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Abstract

Cosmetic ingredients must be toxicologically assessed to determine their skin sensitizing potential. The in vitro human cell
line activation test (h-CLAT; OECD TG 442E) addresses the activation of dermal dendritic cells by analyzing specific
protein expression after exposure of THP-1 cells to the test chemical. According to the protocol, FITC-labeled antibodies
are used for protein detection. However, some chemicals show strong autofluorescence at FITC-specific wavelengths
so that antibody-specific signals cannot be distinguished appropriately from autofluorescence background. This leads
to inconclusive or false-negative predictions. Alternative fluorochromes can be used if their equivalence with the
FITC-labeled antibodies is proven. In the current paper we describe the results of a proficiency exercise, based on the
proficiency chemicals listed in the guideline, with FITC-labeled antibodies as the benchmark and APC-labeled anti-
bodies as an alternative detection system. APC emits fluorescence at longer wavelengths, thus avoiding interference in
the FITC spectrum. Irrespective of the employed fluorochrome, all chemicals were classified correctly, and the EC150
and 200 values were in the same order of magnitude. Hence, the equivalence in performance of FITC- and APC-
labeled antibodies was demonstrated, and the respective demand of the guideline was fulfilled. In a case study, we
then tested a proprietary oxidative hair dye using both fluorochromes. Using APC-labeled antibodies, the hair dye was
unambiguously identified as a sensitizer, whereas no classification could be made with the FITC-labeled antibodies.
With APC, fluorescence interference can be circumvented and the applicability domain of the h-CLAT extended to

include autofluorescent chemicals.

1 Introduction

Allergic contact dermatitis (ACD) is a widespread adverse health
condition throughout the human population. 8 to 30% of Euro-
peans develop an ACD during their lifetime depending, e.g., on
their country of origin, ethnicity and on the allergens to which
they are exposed. Females are far more commonly affected than
males (e.g., Peiser et al., 2012; Langen et al., 2013; Diepgen et al.,
2016). ACD is responsible for 10-15% of occupational diseases
(Peiser et al., 2012).

In order to protect people from exposure to a potentially sensi-
tizing agent, all ingredients of cosmetics must be toxicologically
assessed with respect to their skin-sensitizing potential. To be in
line with the European Cosmetics Directive 1223/2009/EU (EU,
2009), the toxicological assessment of chemicals must be con-
ducted by completely animal-free methodologies, relying solely
on in vitro, in chemico and in silico approaches.

The physiological mechanisms leading to allergic contact der-
matitis (ACD) after exposure to an allergen are described in the
adverse outcome pathway (AOP) for skin sensitization (OECD,
2014, 2018). The AOP is characterized by a series of four key
events (KE), in which cells of the skin and the immune system
are the major players. Upon covalent binding of electrophilic
chemicals to cysteine and lysine residues of skin proteins (KE1),
keratinocytes are activated, leading to inflammatory reactions
and changes in gene expression (KE2). In parallel, Langerhans
cells within the skin become activated and migrate out of the epi-
dermis to the next adjacent draining lymph node (KE3). KE4
comprises T cell activation and proliferation in the lymph node.

Many in vitro test methods addressing one or more key events
of the AOP have been developed to date. However, only a few
methods have been successfully validated and are now included
in OECD testing guidelines (TG), the mandatory gold standard
for the mutual acceptance of data among OECD member states.
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One such regulatory accepted test method is the human cell-line
activation test (h-CLAT), described in OECD TG 442E (OECD,
2018). This method addresses KE3 of the AOP, the activation of
dermal dendritic cells (DC) after contact with a sensitizing agent.
Briefly, a change in the expression of CD54 and CD86, two cell
surface proteins known to be involved in the activation of mono-
cytes and DCs by sensitizers, is analyzed in the human monocyt-
ic leukemia cell line THP-1 (Kosaka et al., 2008).

The expression of CD54 and CD86 in THP-1 cells upon expo-
sure to test chemicals is quantified with specific monoclonal an-
tibodies labeled with a fluorophore, which, upon laser excitation
in a flow cytometer, emits fluorescent light of a defined wave-
length. The original protocol was developed using FITC-labeled
antibodies (DB-ALM Protocol No. 158, 2014), and this experi-
mental set-up was adopted in OECD TG 442E.

This assay works well for a multitude of chemicals with differ-
ent physical-chemical properties (Sakaguchi et al., 2010; Nukada
et al., 2012; Takenouchi et al., 2013; EC EURL ECVAM, 2012).
However, test items which exhibit strong autofluorescence inter-
fere with the h-CLAT assay. If the wavelength spectrum of the
autofluorescence overlaps partially or fully with that of the FITC
fluorescence spectrum, one cannot distinguish between the anti-
body-specific signal and the unspecific background. Thus, the re-
sulting data cannot be interpreted properly, and the prediction must
be considered inconclusive. This type of fluorescence interference
occurs predominantly with colored chemicals like oxidative hair
dyes, which, due to their reactive nature, are potential sensitizers.
Although the developers of the h-CLAT gave advice on how to
deal with oxidative hair dyes when using the standard h-CLAT pro-
tocol, it has become evident that the standard protocol cannot be
applied to every autofluorescent test item (Okamoto et al., 2010).

For those cases in which FITC is not compatible with the test
item, the guideline allows the use of antibodies with alternative
fluorochromes. By choosing fluorochromes with an emission
spectrum that clearly differs from the spectral properties of the
test item, fluorescence interference can be circumvented for the
benefit of clear, specific signals. However, before running the
h-CLAT with antibodies coupled to alternative fluorochromes,
their equivalence with FITC-labeled antibodies must be unequiv-
ocally demonstrated.

The situation can be even more complicated. If the fluores-
cence of propidium iodide (PI), the dye used to analyze THP-1
cytotoxicity evoked by the test item, also interferes with either

Tab. 1: Antibodies used in the study
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the fluorescence spectrum of the test item and/or that of the alter-
native fluorochrome, the h-CLAT also fails. Alternative cytotox-
icity markers are also allowed by the OECD TG as long as they
are shown to give similar results to PI.

