











Reverse Phase Protein Array Analysis of FFPE Tissue

Fic. 1. Hierarchical cluster analysis of RPPA data from FF and FFPE tissue samples. Individual xenograft tumors (each sample shown
represents an individual xenograft tumor of one animal) are shown as rows and the 300 protein markers analyzed are shown as (unlabeled)
columns. Red cells indicate high signal level of protein detection (relative to the mean) and blue cells indicate low signal level of protein
detection. The given sample names indicate type of samples (FF or FFPE tissue), type of antibody treatment (HER3 denotes treatment with an
anti-HERS antibody and XGFR denotes treatment with a bispecific anti IGF-1R/EGFR antibody), xenograft model (cell line) and treatment
condition (treatment or vehicle control, treatment time).

TABLE |
Distribution of marker signals detected by RPPA in FF and FFPE xenograft tumor tissue specimens. Data are n (%). Mean differences in marker
level between FF and FFPE tissues were analyzed using paired t-tests (Bonferroni corrected a = 0.00017)

Overall After Bonferroni correction
. Higher in FF Lower in FF than Lo Higher in FF than Lower in FF than
Similar levels than FFPE E Similar levels FFPE
All proteins (n = 300) 59 (20%) 145 (48%) 96 (32%) 121 (40%) 109 (36%) 70 (23%)
Phospho proteins (n = 89) 19 (21%) 45 (51%) 25 (28%) 42 (47%) 31 (35%) 16 (18%)

paired t test (Table I). Altogether, 109 markers showed signif-
icantly higher signal values in FF than FFPE (145 were signif-
icant without Bonferroni correction) and 70 markers showed
significantly higher signal values in FFPE than FF (96 signifi-
cant without Bonferroni correction). 121 (40%) markers
showed similar signal levels in FFPE and FF (59 showed no
significant difference without Bonferroni correction).

No significant difference of the distribution of phospho-
markers was observed considering effect direction between
FF and FFPE samples (Chi-square test p value = 0.1642) or
the number of significant markers (Chi-square test p value =
0.2774).

Pearson’s correlation coefficients were then calculated to
identify those markers that exhibited agreement in relative
signal profiles between matched FF and FFPE tissues. Con-
sidering all 20 tumor samples of the different biological treat-
ment conditions together, 25 markers demonstrated a signif-

icant correlation of RPPA signal profiles between the FF and
FFPE tissues after correcting for multiple testing (p < 0.002)
(Table ). A further 74 markers demonstrated significant cor-
relation at the uncorrected level; however, some of these
correlations were negative, which was assumed to indicate a
chance occurrence. Overall, a list of top 60 markers was
identified that significantly correlated (p < 0.01) between FF
and FFPE tissues (the top 25 showing significance at the
corrected level and the following first 35 showing significance
at the uncorrected level, prior to the first observed negative
correlation). This list was used for further analysis. Impor-
tantly, no relationship between the cellular location (mem-
brane, cytoplasm or nucleus) of the top 60 correlating markers
was apparent, and again both phosphorylated and nonphos-
phorylated proteins were represented in this list. Seventeen of
the 60 top correlated markers identified by Pearson’s corre-
lation coefficient were also in the panel of 59 markers that
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TaBLE Il
List of markers demonstrating good correlation between FF and FFPE
tumor tissues. Significant correlations between RPPA signals from FF
and FFPE tumor tissue samples were seen for 25 markers after
multiple testing correction (Bonferroni corrected alpha = 0.00017)
and for an additional 35 markers at the uncorrected level

Analyte Correlation  p value

TABLE ll—continued

Analyte Correlation  p value
NF-«B 0.574 0.0082
Caspase?7 0.571 0.0086
Caspase8 0.569 0.0089
S6 Ribosomal Protein-P-Ser235/236 0.569 0.0089

A. 25 markers showing significance at the corrected level

Collagen 1A2 0.953 <0.0001
p70S6 kinase-P-Thr389 0.936 <0.0001
c-Jun-P-Ser63 0.925 <0.0001
Cyp2el 0.925 <0.0001
CEA 0.888 <0.0001
lkappaB alpha 0.888 <0.0001
HSF1-P-Ser326 0.873 <0.0001
Vimentin 0.871 <0.0001
BCRP (ABCG2) 0.864  <0.0001
Bim 0.862 <0.0001
DUSP4 0.858 <0.0001
p53 0.853 <0.0001
Survivin 0.838 <0.0001
c-Met 0.838 <0.0001
Connexin43 0.837 <0.0001
Bad-P-Ser112 0.836 <0.0001
Cytokeratin5 0.835 <0.0001
Akt-P-Serd73 0.833 <0.0001
beta-Actin 0.831 <0.0001
Bcel-xL 0.808 <0.0001
Rb 0.803 <0.0001
HSP27 0.796 <0.0001
CD44variant (Exon v6) 0.778 <0.0001
STAT1 0.777 <0.0001
Caseinkinase1 delta 0.748 0.0002

showed no significant difference in absolute signal between
FF and FFPE samples (i.e. these markers showed both abso-
lute and relative agreement).

