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ABSTRACT

Bioactivation of parent drug to reactive metabolite(s) followed by protein-haptenation
has been suggested to be a critical step in the elicitation of cutaneous drug reactions.
Although liver is believed to be the primary organ of drug bioactivation quantitatively,
other organs including skin may also metabolize drugs. Cultured human epidermal
keratinocytes and dermal fibroblasts have been shown to be capable of bioactivating
sulfonamides and sulfones giving rise to haptenated proteins. It is, however, unclear if
metabolic events in these isolated cells reflect bioactivation in vivo. Hence, split-
thickness human skin explants were exposed to dapsone (DDS) or its
arylhydroxylamine metabolite (D-NOH) and probed for protein haptenation. DDS and D-
NOH were applied either epicutaneously or mixed in the media (to mimic its entry into
skin from the systemic circulation). DDS-protein adducts were readily detected in skin
explants exposed to either DDS or D-NOH. Adducts were detected mainly in the upper
epidermal region in response to epicutaneous application, while adducts were formed
all over the explants when DDS/D-NOH were mixed in the culture media. Additionally,
adducts were also visible in HLA-DR+ cells; indicating their presence in the dendritic cell
population in the skin. Our results demonstrate the ability of intact human skin to

bioactivate DDS leading to protein haptenation.
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Introduction

Antimicrobial drugs are among the most common agents associated with cutaneous
drug reactions (CDRs)(Naldi et al., 1999). Our current understanding of these reactions
suggests that the cellular immune system plays a key role in precipitating CDRs.
Bioactivation of the parent drug to its reactive metabolite, followed by protein-
haptenation, is likely a critical step in the elicitation of such reactions (Sanderson et al.,
2006). Keratinocytes (KC), the most abundant cell type in the epidermis, have been
suggested to play a central role in the initiation and propagation of
CDRs(Roychowdhury and Svensson, 2005). Indeed, cultured KC and fibroblasts have
been shown to bioactivate the sulfone dapsone (DDS) and sulfamethoxazole, leading to
protein haptenation(Roychowdhury et al., 2005; Bhaiya et al., 2006). In addition, human
dendritic cells can also mediate this bioactivation (Roychowdhury et al., 2007). These
drug-protein covalent adducts may act as neo-antigens and trigger an immune
response.

While the ability of various skin cells to metabolize sulfonamides or sulfones
leading to protein haptenation has been established using isolated cell culture models,
the relevance of these observations to events occurring in intact skin are unclear. To
test the ability of skin to metabolize drugs leading to haptenation of cellular proteins, we
exposed human organtoypic skin explant cultures (hOSEC) to DDS or its hydroxylamine
metabolite (D-NOH) and determined the formation of DDS-protein adducts using

immunocytochemistry.
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Materials and Methods

Materials. D-NOH was synthesized as described (Vyas et al., 2005) and determined by
HPLC to be > 97% pure. Rabbit anti-sera was raised against DDS-keyhole limpet
hemocyanine conjugates and specificity assessed as described previously(Reilly et al.,
2000) . Goat-anti-rabbit IgG conjugated with Alexa fluor488 and goat anti-mouse 1gG
conjugated with Alexa fluor568 were purchased from Invitrogen (Carlsbad, CA). Anti-
HLA-DR antibody was purchased from eBioscience (San Diego, CA). Immunomount
was obtained from Vector Laboratories (Burlingame, CA). Penicillin, streptomycin,
HEPES and L-glutamine were purchased from Invitrogen (Carlsbad, CA). All other
chemicals were purchased from Sigma (St. Louis, MO) or FISHER Scientific (Chicago,
IL).

Human organotypic skin explant cultures (hOSEC). Fresh human skin was obtained
from patients undergoing abdominoplasty surgery and split thickness skin samples (0.5
mm) were prepared using a dermatome. Skin samples were transported from the
surgical suite in a sterile container to the laboratory on ice (within 1 h after excision).
Skin was then cut into in 2 X 2 cm? sections in a sterile hood and placed on Falcon cell
culture inserts (Becton Dickinson Labware, NJ, USA, pore size 1 um); which in turn
were placed inside 6 well-plates (one section per well). hOSEC were cultured at the air-
medium interface with the epidermal side facing upwards. Culture media (1.5 ml per
well) was poured carefully inside the wells, so that the bottom of the explants were just
touching the media and media did not flow over the top of the explant. Culture media
was composed of 90% DMEM, 10% fetal bovine serum, 100 units/ml penicillin and

streptomycin, 1 mM L-glutamine, 1 mM HEPES and 2-mercaptoethanol. hOSEC were
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then placed inside a humidified incubator at 37°C, 5% CO; for 2 h followed by drug
treatment.

Treatments. DDS (800 puM) or D-NOH (100 uM) were either mixed in the media or
applied (200 pl) on the epidermal surface of the skin and incubated for 24 h at 37°C/ 5%
CO.. At the end of the incubation period, hOSEC were washed three times with PBS,
fixed in 10% buffered Formalin (2 days at room temperature) and dipped into 30%
sucrose solution overnight at 4°C until explants sunk to the bottom of the container.
Sections were then embedded in optimal cutting temperature media (OCT) and cryo-
sectioned (5 pm thick).

