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Abstract: Tissue cross-reactivity (TCR) studies for the development of therapeutic antibodies are conducted to estimate any possible
binding sites within the human body that can be affected by the antibody when assessing safety in humans. Any possible binding sites
include specific binding sites of the antibody to its target antigen and nonspecific or off-target binding sites. In TCR studies the thera-
peutic antibodies and immunohistochemistry (IHC) of frozen tissues must be applied in assays. However, there are technical issues
with applying a therapeutic antibody or test article to IHC, such as human-on-human staining, difficulty in applying the test article to
IHC, and retention of the target antigen in frozen sections. In the current review, we introduce three case studies in which these tech-
nical issues were addressed, and propose a practical scheme for points to consider when conducting a TCR study. Information on the
target antigen distribution obtained through robust assays and case-by-case strategies were found to be useful for understanding and
assessing the relevance of toxic effects between animals and humans. Thus, we anticipate that by considering the points discussed in
the current review and combining the data with information on the biological features of the target antigens and therapeutic antibod-
ies, it will be possible to predict safety risks in humans with higher accuracy. (DOI: 10.1293/tox.2024-0033; J Toxicol Pathol 2024; 37:

101-107)
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Introduction

Tissue cross-reactivity (TCR) studies for the develop-
ment of therapeutic antibodies are conducted to estimate
any possible binding sites for antibodies within the human
body" 2. Any possible binding sites include specific bind-
ing sites of the antibody to its target antigen and nonspe-
cific binding that occurs independently of the target antigen,
which is often referred to as off-target binding®. The organs
and tissues that show binding are considered potential sites
that can be affected by the antibody; therefore, the distribu-
tion of binding sites should be considered when assessing
safety in humans.

To fulfil the objective of comprehensive screening for
any possible binding sites in humans, the therapeutic anti-
bodies must be applied in assays' 2, and immunohistochem-
istry (IHC) of frozen tissues is the most generally selected
method. However, there are several technical issues associ-
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ated with the application of therapeutic antibodies or test
articles in IHC.

A common issue is that the test article is usually in
a human or humanized format. With such antibodies, the
specific detection of the test article by an anti-human im-
munoglobulin secondary antibody in human tissue can be
compromised by endogenous human IgG (Fig. 1a). This can
be overcome by employing a pre-complexing method: in-
cubating the primary antibody with a secondary antibody
before applying the antibody to the tissue (Fig. 1b). The
pre-complexing method is effective for “human-on-human”
staining in skilled facilities, but application of this method
often results in reduced sensitivity compared to convention-
al methods. An alternative method is to label the primary
antibody, which may be effective in retaining the sensitivity
of the assay (Fig. 1c).

Technical issues in study design are also common
(Fig. 2). As therapeutic antibodies are not developed for IHC
use, the test article is often unsuitable for IHC®. Similarly,
reduced or lost retention of the target antigen in frozen sec-
tions can be an issue’. In such cases, although it is possible
to evaluate off-target binding, valuable information on the
distribution of the target antigen cannot be obtained. There-
fore, it may be necessary to incorporate additional methods.

As the features of a target antigen and its therapeutic
antibody vary, there is no one-size-fits-all approach. Here,
we present some cases that we encountered and discuss
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Fig. 1. Common technical issues and solutions for human-on-human staining. (a) Interference of endogenous immunoglobulin in the detection of
the primary antibody. The test article is usually a humanized or human immunoglobulin. As an anti-human immunoglobulin antibody is
used as a secondary antibody with a conventional indirect method, the secondary antibody will bind endogenous immunoglobulins in hu-
man tissue. (b) The pre-complexing method. By reacting the primary antibody with the secondary antibody prior to applying to the tissue,
it is possible to avoid binding of the secondary antibody to endogenous immunoglobulin. (c) Use of a labeled antibody. A labeled antibody
can be detected either directly, or indirectly with a secondary antibody against the labeling agent. FITC: fluorescein isothiocyanate.
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Fig. 2. Common technical issues in study designs. IHC: immuno-
histochemistry.

some of the technical challenges we faced in conducting
TCR studies for the development of therapeutic antibodies.