The equivalence of antibodies with alternative fluorochromes
and of alternative cytotoxicity markers with the fluorochromes
and dyes of the original protocol must be demonstrated in a pro-
ficiency exercise. For this purpose, ten proficiency chemicals are
listed in Annex II of the OECD TG 442E. They comprise four
non-sensitizers and six sensitizing chemicals covering all po-
tency classes and including liquids and solids. For all proficien-
cy chemicals, reliable in vivo data are available as well as high-
quality h-CLAT results gained with the original fluorochromes
FITC and PI, respectively.

The current paper describes the results of a proficiency exercise
according to OECD TG 442E conducted with antibodies against
CD54 and CD86 carrying the alternative fluorochrome APC.
Based on statistical analyses, we demonstrate the equivalence of
antibodies carrying either the FITC or APC fluorochrome with re-
spect to distinguishing between sensitizers and non-sensitizers.
This result now allows analyzing the sensitizing potential of auto-
fluorescent molecules using the h-CLAT assay.

The results of a proficiency exercise with alternative cytotox-
icity markers, compared to PI, will be published separately.

2 Material and methods

All working steps related to the human cell line activation test
(h-CLAT) were conducted according to the “h-CLAT DataBase
service on Alternative Methods to animal experimentation (DB-
ALM) protocol no. 158” (DB-ALM, 2014), which is the basis for
OECD TG 442E (OECD, 2018). The main steps are described
briefly below.

Flow cytometer

Flow cytometry analysis was performed with an Accuri C6 (BD
Biosciences, Germany) equipped with two lasers for excitation at
488 nm and 640 nm. Fluorescence emission was measured with
four different optical filters: 530/30 nm (FL1), 585/40 nm (FL2),
670 LP (FL3), and 675/25 nm (FL4). The flow cytometry buffer
(MACS-Buftfer, Miltenyi, Germany) contained BSA, EDTA and
NaN3 (0.09%).

Isotype control / antibody Source Code / Cat. No.
Mouse IgG1/FITC, Clone DAK-GO1 DAKO X0927
FITC-Mouse Anti-Human CD54; ICAM-1, Clone 6.5B5 DAKO Code F7143
FITC-Mouse Anti-Human CD86; Clone 2331 (FUN-1) Becton Dickinson 555657
APC-Mouse IgG1 Isotype control; Clone MOPC 21 Becton Dickinson 555751
APC-Mouse Anti-Human CD54; Clone HA58 Becton Dickinson 559771
APC-Mouse Anti-Human CD86; Clone 2331 (FUN-1) Becton Dickinson 555660
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Tab. 2: Proficiency chemicals used in the study

Proficiency chemical CAS No. Source Order number
2,4-Dinitrochlorobenzene 97-00-7 Aldrich 23,732-9 50g
1,4-Phenylenediamine 106-50-3 Artec Chemical Co., Ltd.

Nickel(ll) chloride 7718-54-9 Aldrich 339350-50G
2-Mercaptobenzothiazole 149-30-4 Aldrich M3302-5G
R(+)-limonene 5989-27-5 Sigma-Aldrich 62118-5ML
Imidazoidinyl urea 39236-46-9 Aldrich 15133-25G
Isopropanol 67-63-0 Sigma-Aldrich 59300-2,5L
Glycerol 56-81-5 Sigma G5516-100ML
Lactic acid 50-21-5 Sigma L6661-100ML
4-Aminobenzoic acid 150-13-0 Sigma A9878-5G

Cells and reagents

The THP-1 cell line, an immortalized human monocytic leuke-
mia cell line, was purchased from the ATCC cell bank, USA.
Cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum, 0.05 mM 2-mercaptoethanol, and peni-
cillin and streptomycin. The antibodies used in this study are list-
ed in Table 1. The proficiency chemicals were purchased as indi-
cated in Table 2.

Cell culture and reactivity check

Performance of the cultured THP-1 cells was assessed in a re-
activity check. The cells were exposed for 24 hours to 2,4-dini-
trochlorobenzene (2,4-DNCB) or nickel sulfate (NiSO4) as pos-
itive controls and to lactic acid as a negative control. Whereas
2,4-DNCB and NiSO4 should induce marked up-regulation of
CD54 and CD86 expression, no induction should occur with
lactic acid. In addition, cell viability of untreated THP-1 cells
should not drop below 90%. Only when the acceptance criteria
were met, the cells were qualified to be used in the h-CLAT as-
say. The reactivity check was conducted for every freshly thawed
THP-1 cell batch employed in this study. THP-1 cells, cultured in
passages 6 to 23, were employed for dose-range finding assays
and chemical testing.

Dose-finding assay (PI assay)

Serial dilutions for each test chemical were established either in
saline, starting with a maximum concentration of 5000 pg/mL,
or in DMSO, starting with a maximum concentration of 1000 pg/
mL. THP-1 cells were incubated for 24 hours with each solution,
and cell viability was determined with PI. For more information
about the appropriate flow cytometer set-up, please refer to the
DB-ALM protocol no. 158. Cell viability was calculated accord-
ing to the following formula (Eq. 1):

Number of living cells
Total number of acquired cells

Cell viability = % 100 Eq. 1
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Based on the cell viability data, the CV75, i.e., the chemical con-
centration at which 75% cell viability is achieved, was calculat-
ed by log-linear interpolation according to the following formu-
la (Eq. 2):

(75— ¢) x Log (b) — (75 —a) x Log (d)
a—c¢C

Log CV75= Eq.2

The CV75 sets the starting point for preparing the serial dilutions
of the chemical in the h-CLAT assay, always defining the sec-
ond-highest concentration in the dilution series. In the case that
no cytotoxicity is observed even at the highest concentration, the
serial dilutions (stock solutions) start with 5000 pg/mL in saline
or with 1000 pg/mL in DMSO, respectively, as the maximum
concentrations, depending on chemical solubility.

Chemical testing

Briefly, the stock saline-based solutions were diluted 1:50 and the
DMSO-based solutions 1:250 in culture medium (working solu-
tions). THP-1 cells, suspended in fresh cell culture medium, were
added to the wells of a 24-well flat-bottom plate with a final num-
ber of 1 x 10 cells per well. Then 500 pL of each working solu-
tion was pipetted into the cell suspension, resulting in the final
chemical concentration. The cells were then cultured for 24 hours
at 37°C and 5% CO; in an incubator. In addition, a medium and
DMSO control were included as well as 2,4-DNCB as a positive
control.

