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Abstract In our study we systematically compared the alter-
native fixatives acidified formal alcohol (AFA), PAXgene®,
HOPE®, and combinations of AFA or formalin with ultra-
sound treatment to standard (buffered) formalin fixation. We
examined general morphology and detectability of protein
structures by immunohistochemistry of the membrane recep-
tors epidermal growth factor receptor (EGFR), insulin-like
growth factor 1 receptor (IGF-1R), and phosphorylated hu-
man epidermal growth factor receptor 2 (phospho-HER?2). In
order to allow for stringent comparability of different fixation
techniques, we used matched mouse xenograft tumor samples
from three different human cancer cell lines (colon, ovarian,
and non-small cell lung cancer), either fixed conventionally
with formalin or an alternative fixative. Tissue morphol-
ogy after fixation with AFA and PAXgene® was comparable
to formalin-fixed paraffin-embedded tissue (FFPET) mor-
phology. Ultrasound fixations resulted in slightly inferior
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morphology and HOPE® fixation preserved morphology only
poorly compared to FFPET in this system. None of the tested
alternative fixatives enabled immunohistochemical detectabil-
ity of all three targets in the same manner as FFPET. Pro-
nounced staining was possible for EGFR and IGF-1R with all
alternative fixatives but HOPE®, and phospho-HER?2 staining
was only noteworthy with formalin-ultrasound-fixed tissue.
Therefore, the use of alternative fixatives comes with the need
for careful validation of obtained IHC results individually for
each target.

Keywords Formalin fixation - Immunohistochemistry -
AFA - HOPE® - PAXgene® - Ultrasound

Introduction

Antibody-based therapeutics and targeted therapies in on-
cology have achieved great importance in recent years. With
the ongoing development of personalized healthcare, path-
ologists are in need of specific diagnostics, often based on
protein detection in patients’ tissue. Tissue diagnostics in
biomedical research and routine practice are either per-
formed with fresh frozen tissue or with formalin-fixed tis-
sue, which has been used in histopathology for decades,
firstly mentioned by Blum in 1893 [1, 2]. The advantages
of formalin are firstly the antibacterial and antiviral effect,
which protects laboratory personnel from infections and
secondly the complete fixation of the tissue due to the
chemical properties of formaldehyde [3]. However, formalin
is toxic and its cross-linking effect on tissue structures often
makes specific bioanalysis of proteins and nucleic acids
difficult [4-9]. Therefore, powerful fixation techniques are
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needed which can produce highly conserved tissues from
which an analysis for every target is possible.

In the past years, many alternative fixation studies have
been carried out, most of them dealing with one novel or
optimized fixative in comparison to standard formalin, but
only a few studies on many different fixatives were conducted.
Comparative studies between formalin and an alternative fix-
ative for example, were about Streck’s tissue fixative [9],
Bouin’s fixative [10], methacarn [11], ethanol [5], HOPE®
[12—-18], and UMFIX [8, 19, 20]. Broad-ranging studies on
various fixatives for example have been from Prento and Lyon
[21]1in 1997 (Histochoice, Kryofix, Mirsky’s fixative, NoTox,
Omnifix II, Streck’s Tissue Fixative/Tissue-Tek, Clarke’s
ethanol-acetic acid, and ethanol) and from Atkins et al. [7]
in 2004 (Bouin’s fixative, AFA, PreFer, and Pen-fix).

The aim of this study was to compare standard buffered
formalin fixation (3.9 % formaldehyde, w/v) to fixation with
acidified formal alcohol (AFA), which is widely used in France,
with HOPE® fixation [12-18], with the recently introduced
non-cross-linking fixative PAXgene® [22, 23] and with combi-
nations of AFA and formalin with ultrasound treatment, since
ultrasound-accelerated tissue fixation has been reported for for-
malin fixation previously [24-28]. In order to allow for stringent
comparability of the different fixation techniques matched
mouse xenograft tumor samples were used. The samples were
removed in the exact same manner with minimized ischemia
ranging at most to 60 s and standardized fixation parameters
such as duration or temperature were applied.