Case Studies

Case 1: Selecting the optimal antibody for target
distribution

The first case was a TCR study for the development of
an anti-human tissue factor (TF) antibody®. The test article
was a human IgG4 antibody. As endogenous human IgG4
levels in the human body are very low™ > ¢, a conventional
indirect IHC method was judged to be applicable in this
case.

In a preliminary study, we found that the staining in-
tensity in the positive controls was low despite the use of
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a conventional high-sensitivity detection method. Thus, we
designed a study to compare the test article with a commer-
cially available IHC antibody, and found that the IHC anti-
body detected human TF with robust sensitivity (Table 1).
Based on these results, we decided to evaluate any possible
binding with the test article and analyse the target distribu-
tion with the IHC antibody in human and cynomolgus mon-
key tissues.

The distribution of positive staining was similar be-
tween the test article and the IHC antibody; however, the
IHC antibody tended to yield a more consistent staining
pattern (Fig. 3). For example, the staining in the heart and
urinary bladder with the IHC antibody tended to be more
intense and consistent between individuals (Fig. 3). In these
organs, the test article was found to cause haemorrhagic
lesions in cynomolgus monkey toxicity studies®. From the
TCR study, we were able to judge that the binding sites
would be similar between cynomolgus monkeys and hu-
mans, and thus, the risk of toxicity would also be similar.

Case 2: FITC labelling to increase sensitivity

The second case was a TCR study for the anti-human
interleukin 6 receptor (IL-6R) IgG1 antibody, tocilizumab
(TCZ)'. In a preliminary study, we tested the pre-complex-
ing method using the unlabeled antibody. However, as this
method yielded no staining in the positive control tissues,
we decided to label the test article with fluorescein isothio-
cyanate (FITC) to boost sensitivity.

As a labeled antibody is expected to perform differ-
ently from an unlabeled antibody’, we first analyzed the
correlation between the levels of labeling (labeling index,
mol/mol) and binding affinity to the target antigen. In this
study, we found that the labeling procedure itself caused the
binding affinity to decrease to 80% of its original level. Ad-
ditionally, we found that increasing the labeling index re-
sulted in a steep drop in binding affinity compared to that of
the unlabeled antibody (Fig. 4a).

The THC staining profiles were tested with the same
TCZ-FITC antibodies using various positive and negative
controls (Table 2). IL-6R protein spots were specifically
stained, with no staining in the negative control parathyroid

hormone-related peptide (1-34) spots for all tested label-
ing indices. In the positive control U266B1 cells, staining
in the cytoplasm and/or cell membrane was observed with
increased intensity, according to the higher labeling indices.
However, nonspecific nuclear staining was observed in the
negative control Jurkat cells at higher labeling indices. For
the positive control Crohn’s disease tissues, staining was
observed with higher indices, but no staining was observed
with lower indices. Based on these results, we judged that
optimal staining conditions could not be achieved.

These results were compared to those of an IgG2a-
type derivative of TCZ (TCZd). We found a less steep drop
in binding affinity with FITC labeling (Fig. 4a), and with
this antibody, we were able to find staining conditions at
the lower labeling indices that could specifically stain the
positive controls with no non-specific staining in the nega-
tive controls (Fig. 4b, Table 2). This shows that the effects of
labeling can vary among antibodies, even when the target
antigen is the same.

Although we succeeded in increasing the sensitivity
of the assay by labeling the test article, the detection levels
were lower than those of an IHC antibody. Therefore, we
additionally conducted an antigen distribution study using
the IHC antibody and identified several on-target binding
sites that could not be detected with the labeled test arti-
cle®. In this study, there was a discrepancy in staining in
the liver between species: positive staining was observed
in the human liver, but not in cynomolgus monkeys. This
discrepancy is thought to reflect a difference in response to
drug treatment between monkeys and humans. There were
no test article-related changes in monkey toxicity studies;
however, in a clinical trial, there were adverse events related
to liver function, including increases in total cholesterol,
HDL-C, triglycerides, and liver enzymes. Thus, the TCR
results may have been the only pre-clinical information that
had the potential to predict toxicity in humans.