After 24 hours, cells were collected by centrifugation, washed
twice with 1 mL FACS buffer, and blocked with 500 pL blocking
solution. Then the cells were divided into 3 aliquots of 180 puL
each in a 96-well plate and centrifuged. After discarding the su-
pernatant, 50 pL pre-mixed staining solution containing the re-
spective antibodies (6 pL anti-CD86 antibody or 3 puL anti-CD54
antibody or 3 pL isotype control) were added to each cell pellet.
The cells were incubated with the antibody solutions for 30 min
at 4°C in the dark and washed twice with flow buffer. For cell
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viability assessment, cells were resuspended in 200 pL flow buf-
fer containing 0.625 pg/mL PI.

Expression of the cell surface antigens CD54 and CD86 and
cytotoxicity were analyzed by flow cytometry, strictly following
the DB-ALM protocol, but also taking the special requirements
of the used flow cytometer into account. The measure for CD54
or CD86 expression was the mean fluorescence intensity (MFI),
for cytotoxicity it was the percentage of dead cells.

As an indicator for CD54 and CD86 expression, the relative
fluorescence intensity (RFI) was calculated on the basis of the
MFTI values according to the following equation (Eq. 3):

(MFTI of chemical treated cells —
MFI of chemical treated isotype cells)
(MFTI of solvent treated cells —
MFI of solvent treated isotype cells)

RFI=

To be qualified and thus included for further analyses, the follow-

ing acceptance criteria had to be fulfilled:

— Cell viability of medium and DMSO control should be more
than 90%.

— RFI values of the positive control for both CD54 and CD86
should be above the respective positive criteria CD54 > 200
and CD86 > 150, and cell viability should be higher than 50%.

— RFI values of the DMSO solvent control should not exceed
the positive criteria.

— For both medium and DMSO control, the mean fluores-
cence intensity (MFI) ratio of CD to isotype control should be
>105%.

All runs conducted in the present study fulfilled the quality crite-

ria.

Calculation of EC150 and EC200

The concentrations at which a sensitizing test chemical induces a
150% or 200% expression of CD54 and CD86, respectively, i.c.,
the EC150 and EC200 values, can be calculated either by linear
interpolation or by log-linear extrapolation, depending on the po-
sition of the putative EC values in relationship to the dilutions
tested. All equations needed for calculation and the criteria for
when to use which mathematical approach are described in the
DB-ALM protocol and are not repeated here due to complexity.

The h-CLAT prediction model

Every chemical was tested in at least 2 independent runs that ful-
filled all quality criteria. According to DB-ALM protocol no. 158,
the prediction model is defined as follows: “If the RFI of CD86
is equal to or greater than 150% at any tested dose (> 50% of
cell viability) in at least 2 independent runs, AND/OR if the RFI
of CD54 is equal to or greater than 200% at any tested dose
(> 50% of cell viability) in at least 2 independent runs, the chem-
ical prediction is considered as positive. Otherwise it is consid-
ered as a negative. In case the first two independent runs are not
concordant, a third run needs to be performed, and the final pre-
diction will be based on the majority of the results from three in-
dividual runs (i.e., 2 out of 3).”
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Fluorescence check

THP-1 cells were exposed to the test chemical at 8 different dilu-
tions, with CV75 as starting point, for 24 hours. After 24 hours, the
cells were collected by centrifugation, washed twice with 1 mL
FACS buffer, centrifuged again and resuspended in 200 pL FACS
buffer. Then the cells were subjected to flow cytometry analy-
sis. Fluorescence was determined with all laser/detection chan-
nel combinations available in the respective flow cytometer. In
the BD Accuri, 4 different combinations, FL1-A to FL4-A, could
be used. The relative fluorescence intensities gained in all laser/
channel combinations were then plotted against the chemical con-
centrations. The laser/channel combination with the lowest fluo-
rescence signals over the whole concentration range was selected
for further analysis.

Statistics

As the data were not normally distributed, the correlation analy-
sis between the FITC- and APC-generated data sets was conduct-
ed by applying Spearman’s rank correlation method. A correlation
was considered significant when Spearman’s coefficient p was
>0.3 or<-0.3.

3 Results

3.1 Comparison of FITC versus APC fluorophores
for CD86 and CD54

3.1.1 Validity of flow cytometry analysis
Every proficiency chemical listed in Appendix II of OECD TG
442E was tested with FITC-labeled and APC-labeled antibodies
against CD54 and CD86 in the same test set. In addition, non-treat-
ed THP-1 cells as negative control (NC) and cells exposed to
DNCB as positive control (PC) were analyzed in each run, as indi-
cated in OECD TG 442E. Representative histograms of the NC and
PC for CD54, CD86 and the isotype control are shown in Figure 1.
In the NCs, the signals for CD54, CD86 and the isotype controls
were nearly indistinguishable in both the FL1 channel (FITC de-
tection) and the FL4 channel (APC detection); no specific mark-
er expression was observed (Fig. 1a,b). On average, the MFI for
CD86 was higher than the MFI for CD54 with the FITC-labeled
antibodies, whereas CD54 was higher than CD86 with APC. In
general, FITC revealed higher fluorescence emission levels than
APC independent of antibody specificity (Fig. 1e). The PC mark-
edly induced CD54 and CD86 (Fig. lc,d). Thus, the mandato-
ry quality criteria were fulfilled, and the respective test runs qual-
ified. This was the case for all h-CLAT test runs documented in
this study. Without antibody staining, the THP-1 cells revealed a
certain degree of autofluorescence, with higher MFI values in the
FITC-specific FL1 channel compared to rather low values in the
FL4 channel used for APC detection (Fig. 1f).