Immunocytochemistry. Slides were washed three times with PBS, blocked with 10%
normal goat serum (diluted in PBS) containing 0.3% Triton-X-100 and 0.1% sodium
azide for 60 min followed by overnight incubation with anti-DDS antisera (1:250 dilution)
and anti-HLA-DR antibody (1:50) at 4°C. Slides were then washed with PBS, incubated
for 3 h at 37°C with the fluorochrome-conjugated secondary antibodies (Alexa fluor-488
labeled goat-anti-rabbit 1gG, 1:500 dilution) and mounted on glass slides using
Immunomount. Images were acquired with a Zeiss Laser Scanning Microscope (LSM
510, Zeiss Axiovert stand, Zeiss 20 x oil lens) using excitation at 488 nm and 543 nm.
Emission was set to a long pass filter at 505-515 nm band pass and 570 nm long pass.
Phase contrast images of the sections were acquired simultaneously and merged with

the fluorescent images.
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Results and Discussion

Studies evaluating the mechanism of immune responses in the skin after
epicutaneous administration of xenobiotics have demonstrated that KC-dendritic cell
interactions play an important role in mediating this response(Khan et al., 2006).
Uptake of haptenated proteins by dendritic cells, followed by their migration to draining
lymph nodes, is essential for the recruitment of a population of antigen-specific T-cells
to the skin. Limited evidence suggested that bioactivation of small molecules may occur
within the skin itself; with the subsequent formation of neoantigens. We postulated that
a similar mechanism may be responsible for the development of CDRs after systemic
drug administration(Reilly et al., 2000). While we have previously demonstrated the
ability of cultured epidermal KC(Roychowdhury et al., 2005), fibroblasts(Bhaiya et al.,
2006) and dendritic cells(Roychowdhury et al., 2007) to bioactivate sulfamethoxazole
and dapsone giving rise to haptenated proteins, whether or not such metabolic
activation occurs in intact skin is unclear.

Many contact sensitizing agents, such as urushiol (the chemical in poison ivy),
haptenate proteins after application to the skin(Kalish et al., 1994). Hence, our first effort
to assess bioactivation and protein haptenation with skin exposed to DDS was
performed by epicutaneous application of DDS or its metabolite. As shown in Figure 1
(column 1), hOSEC exposed through this means gave rise to readily detected
haptenated proteins. These haptenated proteins were mainly present in the uppermost
epidermal layer of the skin with low level of haptenation in the lower epidermal region.

While the therapeutic use of DDS is primarily via oral administration, topical application
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is also employed (Draelos et al., 2007). Thus, our observations suggest this route of
application may give rise to DDS-protein conjugates in the skin.

To determine if these haptenated proteins were formed in dendritic cells as well
as KC, we assessed whether or not haptenated proteins co-localized with HLA-DR
(which is constitutively expressed on dendritic dells but not KC). HLA-DR+ cells were
readily detected these hOSEC (Figure 1, column 2), indicating that dendritic cells were
retained in the explant for the duration of the incubation. Co-localization of dapsone-
haptenated proteins (green) with HLA-DR (red) is evident by the orange region of
double-stained explants (Figure 1, column 3). Control cultures exposed to vehicle,
DMSO, showed only HLA-DR staining with no haptenated proteins detected; as
illustrated by the red color appearance in the merged images.

When skin is exposed to xenobiotics after systemic administration, chemical will
diffuse from the vascular bed through the hypodermal and into the epidermal region. To
mimic this directional exposure, hOSEC were exposed to DDS or D-NOH by mixing
drug/metabolite in the media. Since media did not flow over the top (epidermal region)
of the explant, exposure to drug within the explant in this paradigm occurred from the
‘vascular’ side. As shown in Figure 2 (column 1), haptenated proteins were readily
detected throughout the epidermal region of the explant when exposed to either DDS or
D-NOH. Additionally, drug/metabolite-haptenated proteins were evident in HLA-DR+
cells, indicating their presence in epidermal dendritic cells (Figure 2, column 4).
Experiments were conducted in two additional patient explant samples with similar

results.
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These results suggest that human skin is capable of bioactivating arylamine
xenobiotics and may give rise to haptenated proteins. The presence of drug/metabolite-
haptenated proteins in HLA-DR+ cells suggest either the transfer of KC-derived
neoantigens or the haptenation of proteins in dendritic cells directly. Our previous work
demonstrating the ability of cultured human dendritic cells to bioactivate DDS giving rise
to haptenated proteins supports the latter explanation(Roychowdhury et al., 2007). In
either case, an important next step will be to determine if migrating dendritic cells from
such explants exhibit haptenated proteins. Furthermore, these studies provide the basis
for probing human skin biopsies from patients with CDRs for the presence of drug-

haptenated proteins.

