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Summary

The elusive nature of assessing immunological processes in situ in organ transplantation is one of the major impediments
to improve diagnostics and treatment. Here, we present a proof-of-concept study using multiplexed in situ hybridization
(ISH) (RNAscope) to detect low-abundance cytokines in formalin-fixed paraffin-embedded (FFPE) human transplant kidney
biopsies in combination with immunofluorescence (IF) for cell phenotyping. We show that a multiplex IF and ISH (mIFISH)
assay is feasible to identify the cellular source of cytokines and chemokines (tumor necrosis factor-o, interferon-y, and
CXCL9) in FFPE transplant kidney biopsies and that quantification of the mRNA and protein signal is also possible at
single-cell resolution in the context of tissue complexity. Furthermore, the mIFISH assay allows precise quantitative
assessment of tubulitis, one of the key morphological correlates of alloimmune injury. Simultaneous in situ identification
and quantification of multiple cellular phenotypes and mRNA expression of proinflammatory cytokines in FFPE tissues
offer a novel insight into the biology of alloimmune injury in kidney transplantation and may contribute to improved
diagnostic accuracy and patient care. () Histochem Cytochem 68: 445—459, 2020)
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Introduction

The Banff classification is the gold standard for
assessing kidney transplant pathologies.'? Banff is
based on consensus guidelines with light microscopic
evaluation of biopsies aided by semiquantitative scor-
ing in combination with limited immunophenotypical
and electron microscopic analysis.?2 However, due to
the complexity of the immune system with its orches-
trated communication and networks of immune medi-
ators and effectors, the Banff classification provides
only a superficial glimpse at the mechanisms underly-
ing transplant alloimmune injury. Although the advent
of gene expression profiling of transplant kidney biop-
sies®* has greatly advanced our understanding of the

molecular underpinnings of alloimmune injury, this
approach has its own limitations due to loss of spatial
context information. Platforms that can detect mMRNA
from formalin-fixed paraffin-embedded (FFPE) tis-
sues have also evolved; however, they are not yet
able to deconvolute signals in the context of cellular
phenotype.5~
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In situ phenotypical assays such as immunohisto-
chemistry (IHC) retain spatial context; however,
cytokines that regulate the inflammatory responses
cannot be reliably detected in FFPE tissues with
IHC. Furthermore, the small volume of biopsy tissue
is one of the major limitations for more comprehen-
sive studies on kidney allografts. These have led to
the increasing importance to develop multiplexed
assays that can profile molecular biomarkers
within the structural context of the pathological
changes. However, various multiplexing technolo-
gies that have been described (Multiplexed
Immunohistochemical Consecutive Staining on
Single Slide [MICSSS], Proximity Ligation Assay
for RNA [PLAYR], etc.) focus exclusively on protein
expression without detailed information on gene
expression or do not work on standard FFPE tis-
sues.®% Assays detecting mRNA via in situ hybrid-
ization (ISH) using RNAscope and proteins via IHC
in FFPE tissues have been described but may not
be able to colocalize the mRNA signal within a spe-
cific cell type because the IHC signal blocks the ISH
signal.’® The aim of this study was to detect the
MRNA of low-abundance immune modulators using
commercially available ISH (RNAscope) technol-
ogy'" and to determine the cellular source of the
immune modulators in FFPE human transplant kid-
ney biopsies. Here, we show that using a multiplexed
immunofluorescence (IF) and ISH (mIFISH) proto-
col, we can detect, quantitate, and identify the cel-
lular source of cytokines (e.g., tumor necrosis
factor-a [TNF-a] and interferon-y [IFN-y]) in FFPE
transplant kidney biopsies.