3.1.2 Correlation analysis of MFI values

The MFI values for all tested chemical concentrations and for
all valid test runs were included in the statistical analysis to de-
termine how closely the FITC- and the APC-based values cor-
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Fig. 1: Fluorescence properties of

800

untreated cells and positive controls
(a-d) Representative histograms of

the mean fluorescence intensities for
untreated (NC; a,b) or DNCB-treated
(PC; c,d) THP-1 cells incubated with
FITC-labeled (a,c) or APC-labeled (b,d)
antibodies against CD54 and CD86
and for the respective isotype controls.
The histograms in (c) and (d) are
labeled as indicated: 1) isotype control;
2) CD54; 3) CD86. (e) MFI of un-
treated cells stained with FITC- or APC-
labeled anti-CD54, anti-CD86 or
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relate. With this analysis the specific performance, or fluores-
cence emission, of the antibodies in flow cytometry, based solely
on their different fluorochromes, was assessed. We used Spear-
man’s rank correlation method because the data, due to their na-
ture, do not follow the Gaussian distribution.

In a first analysis, we compared the MFI values irrespective
of the sensitizing potential of the tested chemicals. The data sets
generated with FITC and APC for CD54 and CD86 were signifi-
cantly correlated (p < 0.05), with a slightly higher correlation co-
efficient for the CD86 values (Tab. 3). The data points were un-
evenly distributed in the x-y correlation plots (Fig. 2a,d). An ag-
gregation of data, representing the majority of non-sensitizers, is
observed in the lower left corner, whereas a second group of data,
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mainly consisting of the sensitizers, are evenly aligned along the
linear correlation slope.

In a next step, we analyzed the values generated for the non-sen-
sitizers and sensitizers separately. As indicated by a higher Spear-
man’s correlation coefficient, the correlation between FITC- and
APC-labeled antibodies was stronger for sensitizers than for
non-sensitizers for both CD54 and CD86 (Tab. 3). The grouping
of values according to the sensitization potential of the chemicals
is visualized in more detail in x-y plots (Fig. 2). The low MFI val-
ues for the non-sensitizing chemicals are confined within a narrow
range. In contrast, the MFI data representing the sensitizing sub-
stances are distributed over a much wider range of values accord-
ing to the widely varying induction levels for sensitizers of differ-
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Fig. 2: Correlations between mean fluorescence intensity (MFI) values generated with either FITC-labeled (x-axis) or

APC-labeled antibodies (y-axis) against CD54 (a-c) or CD86 (d-f)

MFI values are plotted in a double-logarithmic scale to include the wide range of values. MFI values for all chemicals tested (a,d);
MFI values for all sensitizers (b,e); MFI values for all non-sensitizers (c,f). Correlation between the FITC- and APC-labeled isotype

controls (g). The linear correlation line is shown for each data set.

ent potencies. Whereas an overlap between the absolute MFI val-
ues for sensitizers and non-sensitizers is apparent in the group of
low values, the higher MFI values are exclusively attributed to the
sensitizing chemicals. The MFI data of the isotype controls, mea-
sured in parallel to each run with either FITC- or APC-labeled an-
tibodies, are strongly correlated with each other (Tab. 3; Fig. 2g),
with generally higher values observed in the FL1 channel for FITC
detection than in the FL4 channel used for APC detection.

In spite of the high correlations between the results generated
with FITC- and APC-labeled antibodies, the numerical values of
the MFI data were not identical. On average, the MFI values for
the FITC-based analyses were higher than the APC data. To ana-
lyze this observation in more detail, the MFI values for APC were
subtracted from the corresponding FITC values, and the resulting
differences were plotted in x-y diagrams for CD54 and CD86, re-
spectively (Fig. 3). For CD54, the vast majority of values were
positive within a fairly narrow range of values of 1000 and 3000
for both sensitizers and non-sensitizers (Fig. 3a-c). Higher val-

100

Tab. 3: Correlation coefficients for pairwise comparisons

of MFI values for FITC- and APC-labelled antibodies against
CD54 and CD86

In addition, the correlation coefficient for the isotype controls is
listed. For all correlation coefficients: p < 0.05.

Spearman’s correlation coefficient CD54 CD86
All chemicals 0.694 0.749
Sensitizers 0.821 0.746
Non-sensitizers 0.663 0.649
Isotype control 0.818

ues were calculated only within the group of sensitizers (Fig. 3b),
mainly related to the moderate sensitizer 2-mercaptobenzothi-
azolol (2-MBT). Some differences were negative, which means
higher MFI values for APC-labeled antibodies. These data were
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Fig. 3: Differences
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mainly allocated to the moderate sensitizer NiSO4 and to DNCB,
an extreme sensitizer.

With CD86, all FITC-APC differences were clearly positive
(Fig. 3d-f). Whereas the values for the non-sensitizers were con-
fined to a range between 2000 and 4500 (Fig. 3f), the values
were more variable for the sensitizing chemicals. Higher differ-
ences above 4500 could be attributed to 2-MBT, DNCB and the
strong sensitizer 1,4-phenylenediamine (1,4-PD). For all chemi-
cals tested, the MFI for FITC was higher than the corresponding
APC value.

3.1.3 Concordance of classification

Correlation analysis of RFI values

The final classification of a chemical as a sensitizer or non-sensi-
tizer is based on the RFI value, which is defined as the difference
between the MFI value generated with the FITC and APC-labeled
antibodies, respectively, and the MFI value of the corresponding
isotype control, both corrected for the respective solvent control.

ALTEX 38(1), 2021

In order to assess whether the final classification was affected by
the type of fluorochrome used in the h-CLAT assay, we analyzed
the correlation between the FITC- and APC-based RFI values.
Table 4 lists the correlation coefficients for all chemicals, and sep-
arately for the sensitizers and non-sensitizers.