On the other hand, the study was aligned to routine histopa-
thology and downstream workflows in pathological laboratories
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as much as possible. Therefore, alternative fixations were cou-
pled to the usual dehydration process, subsequent paraffin em-
bedding and fully automated immunohistochemistry on the
BenchMark XT instrument (Ventana Medical Systems; Tucson,
USA), which at the same time enabled maximized standardiza-
tion. Comparison of alternative fixatives was also oriented to
immunohistochemical targets which have significant impact on
patient care as well as to exploratory tissue biomarkers. Immu-
nohistochemistry was applied for epidermal growth factor re-
ceptor (EGFR) as an established target in cancer diagnostics,
insulin-like growth factor 1 receptor (IGF-1R) as an exploratory
marker and phosphorylated human epidermal growth factor
receptor 2 (phospho-HER?) as a signal transduction marker in
order to test detectability of phosphorylated antigens.

Material and methods

In the study, the alternative fixatives AFA, PAXgene®,
HOPE®, and combinations of AFA or formalin with ultra-
sound treatment were compared to standard (buffered) for-
malin fixation. For this comparison tumor samples obtained
from mouse xenograft tissue models of the human cancer
cell lines COLO-205, OVCAR-5, and NCI-H322M were
used. For every alternative fixative at least five xenografts
of every cell line from five different mice were generated. In
order to systematically compare all fixatives with formalin,
one half of every tumor underwent fixation in standard
formalin and the other half of this tumor was fixed in one
of the alternative fixatives (Fig. 1). For comparison of
alternative fixation with formalin fixation both H&E stain-
ing and THC staining of the membrane receptors EGFR,
IGF-1R, and phospho-HER2 were performed (Fig. 1).

For detailed methodology of the study and fixation protocols
please refer to Supplementary file 1. Staining protocols of IHC
targets on the BenchMark XT instrument (Ventana Medical
Systems; Tucson, USA) are included in Supplementary file 2.

Results

In an initial screen, we selected the best fixation conditions
for fixation of xenografts with AFA, AFA-ultrasound,
formalin-ultrasound, PAXgene®, and HOPE® by evaluation
of tissue preservation/tissue morphology. It was assumed
that a fixation which allows good preservation of morpho-
logical details would be beneficial for IHC analyses.

Morphology
H&E-stained sections of NCI-H322M xenograft tissue of all

tested fixatives are shown in Fig. 2. Preservation of xenograft
tissue structures was comparable to standard formalin fixation

after fixation with AFA for 24 h, PAXgene®, and ultrasound
fixation with AFA and formalin (both for 7 h). Tissue struc-
tures were well preserved for the abovementioned fixatives
and, in the cases of AFA 24 h, PAXgene®, and AFA-
ultrasound fixation, more nuclear details like nucleoli and
mitoses were detectable (Fig. 2a—c). HOPE® fixation howev-
er, led to decreased morphological detail compared to standard
formalin fixation, in which many nuclei developed a charac-
teristic condensed and polygonal shape. Furthermore, the
cytoplasm of some cells was shrunken to a considerably larger
extent than with the standard FFPET method and typical
tissue architecture was partially destroyed after fixation with
HOPE®, visible in artificial fissures (Fig. 2¢).

Immunohistochemistry
Optimization of immunohistochemical staining methods

Immunohistochemical assay parameters like deparaffiniza-
tion and antigen retrieval times were optimized individually
for each fixative other than standard formalin for maximal
IHC signal over background when analyzing xenografts
from COLO-205 cells. The resulting modified protocols
were then applied accordingly to the other xenograft mod-
els. In summary, for fixation with AFA, PAXgene®, and
AFA-ultrasound, manual deparaffinization led to better
staining results (intensity and quantity) than the automatic
deparaffinization using the BenchMark XT for all tested
IHC targets. In most of the cases, antigen retrieval times
were shorter or of the same duration as for the use of
standard formalin-fixed tissue. For the detailed methodology
and results refer to Supplementary file 3.