Materials and Methods

Patients

FFPE human tonsils and transplant kidney biopsies
(6 months protocol and for cause) were identified
from the Department of Pathology tissue bank at the
University of California, San Francisco (UCSF). The
work on human tissue samples was performed in
accordance with the principles of the Helsinki
Declaration of 1975 and was approved by the UCSF
Committee on Human Subjects Research, and all
patients provided informed consent to an institutional
review board (IRB)-approved correlative research
protocol before the collection of tissue (UCSF IRB
P0540542). Transplant kidney biopsies diagnosed
with acute cellular rejection (ACR) and no signs of
rejection based on the most current Banff criteria
were selected for the study.?

In Situ Hybridization

Single ISH Pretreatment. FFPE tissue sections (2pum)
were deparaffinized in xylene and rehydrated in
decreasing concentrations of ethanol (100% and 80%
and distilled water, 5 min each). Rehydrated tissue
sections were incubated with Bloxxall (SP-6000; Vec-
tor Laboratory, Burlingame, CA) at room temperature
(RT) for 15 min. Tissue sections were incubated in
RNAscope Target Retrieval Solution (Advanced Cell
Diagnostics, Inc.; Newark, CA) for antigen retrieval at
100C for 15 min. FFPE tissue was digested with RNA-
scope Protease Plus 1:5 diluted in cold 1x PBS at 40C
for 15 min.

Hybridization and Amplification. After probe hybridization
for 2 hr at 40C, amplification steps were performed as
described in the RNAscope 2.5 HD red or brown user
manual with the exception that Amp5 was performed
for 1 hr. Amp 6 includes alkaline phosphatase (AP) or
horseradish peroxidase (HRP) labels for red or brown
kits, respectively.

Chromogenic Signal Development. After the last TBST
wash step, AP-labeled probes were developed using
RNAscope Fast Red according to the manufacture’s
recommendation for 10 min. Fast Red—stained slides
were washed once for 2 min in distilled water and then
directly counterstained in hematoxylin and cover-
slipped as described below.

Fluorescent Signal Development. HRP-labeled probes
were then developed with tyramide signal amplifica-
tion (TSA) fluorescence. For our experiments, probes
were visualized using TSA-Cy3 (NEL744E001KT;
PerkinElmer, Waltham, MA) at a dilution of 1:3000,
according to the manufacturer’s instructions, and
incubated for 15 min at RT. Dilutions and incubation
times of TSA fluorescence may vary by protocol. At
this point, samples either move on to IF staining for
mIFISH or were directly counterstained. Sections
containing fluorescent ISH signal were counter-
stained with spectral 4’,6-diamidino-2-phenylindole
(DAPI) (FP1490; PerkinElmer) according to the man-
ufacturer’s instructions and cover-slipped in fluores-
cent mounting medium (S3023; Dako, Carpinteria,
CA).

Duplex ISH: Custom-made Dual HRP Endpoint Pretreat-
ment. As described above.

Probe Hybridization. C2 probe was diluted 1:50 in C1
probe and hybridized for 2 hr at 40C.
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Table I. Primary Antibodies Tested for mIFISH Compatibility.

