mentioned study) despite its presence in 80%
of all hair dyes. Another benzene derivative hydroxyethyl-p-phenylenediamine sulphate (HE-
PPD) has less potential for cross-reactivity. It was reported to be tolerated by a subgroup of
PPD-sensitized individuals suspected of having contact dermatitis caused by hair dyes °.
The latter study reported that 40 of 216 patients (19.9%) reacted to 1% PPD (free base in
pet.) under diagnostic patch test conditions, whereas only 5 of them (2.3%) showed a

positive reaction to a comparable amount of HE-PPD sulphate (2%). Differences in the
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sensitizing potency between HE-PPD sulphate ' and PPD ® or PTD "' are not likely to have
a major impact on the rate of the elicitation response, since all three substances are

considered as at least strong sensitizers.

These studies demonstrate that elicitation and cross-elicitation are not only affected by

2 is known to

chemical potency. The strength of the individual's sensitization status
influence the cross-elicitation rates as well. The latter was also found for HE-PPD °, since
reactions were predominantly found in those highly sensitized to PPD. Finally, other factors

13,14

including differences in skin absorption and individual metabolism as well as the

induction dose itself *> are known to influence the elicitation response.

In order to evaluate the possible risks for hair dye-allergic individuals to develop cross-
elicitation reactions to ME-PPD under hair dye use conditions, we investigated whether ME-
PPD shows cross-elicitation responses in PPD-allergic individuals with a documented history

of hair dye-related allergy and different diagnostic patch test response grades (+, ++, +++).

Materials and Methods
Cases

Individuals (n=30, 4 males, 26 females) with a well documented history of allergic contact
dermatitis to PPD based on a positive diagnostic patch test response to PPD (diagnostic
PPD TRUE test®, Mekos, Hillerad, Denmark), and previous problems after using hair dye
products were included. Patch test readings were performed at day 2 (D2) and day 3 (D3)
and graded according to the International Contact Dermatitis Research Group’s (ICDRG)
classification system '°. At D3 grades were + (n=16), ++ (n=10) and +++ (n=4). Among
these 30 individuals were 27 individuals (+, n=14; ++, n=10; +++, n=3) who were previously

tested for their elicitation response to a simulated hair dye product containing 2% PPD
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under identical conditions as described by us '"'®. Approval of the study was given by the

local ethics committee.

Preparation of hair dye formulation and epicutaneous testing

The vehicle (Koleston Perfect formula without fragrance) containing the hair dye precursor
(4% ME-PPD, free base) and couplers (1.9% 2-methylresorcinol and 1.9% 2-methyl-5-
hydroxyethylaminophenol), as well as the hydrogen peroxide solution (6% (w/w) Welloxon)
were provided by P&G. The couplers were selected based on their negligible sensitization
potency as determined in the local lymph node assay, each with an effective concentration
(EC3) > 50 '¥2°. The hair dye test product was always freshly prepared by mixing the tint
(containing ME-PPD and the couplers) with the hydrogen peroxide solution using a small
wooden stick (1:1, 90 pl each). An amount of 100 pl of the finished ME-PPD containing
product was applied to the filter paper of the van der Bend Chambers® (Brielle, the
Netherlands, 1 cm?) using a pipette (infinite dose, 100 mg/cm®). A dye-free test product was
used as control. The filled chambers were removed from the tape and directly placed on the
skin of the lower arms. The chambers were additionally resecured in the same position with
2 small stripes of tape (3M) across the plastic connections attached to the chamber
(occlusion). After 30 min the formulations were gently rinsed off with a commercial shampoo

and water to simulate hair dyeing use conditions.