The data sets generated with FITC- and APC-labeled antibodies
against CD54 and CD86 are significantly correlated (p < 0.05), ir-
respective of their skin-sensitizing potential, with a slightly high-
er correlation coefficient for the CD54 data. In the x-y plots, most
RFI data points accumulate at fairly low values, visualized as data
clouds in the lower left parts of the diagrams (Fig. 4a,d), while a
smaller subgroup of data is scattered over a broader range of val-
ues, but close to the regression line. The degree of correlation is
even higher when focusing only on the data generated with the
sensitizing chemicals, with the majority of data points in the low
value range (Fig. 4b,e). In contrast, Spearman’s correlation coeffi-
cients for the non-sensitizers were low for both CD54 and CD86.
The RFI data points in the corresponding x-y plots are scattered in
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Fig. 4: Correlations between the relative fluorescence intensity (RFI) values generated with either FITC-labeled (x-axis) or
APC-labeled (y-axis) antibodies against CD54 (a-c) and CD86 (d-f)
RFI values are plotted in a double-logarithmic scale to include the wide range of values. RFI values for all chemicals tested (a,d);
RFI values for all sensitizers (b,e); RFI values for all non-sensitizers (c,f). The linear correlation line is shown for each data set.

an apparently random pattern in the low value ranges (Fig. 4c,{).
In the low value ranges, the data for sensitizers and non-sensitiz-
ers overlap, whereas the data representing higher RFI values are
exclusively attributed to the sensitizers.

Classification

Every proficiency chemical listed in Appendix II of OECD TG
442E, comprising 4 non-sensitizers and 6 sensitizers of differ-
ent sensitizing potency, was tested in at least 2 independent runs,
which fulfilled all quality criteria for acceptance as valid (DB-
ALM, 2014). We then analyzed how many of the test items had
been predicted correctly with either the FITC- or the APC-labeled
antibodies and how the results for both fluorophores were correlat-
ed. As the h-CLAT is officially approved only for hazard classifi-
cation, which means to distinguish between being a sensitizer or
a non-sensitizer, the respective potency classes of the chemicals
were not considered for this analysis. The dose response curves for
all chemicals and all runs are presented in Figure S1!. All chemi-
cals were predicted correctly with both FITC and APC-labeled an-
tibodies, resulting in a 100% correlation (Tab. 5).

Calculation of EC150 and EC200

The EC200 and EC150 values define the effective chemical con-
centrations at which CD54 and CD86 are expressed at 200% and
150% of the solvent control, respectively. Hence, they can be con-

1 doi:10.14573/altex.2001242s
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Tab. 4: Correlation coefficients for pairwise comparisons of
the RFl values for FITC- and APC- labelled antibodies against
CD54 and CD86

For all comparisons: p < 0.05.

Spearman’s correlation coefficient CD54 CD86
All chemicals 0.779 0.638
Sensitizers 0.858 0.704
Non-sensitizers 0.412 0.284

sidered measures for the skin-sensitizing potency of the tested
chemicals.

Figure 5 compares the EC200 values of CD54 calculated for the
FITC and APC approaches for the sensitizing chemicals. For 5 out
of 6 chemicals, the mean EC200 values, based on 2 or 3 test runs,
respectively, were in the same range of values, with R(+)-limo-
nene having the highest and 2,4-DNCB the lowest values. Expo-
sure of the THP-1 cells to 1,4-PD did not elicit CD54 induction at
any tested concentration; all RFI values were clearly below the in-
duction threshold of 200.

Figure 6 illustrates the EC150 values of CD86 for both FITC
and APC approaches for the 6 skin-sensitizing chemicals.
The EC150 values for nickel chloride, imidazoidinyl urea and
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Fig. 5: EC200 values calculated for the 6 sensitizing chemicals

Each bar represents the mean of 2 (3) independent test runs. N.I., no induction measured. *As the induction values for R(+)-limonene
exceeded 100 pg/mL, which is the upper limit in Fig. 3 and 4 based on the range of values for all other chemicals, they are shown

separately as complete bars in the additional diagram.

Fig. 6: EC150 values
calculated for the
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2,4-DNCB were all in the same range of values, where-
as R(+)-limonene did not induce CD86 in any approach. The
EC150 values for 1,4-PD differed markedly between FITC and
APC approaches (5 pg/mL with the FITC-labeled antibodies,
38 pg/mL with APC-tagged antibodies). In order to identi-
fy possible reasons for this discrepancy, the RFI values for all
1,4-PD concentrations tested in all 3 runs were analyzed in more
detail, as illustrated in Figure 7a. No concentration dependency
of CD86 induction was observed, neither with FITC nor with
APC. Instead, most values were closely clustered around the
RFI induction threshold of 150.

CD54 induction by 2-MBT was only detected with the
APC-labeled antibody. When analyzing the individual RFI val-
ues, no clear concentration dependency of CD54 expression was
observed, neither for FITC nor for APC (Fig. 7b). Some of the
FITC values nearly reached the 150% threshold, thus no EC150
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calculation was possible. In contrast, with some of the APC val-
ues crossing the threshold, an EC150 value could be determined.

The effective chemical concentrations (EC200 and EC150) for
CD54 and CD86 induction were in similar ranges for 2-MBT,
nickel chloride, imidazoidinyl urea and 2,4-DNCB.

3.2 Case study: Hair dye testing with

FITC- and APC-labeled antibodies

We clearly demonstrated the equivalence between FITC- and
APC-labeled antibodies in assessing the skin-sensitizing poten-
tial of chemicals with the proficiency exercise, thus fulfilling
the key demand of OECD TG 442E for using alternative fluo-
rochromes. From previous h-CLAT studies we knew that certain
classes of oxidative hair dyes cannot be assessed properly with
FITC-labeled antibodies. We hypothesized that these specialty
chemicals emit autofluorescence, based on their chemical struc-
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Fig. 7: Compilation of the RFI values for all 1,4-PD (a) and 2-MBT (b) concentrations [in pg/mL] tested in 3 (2) independent runs
with FITC- or APC-labeled anti-CD86 antibodies

The threshold of 150% CD86 induction, which is the basis for the EC150 calculation, is indicated as a solid line. Cell viability was above
50% of the negative control, except for the concentrations labeled with an asterisk (*).
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ture, with emission wavelengths similar to those of FITC when
excited with the corresponding flow cytometer laser.