Influence of antibody dilution and clone on RPPA data—The
influence of antibody dilution on the RPPA analysis was in-
vestigated for two markers: two antibodies (against integrin
B1 and integrin 33) were tested at two different dilutions in two
separate RPPA assays/arrays. Good correlation was observed
for the signals obtained, with Pearson correlation coefficient
values in FF and FFPE tissue, respectively, of 0.7580 and
0.7267 for integrin B1 and 0.6858 and 0.8088 for integrin B3,
indicating that RPPA results were insensitive to dilution level.

One protein marker was analyzed twice using two different
antibodies in two separate RPPA assays/arrays, allowing us
to investigate the influence of antibody selection and quality
on the reproducibility of RPPA data in FF and FFPE tissue (two
anti-c-Met-P-Tyr'3%® antibodies targeting the same epitope
but purchased from two different suppliers). Interestingly, no
significant correlation was observed between these two anti-
bodies in either FF specimens (r = 0.37) or FFPE specimens
(r = 0.40).

Effect of Treatment on the Markers Detected by RPPA in FF
and FFPE Tissues—The availability of xenograft tumors from
untreated mice and those treated with anti-HERS or anti-IGF-
1R/EGFR monoclonal antibodies allowed us to further
investigate the effect of treatment on protein profiles. As
monoclonal antibodies are specific to their target (unlike
small-molecule tyrosine kinase inhibitors for example), the
signaling changes observed are highly likely to be related to
HERS3 or IGF-1R/EGFR inhibition. The ratio of log,-trans-
formed NFI values in treated animals versus untreated control
animals (treatment-to-control ratio; TCR) was calculated for
each marker in three tumor models (at different time points
where available). Overall, there was limited correlation be-
tween TCRs calculated in FF and FFPE tissues when all 300
markers were analyzed together. When analyses were limited
to the top 60 markers that demonstrated the strongest cor-
relation between FF and FFPE tissues as measured with
Pearson’s correlation coefficient, significant correlations were
seen between TCRs measured in FF and FFPE tissue (Fig. 2)
for the FaDu model (r = 0.5543; p < 0.001) and in the PK-45P
xenografts obtained 4 h after treatment (r = 0.6175; p =
0.0006). These correlations further strengthened when only
the top 25 markers were considered (FaDu: r = 0.6450; p =
0.0005 and PK-45P: r = 0.6354; p = 0.0006). However, the
TCR effects showed only low agreement between FF and

B. I35 aldditional markers showing significance at the uncorrected

eve

Caspase9 0.741 0.0002
alphal-Actin 0.738 0.0002
Aurora A 0.732 0.0002
Jak1 0.722 0.0003
Dematin 0.718 0.0004
Aldh1A1 0.716 0.0004
alpha-Tubulin 0.711 0.0004
Integrin alphab 0.706 0.0005
MKK4 0.702 0.0006
Connexin26 0.696 0.0006
S6 Ribosomal Protein-P-Ser240/244 0.687 0.0008
Okt-4 0.687 0.0008
Cytokeratin16 0.681 0.0010
elF2alpha 0.675 0.0011
CyclinD1 0.670 0.0012
LAMP1 0.665 0.0014
HDAC6 0.652 0.0019
4E-BP1 0.643 0.0022
Erk1/2-P-Thr202/Tyr204 0.641 0.0023
Her2-P-Tyr1248 0.639 0.0024
Cyp3a4, 3at, 3al1 0.637 0.0025
MAP2-B-250 0.623 0.0034
PAK2 0.617 0.0037
P-Glycoprotein (VDR1, ABCB1) 0.606 0.0046
IGF1 Receptor 0.599 0.0052
RSK1/2/3 0.598 0.0053
Tubulin-ac 0.596 0.0055
MKK6 0.591 0.0060
DUSP16 0.584 0.0069
MDM2 0.583 0.0070
p27 0.582 0.0070
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Fic. 2. Correlation of treatment effects observed in the FF and FFPE tumor tissue samples. Treatment-to-control ratios (TCR) were
calculated as the ratio of mean log,-transformed NFI signals in treated xenografts and their matched untreated controls. Orange circles
highlight the 25 markers that showed the strongest correlation between FF and FFPE tissues.
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Fic. 3. Example signal profile for pAKT (Ser*”®) in untreated and treated xenograft tumors. Log transformed Normalized Fluorescent
Intensity (NFI) values as measured by RPPA in FF (A) and FFPE (B) tumor specimens. Lines indicate mean and range with data from individual

animal tumors represented by circles.