Responses were recorded at D2 and D3 and graded according to the ICDRG criteria.
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Results
Cross-elicitation responses to ME-PPD applied under hair dye use conditions in PPD-

allergic individuals

The potential of ME-PPD to cross-elicit allergic contact dermatitis was assessed on the skin
of 30 individuals who were patch test positive to PPD and who had experienced hair dye-
related allergic contact dermatitis in the past. Fig. 2 summarizes the results following a 30
min exposure to ME-PPD in a simulated hair dye product, scored at D2 and D3. Of the 30
individuals (4 males and 26 females) tested, 9 reacted to ME-PPD corresponding to a
response rate of approximately 30%. Of the 4 individuals with a +++ patch test grade to
PPD, 2 reacted; 3 of the 10 individuals with a ++ patch test grade to PPD reacted, and 4 of
the 16 individuals with a + patch test grade to PPD reacted. No reactions were observed

when the basic hair dye formula without dyes was applied for 30 min as control.

To include the strength of the cross-elicitation responses to ME-PPD at D2 and D3, results in
Fig. 2 were depicted according to the grade of the diagnostic patch test response to PPD at
D3. In the group of individuals with a +++ diagnostic patch test response to PPD (n=4), only
2 responded to ME-PPD, with at least ++. In the group of individuals with a ++ diagnostic
patch test response to PPD (n=10), 1 responded with a ++ reaction to ME-PPD both at D2
und D3, while 2 were graded + or ? at either reading time. In the group of individuals with a +
diagnostic patch test response to PPD (n=16), 3 responded to ME-PPD with + or ? at either

reading time, while for 1 the strength increased to ++ at D3.

Among the 30 individuals tested for their cross-elicitation response to ME-PPD, 27
individuals were previously tested by us for their elicitation response to an identical hair dye
test product containing 2% PPD instead of ME-PPD "7. Of those 27 individuals, 21 (78%)
reacted to the PPD containing hair dye test product. Fig. 3 provides the elicitation responses
at D2 and D3 to PPD under hair dye use conditions of these 21 individuals compared to their

cross-elicitation responses to ME-PPD under identical conditions. Six of the 27 individuals
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tested with both were negative to either PPD or ME-PPD containing hair dye test product
(data not shown). Application of the ME-PPD containing hair dye test product yielded
positive responses in 8 of these 21 (38%) cases. In addition, a reduced strength of the
cross-elicitation responses was found after application of ME-PPD containing hair dye test

product compared to PPD in 18 of the 21 cases (see Fig. 3).

Discussion
In this paper, we studied the potential of a ME-PPD containing hair dye test product (2% ME-

PPD applied on the volar forearm under occlusion for 30 min) to elicit a cross-reaction in
PPD-allergic individuals. For that purpose, 30 individuals were selected with a PPD-related
contact allergy corresponding to a history of hair dye product usage and a documented

analysis of their patch test response to PPD upon diagnosis.

We observed that 9 of these 30 individuals reacted to ME-PPD, corresponding to a response
rate of approximately 30%. This result indicates that ME-PPD is able to elicit a cross-
reaction under simulated hair dye use conditions in PPD-allergic individuals with a history of
hair dye-related allergic contact dermatitis. The sensitivity of this exposure scenario was

previously studied by us '"'®

using PPD and found to elicit a reaction in 20/20 individuals
with a moderate or strong allergy against PPD based on diagnostic patch test grades (with

grades ++ to +++), while sensitivity was 44% in subjects (8/18) weakly sensitized (+) to PPD.

Due to the fact that ME-PPD is a new molecule, we consider the responses as true cross-
reaction %', since co-sensitization can be excluded as our tests were performed prior to its
market introduction. The observed cross-reaction rate of 30% for ME-PPD is lower than the
reported concomitant reactions to PTD of approx. 75% in PPD patch test positive individuals
22 |n order to further evaluate the observed cross-reactivity between the new molecule ME-
PPD and PPD we performed a more detailed analysis in a subgroup of 27 individuals who
had been exposed to both molecules. PPD exposure of these individuals in our previous
study ' was identical to the ME-PPD exposure in the present study, i.e. we evaluated the