Standard AgRT
Antibody/Target Species  Isotype Clone Cat. No. Vendor (Heat-induced) Target
Cytokeratin-7 Mouse IgG EPR1619Y ab68459 Abcam pHé Tubular cell—cytoplasmic
Aquaporin-| Mouse IgG2Bk 1122 ab9566  Abcam pHé Tubular cell—cytoplasmic
panCytokeratin  Rabbit 1gGlx AEI/AE3 bs-1712R Bioss pHé Tubular cell—cytoplasmic
Lotus, Biotylated NA N/A N/A B-1325  Vector pHO Tubular cell—cytoplasmic
Lectin
WilmsTumor-1  Mouse IgGlk 6F-H2 ab96792 Abcam pH9 Podocytes—nuclear/cytoplasmic
Synaptopodin Rabbit C-Terminus Polyclonal LS-B5353 LSBio pH9 Podocytes—nuclear/cytoplasmic
CD34 Mouse IgGlk QBEnd-10 M7165  Dako pHé Endothelial, smooth muscle
CD34 Rabbit IgG EP373Y ab81289 Abcam pHé6 Endothelial, smooth muscle
CD3l Mouse IgGl kappa JC70A M0823  Dako pHé Endothelial
CD45 Mouse IgGlx 2BI1+PD7/26 M0701  Dako pHé Immune cell—membrane
CD20 Mouse IgG2a K L26 M0755  Dako pHé B-cell—membrane
CD3 Rabbit N/A Polyclonal A0452  Dako pHé T-cell—membrane
CD3 rat 1gG CD3-12 abl 1089 Abcam pHé6 T-cell—membrane
CD4 Rabbit IgG EPR6855 ab133616 Abcam pHé6 T-cell—membrane
CD8 Mouse IgGIl K C8/144B M7103  Dako pHé6 T-cell—membrane
CD8 Mouse IgG2b 4BI1 NCL- Leica/Novocastra pHé T-cell—membrane
CDs8
CDé68 Mouse IgGI K KPI M0814  Dako pHé Macrophages—membrane
CDé68 Rabbit IgG Polyclonal ab125047 Abcam pHé6 Macrophages—membrane
CD21 Mouse [gG2A 2G9 PAOI71 Leica/Novocastra pHé Follicular dendritic cell—

cytoplasmic

Abbreviation: mIFISH, multiplex immunofluorescence and in situ hybridization.

Amplification. Amp1 to Amp6 were performed as
described in the section above.

Development  of C2-HRP-labeled  Probe. HRP-labeled
probes were visualized using TSA-Cy3 or TSA-Cy5
(NEL705A001KT; PerkinElmer) at a dilution of 1:3000.
Next, two to four drops of HRP blocker were added to
the sections and incubated for 15 min at 40C in the
HybEZ oven. Slides then move on to Amp7-10.

Development of CI-HRP-labeled probe. After Amp7-10,
C1-HRP-labeled probes were visualized with TSA-Cy3
or TSA-Cy5 at a dilution of 1:3000 according to the
manufacturer’s instructions and incubated for 15 min
at RT. At this point, samples were moved on to IF stain-
ing for mIFISH. After TSA fluorescence detection,
slides were washed for 2 min in 1x RNAscope Wash-
ing Buffer before proceeding with the next step (Sup-
plemental Table 1).

Counterstain Red Chromogenic ISH. Sections containing
Fast Red chromogenic label were counterstained in
Gil’'s hematoxylin (HXGHE1LT; American Master
Tech, Lodi, CA) for 2 min, rinsed in deionized water,
and then blued for 15 sec in 1x TBST, followed by a

final rinse in deionized water. Slides were then air-
dried at 60C and then cover-slipped with VectaMount
(H-5000; Vector Laboratory, Burlingame, CA).

mlFISH

The mIFISH assay consists of manual fluorescent ISH
(single or duplex), followed by automated IF staining
using an autostainer (Leica Bond RX; Leica
Biosystems, Wetzlar, Germany) with one or two mark-
ers. After ISH and the final wash step, the slides were
placed in 1x TBS and transferred to Leica Bond RX
and were washed with Leica Bond Wash Buffer. A
cocktail of primary antibodies was incubated for 1 hr at
RT. All antibodies were diluted at 1:100 and all slides
underwent standard AgRT for IHC and ISH AgRT
when the methods were combined (for antibodies and
clones, see Table 1). After washing, a cocktail of sec-
ondary antibodies labeled with fluorophores were
incubated for 30 min at RT at 1:200 dilution (for anti-
bodies and fluorophores, see Supplemental Table 2).
Counterstain was performed as above. The entire pro-
cedure of mIFISH including image acquisition could
be accomplished in 15 hr. The reagent cost for a 3-plex
mIFISH assay is approximately $120 per slide.
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Figure 1. Workflow of ISH signal detection and cell phenotyping on whole-slide images using Definiens Tissue Studio. (A) Whole-slide
images are uploaded in Definiens Tissue Studio, DAPI (blue), CK.AE | AE3.Lotus (green), CD45 (red), and TNF-a. (white dots). (B) Nuclei
(deep blue) are identified by DAPI counterstain, and (C) individual cells (red) are simulated based on the nuclei. (D) Identification of
individual ISH signal (turquois). (E) Based on the ISH and immunofluorescent signal (CD45" [red] and CK.AEI AE3.Lotus" [green]) coex-
pression by individual cells, the ISH signal can be quantified at a single-cell level. Cell classification: mMRNA ISH and CD45 double-positive
cells (yellow), mRNA ISH and CK.AEIAE3.Lotus double-positive cells (pink), mRNA ISH and CD45 double-positive cells infiltrating
tubular structures (white), and CD45-positive cells infiltrating tubular structures without mRNA ISH signal (turquois). Abbreviations:
DAPI, 4’,6-diamidino-2-phenylindole; ISH, in situ hybridization; TNF-a, tumor necrosis factor-o.