Immunohistochemical staining of EGFR, IGF-IR,
and phospho-HER?2

EGFR Staining of EGFR obtained from fixation with AFA,
AFA-ultrasound, and PAXgene® resulted in very intense
staining with more cells stained than in standard formalin-
fixed tissue. For AFA and AFA-ultrasound the EGFR
staining was comparable for all three xenograft models
(COLO-205, OVCAR-5, and NCI-H322M) and, in com-
parison to standard formalin, more intensive in all cases
with a good counterstaining and detailed nuclear morphol-
ogy (Fig. 3d-i). PAXgene® fixation led to better staining
results of EGFR for all xenograft models (Fig. 3a—c); whereas
the difference to standard formalin was smallest for COLO-
205 xenografts. Fixation with formalin-ultrasound led to
slightly stronger EGFR staining intensity with a few more
cells stained in OVCAR-5 and NCI-H322M xenografts and to
the same EGFR staining intensity with more cells stained
(~5-10 %) for COLO-205 xenografts compared to standard
formalin fixation (Fig. 3j—0). The detection of EGFR was not
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Fig. 2 H&E staining of NCI-H322M xenografts a PAXgene®, b AFA 24 h, ¢ AFA-ultrasound 7 h, d formalin-ultrasound 7 h, e HOPE®, f standard

formalin 24 h

possible for tissue that was fixed with HOPE® due to unspe-
cific staining, which also occurred when performing a nega-
tive control with an IgG control antibody.

IGF-1R Detection of IGF-1R was possible with all alternative-
ly fixed tissues. The best results, which were nearly comparable
to the IGF-IR staining of standard formalin-fixed tissue, were
achieved with COLO-205 xenografts fixed with AFA, AFA-
ultrasound, and PAXgene®. However, for NCI-H322M and
OVCAR-5 xenografts, quantity of IGF-1R staining was less
for tissue fixed with AFA, AFA-ultrasound, and PAXgene®
than for standard formalin-fixed tissue (Fig. 4a—i and p-r).
Formalin-ultrasound-fixed tissue showed an IGF-1R staining
which was comparable to staining results of standard formalin-
fixed tissue (Fig. 4j-1 and p—r). HOPE®-fixed tissue showed a
more intense IGF-1R staining (Fig. 4m) with fewer cells
stained than the standard formalin-fixed tissue for all three
xenograft models. Nevertheless, HOPE®-fixed OVCAR-5
and NCI-H322M xenografts (Fig. 4, N+O) showed cells with
condensed shape and shrunken cytoplasm, which made histo-
pathological evaluation difficult.

Phospho-HER?2 The immunohistochemistry of p-HER2 only

led to noteworthy staining with formalin-ultrasound-fixed
tissue. p-HER2 staining intensity in formalin-ultrasound-

@ Springer

fixed tissue (Fig. S5j-1) was comparable to staining intensity
of standard formalin-fixed tissue (Fig. 5p-r), whereas the
staining quantity in all three xenograft models over all the
tumors was less for formalin-ultrasound-fixed tissue. HOPE®
fixation led to a weak membrane staining of p-HER2 and to an
unspecific cytoplasmic staining for all three xenograft models
(Fig. 5m—o0). HOPE®-fixed OVCAR-5 xenografts (Fig. 5n)
had a decreased morphology which did not allow a histopath-
ological evaluation for p-HER?2 staining. No significant stain-
ing of p-HER2 could be observed after fixation with AFA,
AFA-ultrasound, and PAXgene® (Fig. 5a-i).

All results of the study are summarized in Table 1, show-
ing the results for morphology and the different immuno-
histochemical targets. Evaluation of IHC experiments with
complete scoring is included in Supplementary file 4.

Discussion

In the present study we demonstrate that careful validation
of the usage of alternative fixatives has to be done as the
impact on the biomarker results obtained by IHC in relation
to standard formalin fixation is significant. A comparison of
fixation with formalin, AFA, PAXgene®, HOPE®, and ul-
trasound accelerated fixation with formalin and AFA was
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Fig. 3 IHC staining with anti-EGFR of different xenograft tissues fixed with alternative fixation methods and standard formalin. All pictures are
shown in the same scale ({00-pm scale bar picture top left)

performed on the basis of tissue morphology and immuno-  models from five different mice have been analyzed. The
histochemical detection of three membrane receptors  use of xenograft tissue enabled a direct comparison with
(EGFR, IGF-1R, and p-HER2). For each fixative five mouse =~ human cellular background in a consistency (controlled
xenograft tumors of three different human cancer cell line  ischemia, controlled cut halves and infiltration of the
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<« Fig. 4 THC staining with anti-IGF-1R of different xenograft tissues

fixed with alternative fixation methods and standard formalin. All
pictures are shown in the same scale (/00-pum scale bar picture top left)

fixative to small sample sizes) which would not be achiev-
able with diagnostic human tissue (as biopsies would be too
valuable). To our knowledge, this is the first study on
alternative fixation with AFA-ultrasound compared to fixa-
tion with buffered formalin in a systematic model system.