response upon exposure to the hair dye product applied for 30 min with maximum realistic
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compound concentrations of 2%. In that previous study, 6 of the 27 individuals did not react
to PPD and did not react to ME-PPD. A possible explanation is that due to the rinse off
conditions of hair dyeing the individual elicitation threshold has not been reached. This is in
line with the well described dependency of elicitation responses to PPD on exposure
duration and dose %%, Of the 21 individuals that reacted to the PPD containing hair dye
product in our previous study 8 cross-reacted to the ME-PPD containing hair dye product,
but the majority with a reduced strength of their elicitation responses (see Fig. 3). The
reduction observed occurred across all patch test categories, indicating an attenuation of the
(cross-) elicitation response likely due to the structural alteration of PPD by the

methoxymethyl side chain.

25 Molecular

Multiple mechanisms of T cell receptor (TCR) cross-reactivity are known
mimicry, in which cross-reactive ligands share key structural and chemical features, is a
mechanism commonly used to explain TCR cross-reactivity caused by allergen specific T
cells recognizing different chemicals. Accordingly, modification of the basic para-structure of
the PPD molecule by ring substitutes has been frequently reported to affect induction and
elicitation of skin sensitization 2'?2°, For PTD and p-aminophenol, the cross-reactivity rate
with PPD was 100% when tested under defined conditions in guinea pigs * indicating that in
the case of PTD the introduction of a methyl side chain into PPD or, in the case of p-
aminophenol, the exchange of an amino-group by a hydroxyl-group does not represent a
relevant modification with respect to cross-reactivity. This view is further supported by
studies using PPD-reactive T cell clones (generated by sensitizing mice to a PPD-
haptenated self protein) demonstrating that in addition to PPD also p-aminophenol and PPD-
self oxidation products including Bandrowski’s base were recognized by some of the T cell
clones %8, Accordingly, the observed cross-reactivity in the responders may be explained (1)
by T cells incapable of distinguishing among the different haptens formed by PPD and ME-
PPD, respectively; and/or (2) by T cells that react to a hapten formed by a common self-

oxidation product of PPD and ME-PPD.
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Conversely, the observed limited cross-elicitation to ME-PPD indicates a more impactful
alteration of the para-structure leading to a reduced rate of T cell recognition. This is in line
with the observation that lymphocytes from PPD-allergic patients specifically recognized
protein modifications caused by PPD but did not recognize a modified PPD molecule
containing two additional methyl-groups in the benzene ring, i.e. 2,5-dimethyl-PPD ',
Likewise, only 1 of 16 PPD-allergic individuals reacted to diacetylated PPD, i.e. the addition
of an acetyl-group to each amino-group of PPD '**2, These findings suggest that addition of
the methoxymethyl side chain creates a hapten structure less easily recognized by T cells of

PPD allergic patients than PPD itself.

In summary, our data indicate that under simulated hair colouring conditions a significantly
lower degree of cross-elicitation to ME-PPD (30%) was observed than previously reported
for PPD (84%). Furthermore, the observed decreased strength of the elicitation response to
ME-PPD across all three patch test grades may reflect the reduced skin sensitization
properties possibly including limited T cell recognition. Consequently, careful dermatological

evaluation is required to assess cross-reactivity to ME-PPD in hair dye-allergic patients.

Acknowledgement:
We thank Wim Schaefer MD for performing the patch tests on the PPD-allergic individuals.

References

1 Goebel C, Troutman J, Hennen J et al. Introduction of a methoxymethyl side chain
into p-phenylenediamine attenuates its sensitizing potency and reduces the risk of
allergy induction. Toxicol Appl Pharmacol 2014; 274: 480-7.

2 Corbett JF. An historical review of the use of dye precursors in the formulation of
commercial oxidation hair dyes. Dyes Pigm 1999; 41: 127-36.

3 Kimber |, Basketter DA, Butler M et al. Classification of contact allergens according to
potency: Proposals. Food Chem Toxicol 2003; 41: 1799-809.



This article is protected by copyright. All rights reserved.