Microscopy and Automated Image Analysis

Image Acquisition and Processing. Images were acquired
using a Zeiss AxioScan (Carl Zeiss; Oberkochen, Ger-
many) whole-slide scanner with ZEN Zeiss software. As
focus strategy, we used Zeiss software autofocus with
support points with a Z-stack of 9 ym and 10 slices with
an interval of 1 ym. Orthogonal projection was used for
postprocessing to reduce image size from 10-20 GB to
1-2 GB. As the last processing step, individual tiles were
fused using the Zeiss application Stitching.

IF Image Analysis. Quantification of the mRNA signal
was assessed by automated whole-slide digital image
analysis using Definiens Tissue Studio image analy-
sis software (Definiens AG; Munich, Germany). After
image acquisition and processing (see above), whole-
slide images (czi-format) were uploaded to Tissue
Studio IF, DAPI (blue), CK.AE1AE3.Lotus (green),
CD45 (red), and TNF-a (white dots) (Fig. 1A). We
manually identified the region of interest (e.g., the
entire biopsy), and an algorithm was used to identify
nuclei, cells, and IF and ISH signals. The software
identified the nuclei on hematoxylin- or DAPI-stained
images, simulated and highlighted in blue in the origi-
nal image (Fig. 1B). Cellular segmentation was car-
ried out using the simulation mode “grow from nuclei
at 3 pym,” simulated and highlighted in red (Fig. 1C).
Then, the ISH signal was detected within the cells and
highlighted as turquois dots in the original image (Fig.
1D). Our multiplexing mIFISH approach allowed us to
classify different cell phenotypes with mRNA ISH

signal as CD45" (yellow), CK.AE1AES.Lotus* (pink),
CD45* cells infiltrating tubular structures (white), and
CD45* cells infiltrating tubular structures without ISH
signal (turquois) (Fig. 1E). To validate the solution and
as a quality control (QC) measure, for each case we
visually assessed 12 randomly selected high-power
fields at 20x before and after the application of the
solution for the accuracy of nuclear detection, cell
simulation, IF and ISH signal detection, and cell clas-
sification. Although a strict fixation, hybridization,
staining, and scanning protocol was followed, we
noticed that the IF signal intensity of the antibody
staining differs between individual cases. Therefore,
algorithm for the IF signal detection was adjusted
according to the visual QC. It has to be mentioned that
kidney tissues often show protein deposits (“protein
resorption droplets”) with strong autofluorescence in
the tubular compartment that interferes with the anal-
ysis and thus need to be excluded manually.