We speculated that APC-labeled antibodies against CD54 and
CD86, with a fluorescence spectrum shifted to longer wave-
lengths compared to FITC, would circumvent the observed flu-
orescence interference. Therefore, as a proof-of-concept, we se-
lected a presumably FITC-interfering oxidative hair dye (propri-
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etary chemical of Henkel AG & Co. KGaA) and conducted the
h-CLAT assay with antibodies labeled with either FITC or APC.
With FITC-labeled antibodies, the MFI of the isotype controls
increased proportionally with increasing chemical concentra-
tions. The MFI for CD54 and CD86 increased in a similar man-
ner, thus the 3 curves illustrating the concentration-dependent in-
creases in fluorescence intensity were nearly indistinguishable
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(Fig. 8a). Consequently, the RFI values were not much higher
than the solvent control (defined as 100% RFI) or even negative
values (Fig. 8b). Only for the highest chemical concentration
tested, the RFI for CD54 crossed the 200% induction threshold
once, although the individual test values differed markedly, illus-
trated by the large error bars. Hence, the test results must be con-
sidered inconclusive and no unambiguous statement about the
test substance’s skin sensitizing potential could be made.

For most chemicals tested so far, including the proficiency
chemicals, the isotype control MFIs did not increase concentra-
tion-dependently as seen with the oxidative hair dye tested in this
approach. This observation supports the autofluorescence hy-
pothesis for the hair dye chemical. To investigate this further, we
incubated THP-1 cells with the hair dye at 8 different concen-
trations, based on a previously conducted dose-range finder, for
24 hours and subsequently analyzed the fluorescence emission
in all 4 available flow cytometer channels. Even at low concen-
trations, the MFI strongly increased in the FITC-related channel
FL1 after blue laser excitation (Fig. 9). In contrast, lowest MFI
values were observed in channel FL4, which detects fluores-
cence emission at wavelengths around 675 nm after red laser ex-
citation, which is typical for fluorochromes like APC. Based on
this “fluorescence check”, we chose APC and the FL4 channel as
the new configuration to generate more reliable h-CLAT data for
the oxidative hair dye compared to the FITC approach.

Analyzing the CD54 and CD86 expression with APC-labeled
antibodies led to results that strongly differed from those gained
with FITC. The MFI of the isotype control did not change mark-
edly at the lower concentrations tested, and a moderate increase
appeared only at the 3 highest concentrations. The MFI values for
CD86 were in a similar range as the isotype control, the curves
illustrating the concentration-dependent change in MFI were
nearly indistinguishable (Fig. 10a). However, the dye elicited a
concentration-dependent increase in CD54 expression with MFI
values clearly above those of the isotype control. After RFI cal-
culation we observed CD54 expression of more than 200%, com-
pared to the medium control, for the 4 highest concentrations test-
ed, with 3 concentrations resulting in cell viabilities above 50%
(Fig. 10b). For CD86, the RFI of 2 concentrations slightly crossed
the respective threshold of 150% compared to the medium con-
trol. Thus, according to the h-CLAT prediction model, all criteria
were fulfilled to consider the oxidative hair dye a sensitizer.

4 Discussion

With this proficiency exercise we have demonstrated the simi-
larity of FITC- and APC-labeled anti-CD54 and anti-CD86 an-
tibodies with respect to h-CLAT performance and predictivity.
The h-CLAT is a key method in several defined approaches re-
cently submitted to the OECD (OECD, 2019; Kleinstreuer et al.,
2018; Hoffmann et al., 2018). Its use demands clear definitions of
its applicability domain as well as of its limitations and pitfalls,
otherwise reliability and credibility of the defined approach as
such might be jeopardized in cases of challenging chemicals. Con-
sidering these demands, every study that adds information about
h-CLAT performance for a certain type of chemical or that sug-
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gests reasonable and scientifically valid optimization steps, should
be thoroughly assessed by the authorities. If it passes the review
process successfully, it should become integrated in the existing
test guideline and standard operation procedure, respectively.

Previous studies intended to broaden the applicability domain
of or to introduce technological innovations into an already ex-
isting OECD-approved in vitro alternative method have already
been published and subsequently submitted to the respective
OECD expert groups (e.g., Emter and Natsch, 2015; Verstrael-
enetal., 2017; Edwards et al., 2018). Thus, with our current pro-
ficiency exercise for the h-CLAT, we continue this tradition of
continuous improvement of alternatives to animal testing for an
even better and more reliable safety assessment of chemicals.

Currently, the discussion about replacing animal-derived prod-
ucts with completely animal-free, recombinant components in
in vitro methods is gaining momentum. New animal-free prod-
ucts are entering the market and can now be validated against
the historical ones. However, in terms of an OECD-approved test
method like the h-CLAT, changing one essential component of
the protocol must be justified and supported by data generated
in a comparative proficiency exercise. In this study we focused
exclusively on the exchange of the fluorochromes coupled to the
antibodies, an integral part of the test method, while otherwise
strictly following the h-CLAT protocol. This included the use
of fetal bovine serum and antibodies derived from mammalian
cell culture, both mandatory components of the DB-ALM pro-
tocol No. 158 in the version of 2014, which was the valid pro-
tocol when we started the study. If more than one parameter had
been changed simultaneously, the cause-effect principle would
have been compromised and, in case of doubt, no reliable con-
clusion about the fluorochrome performance could have been
drawn from our analysis. The measures to adapt the h-CLAT to
animal-free products were published only after our comparative
study had been finalized (Edwards et al., 2018).

The h-CLAT prediction model defines chemicals as non-sen-
sitizers when the relative fluorescence intensity of all dilutions
tested remains below the thresholds for CD54 and CD86 induc-
tion and cell viability is higher than 50%. However, several stud-
ies with larger sets of chemicals have revealed certain false-neg-
ative predictions when compared with either the murine local
lymph node assay or human data (Basketter et al., 2014; Hoff-
mann et al., 2018; Kleinstreuer et al., 2018). In the process of risk
assessment, it is of utmost importance to distinguish between
true and false negatives. Thus, OECD TG 442E defines the appli-
cability domain to exclude chemicals that are prone to false-neg-
ative predictions.