FFPE samples when comparing the absolute effect levels
(Kappa between 0.08 and 0.14, i.e. differences only slightly
higher than to be expected by chance).

Biologically relevant changes of marker expression in the
RPPA data were consistent with the expected mode of action
of the treatments applied in the treated xenografts (47). For
example, an antibody specific for AKT kinase phosphorylated
at Serine 473 was among the list of top 25 best correlating
markers. For this marker (pAKT (Ser*”3)), we observed the
highest NFI signal in tumors from untreated PK-45P xeno-
grafts (Fig. 3). Upon treatment with anti-IGF-1R/EGFR a
down-regulation in pAKT (Ser*”®) signal was apparent in FF
tumors at 30 min post-treatment and drop was enhanced at
4 h post-treatment. This reduction was also observed with
good correlation in FFPE tumor tissue at 4 h post-treatment.
A down-regulation in pAKT (Ser*”3) signal was also observed
in FaDu xenograft tumors treated with an anti-HER3 antibody,
although this xenograft model expressed clearly lower basal
levels of pAKT (Ser*”®) (42).

Comparison of RPPA Data With Luminex Data—In an inde-
pendent study, downstream signaling kinases in the FF tissue
lysates from PK-45P xenografts treated with a bispecific anti-
IGF-1R/EGFR monoclonal antibody were analyzed using Lu-
minex Bio-Plex assays. This allowed us to compare the RPPA
data with that of a different methodology for measuring pro-

tein levels. Lysates for the Luminex and RPPA studies were
prepared separately and in different buffers from xenografts
obtained from identically generated animal models. Lu-
minex data were available for four protein markers repre-
sented in the RPPA analysis: total AKT, total ERK1/2, pAKT
(Ser*™®), and pERK1/2 (Thr?°2/Tyr?°4; Thr'85/Tyr'87). On-
treatment changes in these phosphorylated versions of
these proteins were expected based on the mode of action
of this therapeutic antibody (47).

A good correlation was observed between the TCRs calcu-
lated from Luminex data and RPPA data both obtained in the
FF specimens taken 30 min post-treatment (Fig. 4A; r = 0.86);
however, this correlation was less strong for the respective
RPPA data in the FFPE specimen (r = 0.71). A clear reduction
in pERK (Thr2%%/Tyr2%4; Thr'®/Tyr'8") signal was visible in
both data sets. At 4 h post-treatment (Fig. 4B), a very strong
correlation was seen between the Luminex TCRs in FF tissue
and the RPPA TCRs in both FF (r = 0.96) and FFPE tissue (r =
0.99). At this time point, the reduction in pERK (Thr2°2/Tyr?%4;
Thr'85/Tyr'87) was more pronounced, and a clear reduction in
PAKT (Ser*”®) was also apparent.

DISCUSSION

The application of proteomic technologies to the retro- and
prospective analysis of pathology specimens has lagged be-
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hind that of genomic analyses because of problems in over-
coming the effect of tissue fixation and subsequent recovery
and access of proteins for their detection. Our study has
demonstrated that RPPA is a valuable method for the multi-
plex immunoanalysis of large numbers of proteins in fixed
tissue using only very small tissue samples, e.g. tissue sec-
tions. We identified a substantial number of protein analytes
that gave comparable results regardless of starting material
(FF or FFPE tissue), and we demonstrated biologically mean-
ingful changes in comparisons of treated and untreated
xenografts.

The heatmap analysis of our data set showed that protein
profiles from FF and FFPE tissues formed distinct clusters (as
opposed to matched samples clustering, regardless of tissue
type), which is however unsurprising, as the matched tissue
specimens were processed using different buffers and extrac-
tion methods. Within each tissue type, subclustering of xeno-
graft model and treatment conditions was observed between
replicate samples, particularly for FF specimens, because of
differences in the absolute levels of analytes in the different
biological subgroups. As FF and FFPE samples were obtained
from adjacent halves of the tumor specimen, it is unlikely that
tissue heterogeneity influenced our results.