ISH Signal Analysis. First, we quantified ISH-positive and
ISH-negative cells and expressed the ISH-positive
cells as a percentage of all cells on the entire biopsy.
As the ISH signal can appear as small individual dots
(“punctate”) or multiple single dots and larger irregular
clusters (fused dots) in the cells, we decided to char
acterize the mRNA expression level of a gene of inter-
est as ISH signal area (um?) per biopsy area (1000
um?3). Next, we used the cell phenotype classifier and
quantified the ISH signal per defined cell phenotype
and presented the signal area (um?) per 1000 pm?
within the defined cell phenotype.
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Figure 2. In situ assessment of mMRNA preservation quality in FFPE kidney biopsies. Immunofluorescent in situ hybridization on trans-
plant kidney biopsies (n=8) for ubiquitin (UBC, positive control) and bacterial gene DapB (negative control) was performed. (A) A strong
UBC (+) mRNA signal and a very low DapB (—) signal were observed. (B) The total UBC signal correlates strongly with the total cellular
load in the biopsy (r = 0.86, p=0.02). Abbreviation: FFPE, formalin-fixed paraffin-embedded.

Quantitative Tubulitis Score

Our multiplexing mIFISH assay allowed classification
and quantification of CD45" leukocytes infiltrating the
CK.AE1AE3.Lotus™ tubular structures, referred to as
CD45;,,its Cells. To calculate the quantitative tubulitis
score (QTS) (the average number of proximal tubule
infiltrating leukocytes per 100 tubular epithelial cells),
the total number of CD45;,,,is cells was divided by
the total number of tubular epithelial cells (i.e.,
CK.AE1AE3.Lotus™ cells) and multiplied with 100
(QTS =[CD45;,. .. /all CK.AE1AES.Lotus'] x 100).

tubulits

Tissue Quality and Assay Control

The tissue type (e.g., tonsil vs kidney) and preanalyti-
cal variables such as tissue fixation may have an
impact on the mIFISH assays. Therefore, we per-
formed tissue and assay QC stains using a positive
control gene (UBC) and a negative control gene (bac-
terial DapB) for all cases enrolled in the study. These
QC steps ensure appropriate tissue quality for RNA
preservation (UBC) and help to identify false-positive
and false-negative signal. We found a good UBC
(14-150 ym?/1000 pm?) signal and a very low DapB
(0.2 um?/1000 pum?3) signal within the study cases,
indicating a good tissue and mRNA quality and low
false-positive signal in our study set (Fig. 2A).
Interestingly, we observed a 10-fold difference
between the highest and lowest UBC signal.
Therefore, we tested whether this is due to differ-
ences in mRNA quality or due to differences in the
cellularity between the samples. A good correlation
was observed between the total UBC spot area (um?)
and the total number of cells based on the DAPI sig-
nal (Spearman r = 0.81) (Fig. 2B). This became obvi-
ous with a visual assessment of the images.

Statistics

Values were displayed as mean + SD. Comparisons
between values were performed using the Mann—
Whitney test. To evaluate correlations between chro-
mogenic and IF ISH signal, Spearman’s correlation
was used. For all tests, the level of significance was
set at 0.05.

Cell Culture and Flow Cytometry

Normal donors were consented for whole blood dona-
tion. Peripheral blood mononuclear cells (PBMCs)
were isolated as described previously.™® Twelve mil-
lion cells were stimulated for 1 hr with 20 ng/ml phor-
bol 12-myristate 13-acetate (PMA) and 1 pg/ml
ionomycin or incubated for the same duration without
stimulation. Two million stimulated and unstimulated
PBMCs were then analyzed via flow cytometry for
TNF-a and IFN-y production. The stained cells were
analyzed on an FACSCalibur or AccuriCé (BD
Biosciences; San Diego, CA). All antibodies were
from BD Biosciences unless otherwise noted.
Stimulated and unstimulated PBMCs (10 million cells
in each group) were fixed in 4% paraformaldehyde at
4C for 24 hr. Stimulated PBMCs and unstimulated
PBMCs were then mixed in a ratio of 100:0, 50:50,
25:75, and 0:100. Cells were then pelleted in Histogel
(HG-4000-144; FisherScientific, Newington, NH) as
previously described by Deleage et al.™