On the one hand, these are lipophilic substances with a logP
> 3.5. When analyzing the predictive parameters for 143 chemi-
cals, including 31 substances with a logP value > 3.5, sensitivity
and accuracy markedly increased when the 31 lipophilic chemicals
were not considered in the calculation (Takenouchi et al., 2013).
Nine chemicals with logP values > 3.5 were classified false-nega-
tive in the h-CLAT. In contrast, biolipids, namely unsaturated and
saturated fatty acids, tend to be overpredicted in the h-CLAT, but
also in other skin sensitization assays such as the Keratinosens™
and the DPRA test, when compared with in vivo data generated in
the guinea pig maximization test (Kreiling et al., 2017).
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On the other hand, chemicals emitting fluorescence in the
same wavelength ranges as FITC or propidium iodide tend to fall
out of the applicability domain. For example, this affects some
oxidative hair dyes like p-phenylenediamine derivatives, includ-
ing the proprietary hair dye tested in this study, which, due to
their chemical structure, are highly reactive and tend to form di-
and trimers with quinone structures (personal communication).
The ability of the h-CLAT to correctly predict the sensitizing po-
tential of hair dyes was investigated by Okamoto and colleagues
(2010), who had developed the original h-CLAT protocol. They
tested nine different hair dyes, including p-phenylenediamine
and Bandrowski’s base, a known strong sensitizer. The test runs
were performed with FITC-labeled antibodies and PI. All chem-
icals were predicted correctly as sensitizers. Although a concen-
tration-dependent increase in the RFI of the isotype control was
observed, RFI values above the respective thresholds for CD54
and CD86 at some concentrations were unambiguous indicators
for sensitizers. The authors concluded that oxidative hair dyes
fall into the applicability domain of the h-CLAT assay since no
false-negative results were obtained even with autofluorescent
test chemicals.

These results stood in clear contrast to our observations for the
proprietary hair dye. The concentration-dependent increase of
MFI values in the isotype control was a clear indication for aut-
ofluorescence, which, according to Okamoto et al. (2010), could
be tested in the h-CLAT. However, when, after subtracting the iso-
type controls from the MFI values of CD54 and C86, RFI values
were below the thresholds or even negative, no conclusion about
the sensitizing potential of the test item could be drawn. Fortunate-
ly, according to OECD TG 442E (OECD, 2018), alternative fluo-
rochromes with different spectral properties can be applied in the
h-CLAT assay if their equivalence with FITC and/or propidium io-
dide has been demonstrated in a proficiency exercise.

With the proficiency exercise, which is the subject of this pa-
per, we have proven that FITC-labeled anti-CD54 and anti-CD86
antibodies can be successfully replaced with APC-labeled anti-
bodies without any loss in predictivity and potency estimation
(EC150 and EC200 values). The high degree of similarity of the
MFI values for FITC and APC, a fluorochrome with an emission
spectrum at longer wavelengths, was emphasized by high cor-
relation coefficients for both sensitizers and non-sensitizers but
also for the isotype controls. Comparing the MFI values gener-
ated with identical cells under identical exposure conditions al-
lowed the characterization of the specific light-emitting proper-
ties of the antibodies labeled with either FITC or APC. Because
of the otherwise identical experimental conditions, any differ-
ences in MFI depended only on the emission properties of the
two fluorochromes. Light emission after laser excitation was
generally more intense with the FITC fluorochrome, resulting
in higher MFI values compared to APC. However, the observed
difference in the physical properties of the investigated fluoro-
chromes did not impact the predictivity of the h-CLAT assay. The
classification of a chemical as a sensitizer or non-sensitizer is
based on the RFI, which is the respective MFI value standardized
against the isotype control. Because the differences in the light
emission properties affected the isotype control MFIs in the same
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way as the CD54/86 measurements, the RFI values for both fluo-
rochromes were in comparable orders of magnitude and correlat-
ed well with respect to the sensitizers.

In contrast, the RFI values for the non-sensitizers appeared to
be poorly correlated. However, this result is not unexpected be-
cause non-sensitizers do not induce CD54 and CD86 above the
defined thresholds of 150% and 200%, respectively. Thus, the
RFI data acquire random values comparable to the negative or
solvent controls without any apparent dose dependency. This is
reflected by the low correlation coefficient.

As a consequence of the similar performance of FITC- and
APC-labeled antibodies, all chemicals were classified correct-
ly according to the known sensitizing potential. It became evi-
dent that the few negative differences between the MFI values for
FITC and APC, calculated for CD54 (see Fig. 3), were related to
very high absolute MFI values for both FITC and APC, which un-
ambiguously classified the tested chemicals as sensitizers. At this
high level of CD54 induction, the MFI difference, and hence the
light emission properties of the fluorochromes, were not relevant
for the final classification.

To further analyze the apparent differences in the light emis-
sion characteristics between FITC and APC, we conducted addi-
tional flow cytometry tests with naive THP-1 cells, which were
either labeled with the different antibodies or unstained. In gen-
eral, the MFI values for FITC were always higher than those for
APC. Even the untreated and unlabeled THP-1 cells revealed a
certain degree of autofluorescence, with higher MFI values in the
FL1 channel (FITC) compared to the FL4 channel (APC). Thus,
the background for the FITC measurements is higher than for
the APC analysis, based on both the specific physical-chemical
properties of the fluorochromes and, to a certain degree, on the
autofluorescence of the THP-1 cells. In addition, the FITC- and
APC-labeled anti-CD86 antibodies were derived from the same
clone and thus have identical antigen binding sites. This might
be the reason for the more homogeneous results with exclusive-
ly positive MFI differences for CD86, whereas for CD54, with
antibodies from different clones, also negative differences were
found. The higher variability of FITC versus APC differences
observed for sensitizers might reflect the natural biological vari-
ation limits of the individual THP-1 cells in terms of CD54 and
CD86 expression when exposed to this kind of chemicals.