Morphology of alternatively fixed tissue

This study clearly showed that the morphology of xenograft
tissue was well preserved after fixation with AFA for 24 h,
AFA-ultrasound for 7 h, PAXgene® (complete fixation du-
ration 5 h), and formalin-ultrasound for 7 h. The detailed
nuclear morphology after fixation with AFA is consistent to
the results of Foster et al. [3] who describe that nuclear
chromatin structure is better preserved after ethanol fixation
than after formalin fixation, since AFA consists of 75 %
ethanol (plus 18 % water, 5 % acetic acid, and 2 % formal-
dehyde solution, meaning 8 g formaldehyde/L). With regard
to PAXgene®, our results are concordant to the results from
Kap et al. [22], who reported on well-preserved human
tissue morphology after PAXgene® fixation in most of the
cases.

However, in our study, tissue morphology of xenografts
after fixation with HOPE® was not preserved as well as after
standard formalin fixation, in contrast to recently published
results of fixation of human tissue with HOPE® [17, 18],
despite extensive testing of different parameters following
manufacturer’s recommendations. The artificial fissures of
HOPE®-fixed tissue, like in our study, have also been men-
tioned from Olert et al. [12].

Immunohistochemical detectability in alternatively fixed
tissue

Immunohistochemical detectability of EGFR, IGF-1R, and
phospho-HER2 in our study was the best for tissue fixed
with standard formalin throughout all xenograft tumor mod-
els. We observed that fixation with AFA (with or without
ultrasound sonication) and PAXgene® led to a more intense
and quantitative staining of EGFR than formalin fixation,
were nearly comparable to formalin fixation for IGF-1R
analyses, but surprisingly gave no significant signal in im-
munohistochemical detection of p-HER2. Our results are
consistent to the results of the study on EGFR detectability
in alternatively fixed tumor tissue from Atkins et al. [7].
They describe that staining of EGFR in tissue fixed with
AFA for 24 h and buffered formalin for 24 h had a compa-
rable performance up to 9 months storage after fixation and
that EGFR staining in AFA 24 h-fixed tissue was slightly
better compared to buffered formalin-fixed tissue after

12 months storage. However, our additionally performed
immunohistochemistry of IGF-1R and p-HER2 in AFA-
and formalin-fixed tissue emphasize that not in all cases is
AFA as powerful as formalin as a fixative in histopathology.
Especially the unavailable signal for detection of the
phospho-site of HER-2 in AFA-fixed tissue does not concur
in the experience that total HER2 THC shows a higher signal
in alcohol-fixed specimens. This has to be seen critical in
the background of the comparison of results obtained with
the non-formalin fixatives to formalin, because there are
indications that probing phosphorylated states of therapeutical
targets might be more precise in predicting therapeutic re-
sponse, as presence of phosphorylation surrogates an actively
signaling pathway. Therefore, one should carefully validate
the performance of alcohol-based fixatives when using it as an
alternative to formalin in immunohistochemistry in each case.
For HOPE® fixation we could not achieve IHC results
comparable to formalin fixation concerning the three select-
ed receptors. The reasons might lie in the HOPE® fixation
procedure for some reason not being amenable to the xeno-
graft model system. Furthermore, we cannot concur with the
statement from Olert et al. [12] and Goldman et al. [30] that
HOPE®-fixed tissues do not require any pretreatment for
immunohistochemistry since we only detected IGF-1R and
p-HER2 with ITHC in HOPE®-fixed tissue after antigen
retrieval with CC1 buffer and CC2 buffer, respectively.
The best results in comparison to standard formalin fix-
ation were achieved with formalin-ultrasound fixation in our
study, whereupon staining of p-HER2 in formalin-
ultrasound-fixed tissue was not as quantitative as in standard
formalin-fixed tissue. However, we do not see underfixation
of tissue with formalin-ultrasound as an issue here because
detectability of EGFR and IGF-1R was consistently compa-
rable to formalin fixation without ultrasound (standard for-
malin), but we assume that ultrasound itself could be a
reason for the difference. Besides the enhanced reactivity
and diffusion of formaldehyde in the tissue [25-27], ultra-
sound treatment may also trigger chemical reactions or may
influence chemical reactions in certain directions [31-34].
One hypothesis could be that phosphorylated proteins are
more sensitive to ultrasound treatment than other proteins.