Results

ISH Probe Validation on FFPE Cells and Tissue

TNF-o. and IFN-y were detected on human FFPE
PBMC cell blocks using IF RNAscope ISH technology
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followed by quantitative whole-slide digital image anal-
ysis (Fig. 3A). Stimulation of PBMCs led to an increased
number of TNF-a* (70.1 £ 6.6%) and IFN-y* cells (36.7
+ 1.3%) compared with PBMCs without stimulation (1.2
+ 3.1% and 0.02 + 0.03%). To further test the quantita-
tive capabilities of the assay, we mixed stimulated and
unstimulated PBMCs. As expected, the percentage of
TNF-oo mRNA* and IFN-y mRNA* cells decreased in
line with the diminishing ratios of stimulated cells
(43.8%, 18.9% and 15.2%, 4.3%; Fig. 3B). As a con-
trol, we analyzed PBMCs from the same experiment
by flow cytometry. The protein-based detection
revealed a similar trend for the TNF-a* (88.3%) and
IFN-y* (11.4%) cells after PBMC stimulation to that
seen with the ISH assay (Fig. 3C).

To examine whether the target ISH probes (TNF-a
and IFN-y) are working on human FFPE tissue, we
performed a chromogenic ISH on 2-pm-thick human
tonsil tissue sections. UBC (positive control) showed
very high expression, and the bacterial gen DapB
(negative control) had no signal. The probes of interest
showed crisp signal in scattered cells for both cyto-
kines (TNF-a. and IFN-y) while the majority of the cells
were completely negative (Fig. 3D).

Cross-validation of ISH for Chromogenic and
IF Assay in Human FFPE Transplant Kidney
Biopsies

For multiplexing assays, fluorescent visualization of
the ISH signal is preferred to chromogenic detection
for better quantification. Because the red chromo-
genic (AP) and immunofluorescent (HRP and tyra-
mide) ISH assays use different catalytic signal
amplification/detection methods, we tested how these
assays correlate. Thus, two consecutive sections
from human FFPE transplant kidney biopsies from
three patients with the diagnoses of Banff normal,
ACR, and acute-mediated rejection (AMR) were used
for chromogenic (red, AP) (on section 1) or immuno-
fluorescent (HRP, tyramide Cy3) (on section 2) ISH to
detect UBC, DapB, TNF-a, and IFN-y (Fig. 4A and B).
We observed that the very-high-abundance (UBC,
positive control), intermediate-abundance (TNF-a,
IFN-y), and very-low-abundance (DapB, negative
control) signals showed a high correlation (r = 0.96,
p<0.0001) between the chromogenic and immuno-
fluorescent ISH assays (Fig. 4C).

ISH Antigen Retrieval Is Compatible With
Indirect Inmunofluorescence

One potential caveat of combining ISH with indirect
antibody immunofluorescent staining (mIFISH assay)

is the potential alteration of tissue integrity and antigen
expression by the more aggressive antigen retrieval
for ISH. To address this question, FFPE transplant kid-
ney biopsy sections underwent either our standard
automated heat-induced antigen retrieval (Leica Bond
RX, upper panel) or manual ISH antigen retrieval (low
pH 6 + protease digestion, lower panel) and were then
stained on the Leica Bond RX automated stainer for
various antibody combinations of interest (Fig. 5 and
Table 1). We did not observe loss of tissue during the
ISH antigen retrieval process. After image acquisition
with the same exposure times, there were no apparent
differences in staining properties including signal
intensity between the two antigen retrieval methods
for any of the antibodies tested.