Case 3: The influence of tissue format

The third case involved a TCR study of an anti-glypi-
can-3 (GPC3) antibody (GC33). Initially, a mouse-type GC33
antibody (mGC33) was tested and compared to a commer-

Table 1. Comparison of Staining between a Test Article Antibody and an IHC Antibody for Human Tissue Factor

Test article Negative control Ab® Assay CAb Negative control Ab?
Control samples 10 2 10 2 control 10 10
Positive controls
Human tissue factor® 2-4+ 2-4+ Neg Neg Neg 3-4+ Neg
182 cells® 2-4+ 2-4+ Neg Neg Neg 3-4+ Neg
Negative control
Human PTHrP (1-34)* Neg Neg Neg Neg Neg Neg Neg

Staining intensity: &, equivocal; 1+, weak; 2+, moderate; 3+, strong; 4+, intense; Neg, negative. Ab: antibody; Cab: commercial-
ly available THC antibody; PTHrP: parathyroid hormone-related peptide. *Antibody concentration (ug/mL). *Protein spotted
onto UV-activated resin slides, *cryosections of positive control cell pellets, human IgG4, “mouse IgG1. This table was modi-
fied from a table published in Regulatory Toxicology and Pharmacology, Volume 90. Fujii E, Watanabe K, Nishihara K, Suzuki
M, Kato A. Hazard characterization of an anti-human tissue factor antibody by combining results of tissue cross-reactivity
studies and distribution of hemorrhagic lesions in monkey toxicity studies. P289-296. Copyright Elsevier (2017).
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cially available anti-human GPC3 antibody (1G12) to deter-
mine its target distribution in cancer tissues as a potential
biomarker’. To this end, various tissue preparation formats,
including frozen and formalin-fixed paraffin-embedded
(FFPE) tissue, were tested to determine the method that
yielded the highest sensitivity for target detection (Table 3).
We found that staining of FFPE sections was more robust,
but the staining was weaker and less clear in frozen tissue
formats (Table 3, Fig. 5). Similar results were obtained for
straining with the 1G12 antibody (Table 3). Based on these
results, a TCR study was designed to evaluate any possible
binding sites by performing a pre-complexing method with
GC33 in cryosections, along with the evaluation of target
distribution with mGC33 in FFPE sections. Although sev-

eral binding sites were identified in these studies, there were
no signs of toxicity related to the binding sites in humans or
cynomolgus monkeys.

Discussions and Conclusions

We have encountered several technical challenges in
conducting TCR studies concerning human-on-human
staining including application of the test article to IHC and
retention of the target antigen in frozen sections. By care-
fully considering these issues for each case, it was possible
to conduct TCR studies effectively.

Based on our experience, we propose a scheme for
practical points to consider (Fig. 6). The objective of a TCR

Species
Human Monkey
TFADb CAb TFAb CAb
10° 2 10 10 2 10
Tissue Components 1 2 3 1 2 3 1 2 3 1 12 12
Adrenal SF, PC, DC
Bone marrow SF, PC, DC
Brain-cerebrum SF, PC, DC
Brain-cerebellum SF, PC, DC
Breast (mammary SF, PC, DC
Eye SF, PC, DC
Gl tract, large SF, PC, DC
Gl tract, esophagus  SF, PC, DC
Gl tract, small SF, PC, DC
Gl tract, stomach SF, PC, DC
Heart SF, PC, DC
Kidney SF, PC, DC
Liver SF, PC, DC
Lung SF, PC, DC
Lymph node SF, PC, DC
Ovary SF, PC, DC
Fallopian tube SF, PC, DC
Pancreas SF, PC, DC
Parathyroid SF, PC, DC
Peripheral nerve SF, PC, DC
Pituitary SF, PC, DC
Placenta SF, PC, DC
Prostate SF, PC, DC
Salivary gland SF, PC, DC
Skin SF, PC, DC Fig. 3. Results in representative organs from a tis-
Spinal cord SF, PC, DC sue cross-reactivity study for antibodies
Spleen SF, PC, DC against human tissue factor. The level of
Striated muscle SF, PC, DC staining is shown as a heat map in which
Testis SF, PC, DC each square represents one tissue block.
Thyml.Js SF, PC, DC All the blocks were obtained from differ-
Thyrt?ld SF, PC, DC ent individuals. a, concentration in pg/mL;
Tonsil SF, PC, DC b, serial number of each tissue block. TFAb:
Ureter SF, PC, DC . . . ) )
. therapeutic anti-human TF antibody; Cab:
Urinary bladder SF, PC, DC . . .
Uterus-body SF. PC. DC c.ommermally aval.lable.antl—human TF an-
Uterus-cervix SF, PC, DC tibody; GI: gastr(.)mte'stmal; SF: stromal.f'i-
broblast; PC: perithelial cell; DC: dendritic
. cell. This figure was published in Regula-
> S > tory Toxicology and Pharmacology, Vol-
& & & B ~ & ume 90. Fujii E, Watanabe K, Nishihara K,
ERN) N ® N Na X o
K & Qo N Suzuki M, Kato A. Hazard characterization