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 6, 2007 as DOI: 10.1124/dmd.107.015560
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #15560

Acknowledgements

The authors wish to acknowledge Dr. Piyush Vyas for synthesis of dapsone
hydroxylamine. We also wish to thank the staff of the Central Microscopy Research
Facility at The University of lowa, and the nursing staff at the Mercy Hospital, lowa for

their technical assistance.

10

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 6, 2007 as DOI: 10.1124/dmd.107.015560
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #15560

References

Bhaiya P, Roychowdhury S, Vyas PM, Doll MA, Hein DW and Svensson CK (2006)
Bioactivation, protein haptenation, and toxicity of sulfamethoxazole and dapsone in
normal human dermal fibroblasts. Toxicol Appl Pharmacol 215:158-167.

Draglos ZD, Carter E, Maloney JM, Elewski B, Poulin Y, Lynde C and Garrett S (2007) Two
randomized studies demonstrate the efficacy and safety of dapsone gel, 5% for the
treatment of acne vulgaris. J Am Acad Dermatol, in press.

Kalish RS, Wood JA and LaPorte A (1994) Processing of urushiol (poison ivy) hapten by both
endogenous and exogenous pathways for presentation to T cells in vitro. J Clin Invest
93:2039-2047.

Khan FD, Roychowdhury S, Gaspari AA and Svensson CK (2006) Immune response to
xenobiotics in the skin: from contact sensitivity to drug allergy. Expert Opin Drug Metab
Toxicol 2:261-272.

Naldi L, Conforti A, Venegoni M, Troncon MG, Caputi A, Ghiotto E, Cocci A, Moretti U, Velo
G and Leone R (1999) Cutaneous reactions to drugs. An analysis of spontaneous reports
in four Italian regions. Br J Clin Pharmacol 48:839-846.

Reilly TP, Lash LH, Doll MA, Hein DW, Woster PM and Svensson CK (2000) A role for
bioactivation and covalent binding within epidermal keratinocytes in sulfonamide-
induced cutaneous drug reactions. J Invest Dermatol 114:1164-1173.

Roychowdhury S and Svensson CK (2005) Mechanisms of drug-induced delayed-type

hypersensitivity reactions in the skin. AAPS J 7: E834-846.

11

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 6, 2007 as DOI: 10.1124/dmd.107.015560
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #15560

Roychowdhury S, Vyas PM, Rellly TP, Gaspari AA and Svensson CK (2005) Characterization
of the formation and localization of sulfamethoxazole and dapsone-associated drug-
protein adducts in human epidermal keratinocytes. J Pharmacol Exp Ther 314:43-52.

Roychowdhury S, Vyas PM and Svensson CK (2007) Formation and Uptake of
Arylhydroxylamine-Haptenated Proteinsin Human Dendritic Cells. Drug Metab Dispos.

Sanderson JP, Naisbhitt DJ and Park BK (2006) Role of bioactivation in drug-induced
hypersensitivity reactions. AAPS J 8:E55-64.

Vyas PM, Roychowdhury S, Woster PM and Svensson CK (2005) Reactive oxygen species
generation and its role in the differential cytotoxicity of the arylhydroxylamine
metabolites of sulfamethoxazole and dapsone in normal human epidermal keratinocytes.

Biochem Pharmacol 70:275-286.

12

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 6, 2007 as DOI: 10.1124/dmd.107.015560
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #15560
Footnotes

This work was supported in part by grant GM63821 from the National Institutes of
Health and grant 2006-24 from the Center for Alternatives to Animal Testing, Johns

Hopkins University.

13

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 6, 2007 as DOI: 10.1124/dmd.107.015560
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #15560

Figure Legends

Figure 1. Detection of dapsone-protein haptenation in hOSEC after epicutaneous
(topical) application with dapsone or its arylhydroxylamine metabolite. hOSEC
were incubated with either DDS (800 uM for 24 h) or D-NOH (100 uM for 24 h) applied
on the skin surface. At the end of the incubation, cultures were washed, fixed,
permeabilized, followed by simultaneous immunostaining for DDS-specific protein
conjugates and HLA-DR. Column 1 presents results fluorescent confocal micrographs
from staining for DDS-specific haptenated proteins, while column 2 represents results
for staining for HLA-DR+ cells. Column 3 represents the merged confocal images for
columns 1 and 2 (dual haptenated protein and HLA-DR staining), while column 4

represents phased contrast images for the explants.

Figure 2. Detection of dapsone-protein haptenation in hOSEC after incubation
with dapsone or its arylhydroxylamine metabolite mixed in the media. hOSEC
were incubated with either DDS (800 uM for 24 h) or D-NOH (100 uM for 24 h), mixed in
the media. At the end of the incubation, cultures were washed, fixed, permeabilized,
followed by simultaneous immunostaining for DDS-specific covalent adducts and HLA-
DR. Column 1 presents results fluorescent confocal micrographs from staining for DDS-
specific haptenated proteins, while column 2 represents results for staining for HLA-
DR+ cells. Column 3 represents the merged confocal images for columns 1 and 2 (dual
haptenated protein and HLA-DR staining), while column 4 represents phased contrast

images for the explants
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