A comparison of the RPPA signals in the two distinct sam-
ple sets (FF and FFPE) indicated a slight preference for higher
levels in the FF sample set (109/300 [36%] markers significant
after multiple testing correction), whereas 40% (121/300) of
markers revealed comparable levels. This distribution did not
change remarkably when phosphorylated markers were ana-
lyzed separately. Furthermore, no preference was observed

for markers regarding their different origin and localization in
the cell (membrane, cytosol, nucleus). In addition, marker
signals obtained from biological triplicate tumor preparations
(individual tumors from three different mice) demonstrated a
good assay reproducibility (somewhat better for FF than for
FFPE samples, CV less than 20% for both cases), which
supports the notion that certain protein markers in FFPE
tissue can be robustly extracted and reproducibly presented
for subsequent immunodetection by RPPA. Differences of
observed marker levels in FF and FFPE samples probably
represent different presentation and recognition of marker
epitopes by the applied immunoassay reagents. Selection of
appropriate antibodies is therefore key to conducting a mean-
ingful multi-marker analysis by RPPA in FFPE samples.

The study was set up to investigate 300 protein markers in
matched FF and FFPE tumor samples under most compara-
ble assay conditions. Selection of antibodies was driven by
the availability of high quality antibodies. The used antibodies
had been upfront characterized by Western blot for their
specificity in FF tissues and cell lines. In the study, the chosen
antibodies have been tested to identify those well-applicable
for use with FFPE tissue, with FF tissue as a reference. From
the starting set of 300 proteins we identified a total of 60
markers that showed comparable signal profiles with signifi-
cant correlation (o < 0.01) in the matched FF and FFPE
xenograft tumor tissues (not all of the 300 proteins did show
noticeable changes upon treatment, which would be required
to pick up correlations). We hypothesize that this panel of
markers—although limited—will be valuable for conducting
reliable PD analyses in drug development programs using
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fixed tissue specimens, as the data generated will be repre-
sentative of unprocessed tissues. This panel covers mark-
ers from a diverse range of pathways representing relevant
biological functions and mechanisms of human cancers, in-
cluding ErbB2 and MAPK signaling (e.g. Her2-P-Tyr1248,
Erk1/2-P-Thr202/Tyr204, RSK1/2/3, MKK4), PI3K/AKT/mTOR
signaling (e.g. Akt-P-S473, 4E-BP1, p70S6Kinase-P-Thr389,
S6RibosomalProtein-P-Ser235/236), PTEN signaling (IGF1R,
p27, Cyclin D1, NFkB) or apoptosis (e.g. Caspase 7,8,9, Bcl-
xL, Bad-P-S112, Bim, p53). supplemental Table S3 lists the
top ten biological pathways that cover a very good represen-
tation with at least 10 out of the panel of 60 markers that were
identified following analysis using the Ingenuity Canonical
Pathways database (www.ingenuity.com). Detection of phos-
phoproteins in archival FFPE tissues by immunohistochemis-
try is notoriously challenging, mainly because of pre-analytical
factors sometimes hard to control (48); however, detection of
protein phosphorylation is vital for monitoring changes of
activation of proteins and their potential inhibition on treat-
ment in the different cellular signaling pathways. The panel of
60 markers identified included several antibodies specific for
phosphorylated forms of target proteins, indicating that ac-
curate assessment of protein activation status as well as
expression level is possible in FFPE tissues for certain anti-
bodies, given the tissue is processed appropriately.

The fact that only a limited fraction (60/300, 20%) of all
measured marker signal profiles significantly correlated be-
tween fixed and unprocessed tumor tissue indicates that sev-
eral assay factors must be aligned for a robust and meaningful
assay performance. Sample preparation of FF and FFPE tis-
sue used different lysis buffers and processes (heat treatment
to extract protein from fixed tissue), which might result in a
different antigen availability, epitope size, and presentation of
marker epitopes to chosen assay reagents. Guo et al. re-
ported that only a low fraction (23 out of 169) of markers gave
comparable results in three different sample sets (cell lines,
breast and renal cancer tissues) (41), concluding that different
tumor type and nature of tissue may also have an impact on
antibody selection to be used for FFPET analysis.

The intention of this study was not to start with a wider set
of overlapping antibodies per antigen and cross-compare
their performance. The latter approach will be necessary to
expand the set of antibodies for FFPE samples and to deliver
reproducible and high quality results for further antigens of
interest where no antibody had been identified so far. Never-
theless, one protein analyte on our arrays was represented by
two antibodies from different suppliers targeting the same
epitope. The data from this analyte indicate that RPPA results
are critically antibody dependent. This also highlights the
importance of understanding and validating antibody clones
when comparing RPPA data from different groups. It remains
to be determined whether technological differences between
different RPPA platforms also affect the comparability of data

obtained using different RPPA methods. Antibody dilution did
not significantly affect results in our RPPA analysis.