Application of mIFISH to Assess mRNA
Expression of TNF-o. and IFN-y by Distinct Cell
Populations

To determine whether mIFISH can be used to qualita-
tively and quantitatively assess mRNA expression and
to identify the cellular origin of the signal, human trans-
plant kidney biopsies from patients with Banff category
normal (n=4) and ACR (n=4) were analyzed.
Consecutive 2 pm tissue sections were stained with
three mIFISH 4-plex marker panels, including one
mRNA target TNF-a or IFN-y (cytokine signal), com-
bined with CD45 (marker of leukocytes), CK-AE1/AE3
and Lotus (marker of tubular epithelial cells), and DAPI
as a nuclear counterstain. A second mIFISH 4-plex
panel consisted of one mRNA target TNF-o,, CD34 (for
endothelial cells), synaptopodin (podocyte marker),
and DAPI as a nuclear counterstain. A third panel was
made up of detecting IFN-y mRNA besides CD4 (CD4*
T-cells), CD8 (cytotoxic T-cells), and DAPI for nuclear
counterstain (Fig. 6A and E).

To assess the cell phenotype and the expression
level of cytokines of interest in kidney transplant biop-
sies, whole-slide digital image analysis was performed
using Definiens Tissue Studio IF. Patients with ACR
showed more CD45" infiltrating cells compared with
samples with no rejection (p=0.028; Fig. 6B). As
expected, more TNF-o. mRNA signal was seen in ACR
than in normal kidneys (p=0.028; Fig. 6C). Interestingly,
multiparameter analysis revealed that in normal kid-
neys the majority of TNF-a was produced by tubular
epithelial cells as opposed to those of ACR (Fig. 6D).
No TNF-a signal was seen in endothelial cells and
podocytes in normal cases, whereas in ACR rare TNF-
o signal was present in podocytes and also in a few
endothelial cells (Fig. 6A). IFN-y was upregulated in
ACR compared with normal kidney biopsies (p=0.028,
data not shown). In ACR samples, IFN-y was mainly
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Figure 3. Probe validation on FFPE cells and tissue. PBMCs were either stimulated (PMA 500 ng/mL, ionomycin | pg/mL for 4 hr) or not
stimulated. (A) ISH was performed on FFPE PBMC cell blocks with a ratio of 100:0, 50:50, 25:75, and 0:100 of stimulated to unstimulated
PBMCs. Representative microphotographs: after stimulation, the TNF-o. ISH signal was very strong and formed clusters with a cytoplasmic-
like signal. Scale bar = 20 pm. Therefore, (B) ISH signal was quantified and expressed as the percentage of TNF-a." and IFN-y* cells. The
percentage of TNF-o" and IFN-y* cells decreased with the decreased ratios of stimulated to unstimulated PBMCs. (C) Stimulated and
unstimulated PBMCs were analyzed by flow cytometry for TNF-a and IFN-y; stimulation leads to increased number of TNF-o* and IFN-y*
cells. (D) ISH assay validation on human FFPE tonsil tissue and chromogenic ISH for UBC, DapB, TNF-a, and IFN-y were performed on
2-pum-thick human FFPE tonsil sections. UBC (positive control) has a high-abundance signal, whereas no signal for the bacterial gen DapB was
observed in human FFPE tonsil tissue. Besides cells with low mRNA expression of TNF-o and IFN-y, we also observed cells with high amount
of mRNA signal (black box) in the tonsil. Scale bar = 50um. Abbreviations: FFPE, formalin-fixed paraffin-embedded; IFN-y, interferon-y; ISH,
in situ hybridization; PBMCs, peripheral blood mononuclear cells; PMA, phorbol 12-myristate |3-acetate; TNF-o, tumor necrosis factor-o.
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Figure 4. Cross-validation of ISH for chromogenic and IF assay in human FFPE transplant kidney biopsies. Six-month FFPE transplant
kidney protocol biopsies (n=3) were cut into 2-um-thick sections. (A) Either chromogenic ISH (scale bar = 50 pm) or (B) IF ISH was
performed on two consecutive sections of each case for UBC, DapB, TNF-q, and IFN-y (scale bar = 20 pm). Whole-slide scans were
acquired on Aperio Scanner (chromogenic) and Zeiss AxioScanner (IF); digital image analysis was performed with Definiens Tissue
Studio (ISH spot area in pm?/ 1000 pm?). (C) ISH signal for the chromogenic (x-axis) and immunofluorescent (y-axis) assay for high-
abundance signal (UBC, positive control), intermediate-abundance signal (TNF-a, IFN-y), and very-low-abundance signal (DapB, nega-
tive control) shows a high correlation (r = 0.96, p<0.0001) between the chromogenic and immunofluorescent ISH assay. For better
visual presentation, data are presented as log|0. Abbreviations: FFPE, formalin-fixed paraffin-embedded; IF, immunofluorescence; IFN-y,
interferon-y; ISH, in situ hybridization; TNF-c., tumor necrosis factor-o.