This figure was published in Regulatory Toxicology and Pharmacology, Volume 90. Fujii E,
Watanabe K, Nishihara K, Suzuki M, Kato A. Hazard characterization of an anti-human tissue
factor antibody by combining results of tissue cross-reactivity studies and distribution of
hemorrhagic lesions in monkey toxicity studies. P289-296. Copyright Elsevier (2017).

of an anti-human tissue factor antibody by
combining results of tissue cross-reactivity
studies and distribution of hemorrhagic le-
sions in monkey toxicity studies. P289-296.
Copyright Elsevier (2017).
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study is to evaluate any possible binding sites, including on-  dogenous human immunoglobulin with sufficient sensitivity
target binding to the target antigen and off-target binding.  should be selected (Step 1, Fig. 6). Second, if the therapeutic
First, a human-on-human method to avoid detection of en-  antibody is not applicable or not optimal for IHC, the use of
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Fig. 4. Features of labeled antibodies for tocilizumab (TCZ) and a tocilizumab derivative (TCZd). (a) Comparison of binding affinity and FITC-
labeling index between TCZ and TCZd. (b) Representative images of staining results for the TCZd in cryosections. U266B1, IL-6R-
expressing cells (positive control); Jurkat, IL-6R-negative cells (negative control); mononuclear cells in Crone’s disease colorectal tissue
(positive control). This figure was published in Acta Histochemica, Volume 113. Takai H, Kato A, Nakamura T, Tachibana T, Sakurai T,
Nanami M, Suzuki M. The importance of characterization of FITC-labeled antibodies used in tissue cross-reactivity studies. P472-276.
Copyright Elsevier (2011).

Table 2. The Staining Intensity of IHC with FITC-labeled Test Article in Control Samples
FITC-labeling indices

TCZ TCZd
Control samples 34 5.7 8.8 11.6 4.5 6.2 8.5 10.6 15.7
Positive controls
IL-6R? 3-4 3-4 3-4 3-4 2-4 2-4 2-4 2-4 2-4
U266B1° 1 2-3 3-4 4% 2 2 2-3 3-4* 4*
Crohn’s disease colon (MN cells)® 0 0 1-2 2-3 1-2 12 1-2 2-3 2-3
PTHrP (1-34)* 0 0 0 0 0 0 0 0 0
Jurkat® 0 0 0 0* 0 0 0 2-3 3-4*

TCZ: tocilizumab; TCZd: tocilizumab derivative; MN: mononuclear cells; PTHrP: parathyroid hormone-related peptide. Scores
indicate staining intensity: 0, no staining; 1, weak; 2, moderate; 3, strong; 4, intense. *Protein spotted onto UV-activated resin slides,
cryosections of cell pellets, or Shuman tissue. *Nuclear staining was observed. This Table was modified from tables published in
Acta Histochemica, Volume 113. Takai H, Kato A, Nakamura T, Tachibana T, Sakurai T, Nanami M, Suzuki M. The importance of
characterization of FITC-labeled antibodies used in tissue cross-reactivity studies. P472-276. Copyright Elsevier (2011).
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Table 3. Variation in Immunoreactivity for Anti-GPC3 Antibodies (GC33, 1G12) with Different Tissue Formats