IHC methodology and alternative fixatives

On the one hand, the often-stated better protein quality and
antigenicity of alternatively fixed tissue [4, 5, 9, 11, 35, 36]
in our opinion, has to be limited. Our results (improved detec-
tion of EGFR with protease treatment in AFA/PAXgene®-
fixed tissue, improved detection of IGF-1R with CC1 buffer
incubation in AFA/PAXgene®/HOPE®-fixed tissue) imply
that also for alternatively fixed tissue, an epitope unmasking
pretreatment—the so-called antigen retrieval—can improve
immunohistochemical detectability. Similar results have been
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Fig. 5 IHC staining with anti-phospho-HER2 of different xenograft
tissues fixed with alternative fixation methods and standard formalin.
All pictures are shown in the same scale (/00-pm scale bar picture top leff)

reported from Nassiri et al. [20] in a study on the alternative
fixative UMFIX and from Prento and Lyon [21] in a study on
several alternative fixatives. Besides the need for optimized
antigen retrieval for alternatively fixed tissue, we observed that
one-step on-instrument deparaffinization from alternatively
fixed tissue on the BenchMark XT platform led to worse
results in immunohistochemistry.

Table 1 Summary of results

a) Morphology

On the other hand, we applied IHC assays, which had
been optimized for standard formalin-fixed tissue and thus
probably probe denatured epitopes, to alternatively fixed
tissue, as we wanted to test alternative fixation methods
with regard to performance in routine histopathology. A
potential superiority of the alternative fixatives in preserving
immuno-detectability of native or conformational epitopes,
that might be lost during standard formalin fixation, remains
to be elucidated in further studies.

In addition to continuative IHC analyses of more pro-
teins, also comprehensive techniques focusing on detection

Morphology

more details,
better preservation of

PAXgene®, AFA

tissue architecture

ultrasound,

standard formalin, AFA-

formalin-ultrasound

HOPE®

b) Immunohistochemistry: Manual Deparaffinization

Immunohistochemistry
EGFR IGF-1R p-HER2
pronounced PAXgene®, AFA, [standard formalin, tandard formalin
staining AFA-ultrasound | formalin-ultrasound | ® 0

formalin-ultrasound

PAXgene®, AFA,
AFA-ultrasound

formalin-ultrasound

standard formalin

HOPE®
(not possible)

HOPE®

HOPE®

PAXgene”, AFA,
AF A-ultrasound

¢) Immunohistochemistry: Automatic Deparaffinization (not performed for HOPE® fixed tissue)

Immunohistochemistry

EGFR

IGF-1R

p-HER2

pronounced |standard formalin,
staining | formalin-ultrasound

standard formalin | standard formalin

formalin-ultrasound | formalin-ultrasound

AFA, AFA-
ultrasound AFA, AFA- .
ultrasound PAXgene", AFA,
— . AFA-ultrasound
PAXgene® PAXgene"
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of various proteins present in fixed tissue, like proteomics-
based approaches, could be beneficial [37, 38]. Such
approaches have already been applied for the fixative
PAXgene® [23] and are showing great potential. Neverthe-
less, the differing results of alternative fixatives to buffered
formalin in IHC could be an indicator, that also with other
protein/immuno-based methods (proteomics like MALDI
mass spectrometry and protein microarrays or also Western
Blot and ELISA) a careful validation and interpretation of the
collected data has to be carried out.

Conclusions

In summary, fixation of xenograft tissue with standard forma-
lin resulted in the best immunohistochemical detectability of
the chosen membrane receptors when deparaffinization is
performed with the BenchMark XT autostainer. When manual
deparaffinization is applied, alternatively fixed tissues show
both more intense staining (EGFR) and decreased staining
(IGF-1R, p-HER2). While most of the alternative fixatives
preserved histomorphology, HOPE®-fixed tissue showed de-
creased morphology. With regard to clinical routine, it is
important to know that ITHC staining in alternatively fixed
tissue may be dependent on the deparaffinization technique
(manual vs. automatic) used. Therefore, the use of alternative
fixation methods comes with the need to verify the perfor-
mance of THC assays individually for each target.
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