10

11

12

13

14

15

16

17

Scientific Committee on Consumer Safety. Memorandum on hair dye Chemical
Sensitisation. The SCCS adopted this memorandum at its 18" Plenary meeting of 26
February 2013. Brussels: European Commission, 2013.

Sosted H, Rustemeyer T, Gongalo M et al. Contact allergy to common ingredients in
hair dyes. Contact Dermatitis 2013; 69: 32-9.

Picardo M, Cannistraci C, Cristaudo A. Study on cross-reactivity to the para group.
Dermatologica 1990; 181: 104-8.

Goon AT, Gilmour NJ, Basketter DA et al. High frequency of simultaneous sensitivity
to disperse orange 3 in patients with positive patch tests to para-phenylenediamine.
Contact Dermatitis 2003; 48: 248-50.

Goebel C, Diepgen TL, Krasteva M ef al. Quantitative risk assessment for skin
sensitisation: Consideration of a simplified approach for hair dye ingredients. Regul
Toxicol Pharmacol 2012; 64: 459-65.

Frosch PJ, Kugler K, Geier J. Patch testing with hydroxyethyl-p-phenylenediamine
sulfate - cross-reactivity with p-phenylenediamine. Contact Dermatitis 2011; 65: 96-
100.

Scientific Committee on Consumer Safety. Opinion on: Hydroxyethyl-p-
Phenylenediamine sulfate COLIPA n° A80. The SCCS adopted this opinion at its 6"
Plenary Meeting on 23 March 2010. Brussels: European Commission, 2010.

Aeby P, Wyss C, Beck H et al. Characterization of the sensitizing potential of
chemicals by in vitro analysis of dendritic cell activation and skin penetration. J Invest
Dermatol 2004; 122: 1154-64.

Andersen KE, Johansen JD, Bruze M et al. The time-dose-response relationship for
elicitation of contact dermatitis in isoeugenol allergic individuals. Toxicol Appl
Pharmacol 2001; 170: 166-71.

Bldmeke B, Pietzsch T, Merk HF. Elicitation response characteristics to mono- and to
n,n-diacetyl-para-phenylenediamine. Contact Dermatitis 2008; 58: 355-8.

Pot LM, Scheitza SM, Coenraads P-J et al. Penetration and haptenation of p-
phenylenediamine. Contact Dermatitis 2013; 68: 193-207.

Hostynek JJ, Maibach HI. Thresholds of elicitation depend on induction conditions.
Could low level exposure induce sub-clinical allergic states that are only elicited
under the severe conditions of clinical diagnosis? Food Chem Toxicol 2004; 42:
1859-65.

Fregert S. Manual of Contact Dermatitis. On behalf of the International Contact
Dermatitis Research Group and the North American Contact Dermatitis Group.
Copenhagen: Munksgaard Publishers, 1981.

Goebel C, Coenraads PJ, Rothe H et al. Elicitation of the immune response to p-
phenylenediamine in allergic patients: The role of dose and exposure time. Br J
Dermatol 2010; 163: 1205-11.



This article is protected by copyright. All rights reserved.

18

19

20

21

22

23

24

25

26

27

28

29

30

Pot LM, Coenraads PJ, Goebel C et al. Assessment of the elicitation response in
subjects weakly sensitized to p-phenylenediamine. Br J Dermatol, in press, doi:
10.1111/bjd.13142.

Scientific Committee on Consumer Products. Opinion on: 2-Methylresorcinol COLIPA
n° A44. Adopted by the SCCP during the 18" Plenary Meeting on 16 December
2008. Brussels: European Commission, 2008.

Scientific  Committee on Consumer Products. Opinion on: 2-Methyl-5-
Hydroxyethylaminophenol COLIPA n° A31. Adopted by the SCCP during the 7"
Plenary Meeting on 28 March 2006. Brussels: European Commission, 2006.