Positive cell rate

Staining intensity Staining pattern

. mGC33 1G12 mGC33 1G12 mGC33 1G12
Embedding  Total
Tissue format  medium examined L MLMH H L MLMH H 1+ 2+ 3+ 4+ 5+ 1+ 2+ 3+ 4+ 5+ 1 II I 1 1II II
PLP-AMeX Paraffin 3 o 0 0 3 0 0O0O0 3 0O0O0OTO0O3 001 2000 3 0 21
FFPE Paraffin 3 o1 2 0120001 20021000210 3 00
PLP-Frozen OCT cpd 3 o0 03 0 0O0O3 3 00O0UO0O3O0O0O0OUO0O3 00 3 00
Frozen-PFA OCT cpd 3 o0 03 00O 3 3 00O0OUO0O30O0O0OUO0O3 00 3 00
Frozen-Acetone  OCT cpd 3 o 0 0 3 0 00O 3 3 00O0OUO0O30O0O0OO0O3 00 3 00
Frozen-NBF OCT cpd 3 o o0 o0 3 0003 3 00O0OO0O30O0OO0OUO0O3O0UO03 00

mGC33: mouse-type GC33; 1G12: mouse monoclonal antibody against GPC3; L: low; ML: mid-low; MH: mid-high; H: high, OCT cpd: O. C. T.
compound. Staining intensity: 1+, minimal; 2+, weak; 3+ weak staining with some moderatestaining; 4+, moderate staining; 5+ moderate stain-
ing with some strong staining. Staining pattern shows the staining pattern in the cell membranes: I, globally incomplete; 11, generally incomplete
with some complete staining; 111, generally complete with some incomplete staining. PLP: periodate-lysine-paraformaldehyde; AMeX: acetone,
methylbenzoate, and xylene; FFPE: formalin-fixed paraffin embedded; PFA: paraformaldehyde. Numerals show the number of samples. This
Table was published in Acta Histochemica, Volume 112. Takai H, Kato A, Ishiguro T, Kinoshita Y, Karasawa Y, Otani Y, Sugimoto M, Suzuki
M, Kataoka H. Optimization of tissue processing for immunohistochemistry for the detection of human glypican-3. P240-250. Copyright El-

sevier (2010).
A B
D E

Fig. 5. Representative images of glypican-3 staining with mouse-type GC33 in various tissue formats Periodate-lysine-paraformaldehyde
(PLP)-fixed and AMeX (acetone, methyl benozoate, and xylene) method-embedded (A), Formalin-fixed, paraffin embedded (FFPE) (B),
PLP fixed-frozen (C), Frozen-paraformaldehyde (PFA) fixed (D), Frozen-acetone fixed (E), Frozen-formalin fixed (F). Bar=30 um. This
figure was published in Acta Histochemica, Volume 112. Takai H, Kato A, Ishiguro T, Kinoshita Y, Karasawa Y, Otani Y, Sugimoto M,
Suzuki M, Kataoka H. Optimization of tissue processing for immunohistochemistry for the detection of human glypican-3. P240-250.

Copyright Elsevier (2010).

an alternative sensitive antibody should be considered (Step
2, Fig. 6). Similarly, if the target antigen is not detectable
in frozen sections, the use of FFPE sections may be effec-
tive (Step 2, Fig. 6). Since the use of an alternative antibody
or FFPE sections is mainly for evaluating the distribution
of the target antigen, studies on frozen sections with a test

article may be necessary to obtain information concerning
off-target binding.

There is an ongoing debate on the significance of TCR
data for predicting the effects of antibodies in humans, be-
cause organs and tissues that are positive in TCR studies
do not necessarily match the target organs of toxicity> ' .
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Step 1. Selection of H.O.H method
IgG4 format
Pre-complexing
Labeling

ﬂep 2. Study Design

Target antigen retained in fresh frozen tissue
sections?

~

Yes No

Yes

Antigen distribution Antigen distribution

Test
article
applicable
/optimal
for IHC?

N~

Off-target binding Off-target binding

No

Off-target binding

i

Off-target binding

- FFPE sections

IHC Ab

- Frozen sections

Fig. 6. Proposal of a scheme for practical points to consider in TCR
studies. H.O.H.: human-on-human; IHC: immunohistochem-
istry.

One reason for this discrepancy may be the difficulty in de-
signing ITHC assays that sufficiently achieve the objectives
of TCR studies. In our experience, we have found that by
developing robust assays and case-by-case strategies, infor-
mation on antigen distribution, in combination with other
studies can be utilized to understand toxic effects and assess
the relevance between animals and humans.

We anticipate that by considering the points discussed
in the current review and combining the data with informa-
tion on the biological features of the target antigen and ther-
apeutic antibody, safety risks in humans can be predicted
with higher accuracy.
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