Interestingly, upon exposure to 2 out of the 10 proficiency
chemicals only one of the two CD proteins was expressed at in-
creased levels. The strong sensitizer 1,4-PD induced only CD86,
but not CD54. This is in accordance with the reference ranges for
EC150 and EC200 provided in OECD TG 442E. It states that for
this chemical “a majority of negative results have been obtained
for this marker and a negative result is mostly expected” (OECD,
2018). Upon exposure to R(+)-limonene, a weak sensitizer, on-
ly CD54 was expressed, whereas no induction was observed for
CD86, which also matches the OECD TG 442E reference rang-
es based on historical data. However, the EC200 values for both
FITC- and APC-labeled antibodies exceeded the recommend-
ed reference range nearly twofold, which possibly could be at-
tributed to solubility issues of R(+)-limonene. At higher concen-
trations, this chemical tended to form emulsions instead of clear
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solutions in the cell culture medium, which could affect its bio-
availability in the h-CLAT assay. Based on this consideration, it
can be expected that higher substance concentrations are needed
to induce CD54 above the respective threshold.

Among the proficiency chemicals listed in OECD TG 442E,
2-MBT, a moderate sensitizer, is the third substance with docu-
mented differences in CD54 and CD86 expression. However, in
contrast to the information on a majority of negative historical
test results provided in the guideline, CD86 expression above the
150% threshold was observed with the APC-labeled antibodies in
the current study, resulting in an EC150 value in the same order
of magnitude as the corresponding EC200 values. With the FITC
antibodies, no significant CD86 increase occurred and hence no
EC150 could be calculated. It became evident that a clear dose
dependency of CD86 expression was missing. While some of the
RFI values generated with the FITC antibodies in the 2 test runs
nearly reached but never crossed the 150% threshold, a few APC-
based values exceeded the 150% expression level, leading to an
EC150 value. Under these circumstances, even small variations
in the RFI values can have a huge impact on the EC150, depend-
ing on which RFI values at which substance concentrations cross
the respective threshold or not. With RFI data close to the thresh-
old, this could easily be considered a matter of intrinsic variabili-
ty of biological systems. Thus, the difference in CD86 expression
between FITC and APC does not necessarily reflect differences
in the antibody performance, but more likely the uncertainty in
the EC150 calculation based on the specific dose-response curve
for 2-MBT.

The same reason can be applied to explain the difference in
CD86 expression between both fluorochromes observed with
1,4-PD. Lacking clear dose dependency and RFI values in the
near vicinity of the 150% threshold introduced a degree of un-
certainty in the EC150 calculation, which is mirrored in larger
EC150 concentration differences than would be expected. How-
ever, even the high APC-based value is located well within the
reference ranges indicated by OECD TG 442E. Taken togeth-
er, the apparent differences between the EC150/200 values are
less the result of differences in the antibody/fluorochrome perfor-
mance, but originate more in the specific protein expression pat-
terns of the THP-1 cells when exposed to the respective sensitiz-
ing chemicals under the conditions described in this paper.

The situation that only one of the characteristic marker mol-
ecules is expressed after exposure sometimes occurs with other
chemicals too (own observations), suggesting a special physio-
logical mechanism of THP-1 cell activation. It is also reflected in
the respective h-CLAT prediction model, which states that either
CD54 or CD86 or both must be overexpressed to indicate a sen-
sitizer. However, what is important in this respect is the observa-
tion that the same results in terms of classification were achieved
with the FITC- and the APC-labeled antibodies, again proof for
the equivalence of the antibodies employed.

By demonstrating the equivalence of APC- and FITC-labeled
antibodies using the proficiency chemicals, the key demand of
OECD TG 442E for the use of alternative fluorochromes was thus
fulfilled. The positive outcome of our study has certainly benefit-
ted from the convenient situation that the antibodies were from
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two companies only, with APC- and FITC-labeled CD86 antibod-
ies from the same provider and the same clone. Working with al-
ternative antibodies from other sources might lead to deviating
results. If there is doubt whether h-CLAT results generated with
other antibodies/fluorochromes are reliable, a proficiency exer-
cise similar to the one we have run should be mandatory.

The advantage of using APC instead of FITC was demon-
strated in the analysis of an autofluorescent oxidative hair dye of
previously unknown in vivo sensitization potential and potency
(proprietary to Henkel). After having obtained inconclusive re-
sults based on the FITC-tagged antibodies, we conducted a flu-
orescence check to determine which of the detection channels
available in the flow cytometer was affected least by the autoflu-
orescence. As this was the case for a filter with highest sensitiv-
ity in the red wavelengths range, we selected APC as the fluoro-
chrome of choice with corresponding spectral properties.

With APC, the fluorescence signals of CD54 expression in the
THP-1 cells were clearly distinguishable against the isotype flu-
orescence background. Consequently, the hair dye must be con-
sidered a potential sensitizer, following the h-CLAT prediction
model. CD86, in contrast, seemed not to be significantly induced
by the hair dye, its dose-response curve was nearly identical to
that of the isotype control.

Before running the h-CLAT for assessing the skin-sensitizing
potential of substances that are suspected to have autofluorescent
properties, we therefore recommend adding a fluorescence check
as a mandatory working step at the beginning of the h-CLAT pro-
tocol. Briefly, THP-1 cells should be exposed to the chemical at
8 concentrations for 24 hours and then be analyzed in all avail-
able laser/channel combinations. Then the combination with the
lowest signals should be selected and a matching fluorochrome
chosen. The details are given in Section 2. With this additional
working step, the applicability domain of the h-CLAT as depict-
ed in the OECD TG 442E can be extended to a family of chemi-
cals which, owing to their physical-chemical properties, were not
compatible with this in vitro alternative method previously.

5 Conclusion

Taken together, replacing FITC-labeled antibodies with APC-
tagged antibodies in the h-CLAT assay resulted in identical clas-
sifications of the proficiency chemicals as sensitizers or non-sen-
sitizers. With this proficiency exercise, a prerequisite of the TG
that demands to prove the equivalence in performance of alter-
native antibodies and fluorochromes compared to the standard
FITC-labeled antibodies before running safety assessment stud-
ies is fulfilled. In addition, by having demonstrated the equiv-
alence of FITC- and APC-labeled antibodies, the applicabili-
ty domain of the h-CLAT assay could be significantly extend-
ed for chemicals which, due to autofluorescence in the FITC
spectral emission range, were previously incompatible with this
OECD-approved in vitro skin sensitization assay. These findings
pave the way to a more realistic and reliable in vitro safety as-
sessment for challenging autofluorescent chemicals using the
h-CLAT assay.
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