Skazik C, Grannemann S, Wilbers L et al. Reactivity of in vitro activated human t
lymphocytes to p-phenylenediamine and related substances. Contact Dermatitis
2008; 59: 203-11.

Schnuch A, Lessmann H, Frosch PJ et al. Para-phenylenediamine: The profile of an
important allergen. Results of the ivdk. Br J Dermatol 2008; 159: 379-86.

McFadden JP, Wakelin SH, Holloway DB et al. The effect of patch duration on the
elicitation of para-phenylenediamine contact allergy. Contact Dermatitis 1998; 39: 79-
81.

Hextall JM, Alagaratnam NJ, Glendinning AK et al. Dose-time relationships for
elicitation of contact allergy to para-phenylenediamine. Contact Dermatitis 2002; 47:
96-9.

Yin L, Dai S, Clayton G et al. Recognition of self and altered self by t cells in
autoimmunity and allergy. Protein Cell 2013; 4: 8-16.

Hoting EB, C.; Schulz, K.-H. [untersuchungen zur frage der kreuzallergenitat von
amino- und nitro-substituierten aromatischen verbindungen]. Derm Beruf Umwelt
1995; 43: 50-8.

Li Q, Inagaki H, Minami M. Evaluation of cross-sensitization among dye-intermediate
agents using a modified lymphocyte transformation test. Arch Toxicol 1996; 70: 414-
9.

Woulferink M, Dierkes S, Gleichmann E. Cross-sensitization to haptens: Formation of
common haptenic metabolites, t cell recognition of cryptic peptides, and true t cell
cross-reactivity. Eur J Immunol 2002; 32: 1338-48.

Seidenari S, Mantovani L, Manzini BM et al. Cross-sensitizations between azo dyes
and para-amino compound. A study of 236 azo-dye-sensitive subjects. Contact
Dermatitis 1997; 36: 91-6.

Xie Z, Hayakawa R, Sugiura M et al. Experimental study on skin sensitization
potencies and cross-reactivities of hair-dye-related chemicals in guinea pigs. Contact
Dermatitis 2000; 42: 270-5.



This article is protected by copyright. All rights reserved.

31 Jenkinson C, Jenkins RE, Maggs JL et al. A mechanistic investigation into the
irreversible protein binding and antigenicity of p-phenylenediamine. Chem Res
Toxicol 2009; 22: 1172-80.

32 Bldbmeke B, Brans R, Coenraads PJ et al. Para-phenylenediamine and allergic
sensitization: Risk modification by n-acetyltransferase 1 and 2 genotypes. Br J
Dermatol 2009; 161: 1130-5.

Figure Legends

Fig. 1: Chemical structures of the hair dye primary intermediates (a) p-phenylenediamine, (b)
p-toluylenediamine and (c) 2-methoxymethyl-p-phenylenediamine.

Fig. 2: Cross-elicitation responses of individuals with documented history of hair dye-related
allergic contact dermatitis following occlusive exposure to 100 pg/cm? 2-methoxymethyl-p-
phenylenediamine (ME-PPD) containing hair dye product for 30 min (containing 2% ME-
PPD, n=30). Panelists’ test results are grouped according to the strength of previous
diagnostic patch test response to p-phenylenediamine (PPD) (1% in petrolatum) at reading
day 3 (D3).

Fig. 3: Strength of elicitation responses to a PPD containing hair dye product and cross-
elicitation responses to a ME-PPD containing hair dye product in individuals with a well
documented history of hair dye-related allergic contact dermatitis. Responses of positively
responding individuals to a PPD containing hair dye product (21 of 27) after occlusive
exposure to 100 or 150 pg/cm? hair dye product containing 2% PPD (as described by us’)
were tested for cross-elicitation responses to occlusive exposure to 100 pug/cm? ME-PPD
containing hair dye product (containing 2% ME-PPD) for 30 min. Individuals’ responses are
grouped according to their conventional diagnostic patch test response to PPD (1% in
petrolatum) at reading day 3 (D3).
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