A low comparability was observed between TCRs calcu-
lated from RPPA data from FF and FFPE samples when all
300 markers/antibodies were included in the analysis. This
may in part be explained by the fact that not all markers are
expected to change upon treatments, but also because only a
subset of markers showed comparability on the individual
samples level. When restricting the analysis to the selected 60
markers, correlations between analytes in FF and FFPE tis-
sues were observed in two of the xenograft models. The
identification of on-treatment changes in proteins consistent
with the mode of action of the treatments investigated, such
as pAKT, provides further evidence that RPPA analysis can
generate biologically meaningful data from FFPE tissue sam-
ples. This down-regulation of pAKT seen in FaDu xenografts
at 168 h after treatment with an anti-HER3 antibody—RG7116
at 10 mg/kg—is in line with recent data from Meneses-
Lorente et al. (42). Treatment of the FaDu xenograft-bearing
mice with RG7116 at dose of 3 mg/kg at 168 h showed that
PAKT levels in tumors decreased from baseline levels, using a
PAKT (Serd473/474) ELISA assay (Enzo Life Sciences GmbH,
Lorrach, Germany) (42).

RPPA data measured in FF tissue were confirmed using a
different methodology for the multiplex analysis of proteins:
The Luminex system, which is based on antibody-coated
capture beads. Although data from only four markers com-
mon to both systems were available, the two technologies
demonstrated a good correlation and biologically meaningful
information consistent with the mode of action of the mono-
clonal antibody therapy investigated was seen. The Luminex
technology has previously been applied to FFPE tissue to
investigate small peptide hormones (49); however, to our
knowledge, no experience or assays are available for the
analysis of larger proteins with this sample type. Luminex
technology is based around a sandwich-type immunoassay
principle, necessitating whole proteins, or reproducibly avail-
able longer protein fragments, that present two epitopes at
distinct sites. Application of the Luminex technique to FFPE
tissue specimens would therefore require reproducible ex-
traction of full length protein sequences; however, proteins
extracted from fixed tissues are often fragmented (41). This
may be particularly true for larger proteins (>100 kDa), such
as growth factor receptors. Protein fragmentation is also likely
dependent on both fixation and extraction conditions. RPPA
can detect proteins even when fragmented and requires only
the presence of a single intact epitope. Furthermore, RPPA
antibodies recognize epitopes under denaturing conditions
whereas Luminex assays recognize the native form, which is
dependent on the three-dimensional structure of the protein.
As demonstrated here and elsewhere (41), RPPA can readily
detect partially degraded proteins with little variation com-
pared with intact proteins. Consequently, this technology may
allow multiplex analysis of larger antibody panels in fixed
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tissues compared with sandwich immunoassay-based tech-
nigues. Developing individual assays for measuring PD bio-
markers in clinical studies requires considerable effort; thus,
RPPA appears to be an attractive option for conducting mul-
tiple analyses of biomarkers using such clinical specimens.

Tissue availability is often another limiting factor for tech-
niques such as immunohistochemistry that analyze proteins
individually. By using RPPA, we were able to analyze hun-
dreds of proteins in tandem using a small amount of starting
tissue, typical of the amount of material available during pre-
clinical experiments and from clinical biopsies. Although this
study wasn’t specifically designed to determine the smallest
amount of starting material required for RPPA analysis, we
were able to analyze all 300 markers using only 10—-20 ng of
protein extracted from a few micrograms of tissue (less than
300 mm? of 15 um tissue sections) for each xenograft. The
influence of intratumor heterogeneity (because of both a low
percentage of tumor cells and presence of distinct clones) on
the application of RPPA to clinical biopsies remains to be
determined.

In conclusion, our data indicate that antibody selection is
critical when conducting RPPA analyses on archival tissue
samples. Using appropriate assay reagents, RPPA can pro-
vide biologically significant information for a large panel of
proteins using minute amounts of FFPE tissues. We identified
a panel of antibodies that result in comparable RPPA profiles
in FFPE and FF tissues. The availability of such a validated
panel is vital for conducting RPPA analyses on clinical mate-
rials, as these antibodies should provide data from fixed tis-
sue specimens that closely reflect the clinical situation in
unprocessed tissues. Verification of the suitability of the iden-
tified markers for measuring drug effect in preclinical PD
studies using complementary techniques such as immunohis-
tochemistry (that can provide further information including
tissue distribution of marker expression) is recommended
before turning to clinical materials.
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