produced by CD45" leukocytes (p=0.028; Fig. 6F).
mIFISH allowed classifying CD45* cells into CD4* and
CD8* T-subtypes and showed that cases with ACR
had more CD4* and CD8" infiltrating T-cells compared
with normal cases (p=0.028; Fig. 6G) and also that
CD4* T-cells were the predominant T-cell subset in
ACR (p=0.028; Fig. 6G). This analysis also revealed
that CD4+* and CD8* T-cells produced comparable
amount of IFN-y mRNA during ACR (Fig. 6H). In addi-
tion, 5% to 15% of CD4* T-cells were CD4*IFN-y* dou-
ble-positive effector Th1 T-cells, whereas 10% to 23%

were CD8*IFN-y* double-positive cytotoxic effector
T-cells (Fig. 61).

Quantitative Assessment of Cytokine-producing
CD45" Cells Within Tubules (Tubulitis) on
mlFISH Images

In the Banff schema, the grade of tubulitis is
assessed semiquantitatively on standard hematoxy-
lin and eosin—stained sections (Fig. 7A). Here, we
used whole-slide digital images of an mIFISH panel
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Standard IF AgRT

Modified ISH AgRT

Figure 5. Compatibility of indirect immunofluorescence staining with ISH antigen retrieval. Two consecutive 2-um-thick sections of
human FFPE kidney biopsies underwent either standard heat-induced antigen retrieval pH 6 or 9, as applicable (Leica Bond RX, upper
panel), or modified ISH antigen retrieval (pH 6 + protease, lower panel) and were then stained with one to two primary antibodies.
The signal was visualized with an indirect immunofluorescence detection method. (A) Immune/structural marker (CD45/CK.AEIAE3.
Lotus), (B) T-cell marker (CD4/CD8), (C) structural marker (CD34/Synaptopodin), and (D) T-cell marker (CD3). No major differences
between the two antigen retrieval methods were observed. Scale bar = 20 um. Abbreviations: FFPE, formalin-fixed paraffin-embedded;

ISH, in situ hybridization.

with TNF-o or IFN-y (cytokine), combined with CD45
(leucocytes), CK-AE1/AE3 and Lotus (tubular epi-
thelial cells), and DAPI as a nuclear counterstain to
quantitatively assess tubulitis in eight biopsies with
Banff normal (n=4; t0) and ACR diagnostic catego-
ries (n=3; 12 and n=1; t3). The image analysis strat-
egy, as described above, allowed detection and
precise quantification of CD45" cells infiltrating the
tubular structures (Fig. 7B). The “QTS” represents
the average number of proximal tubule infiltrating
leukocytes per 100 tubular epithelial cells on a whole
section (see “Material and Methods” section). The
QTS analysis revealed that two biopsies that were
reported as normal (Banff t0) had one to two
CD45; s Cells per 100 tubular cells (QTS 1 and 2).
The ACR cases diagnosed with Banff t2 and t3 had
significantly higher QTS values (9-34 CD45;, i<
cells per 100 tubular cells) compared with normal
kidney biopsies (p=0.028; Fig. 7C). Additional multi-
parameter image analysis revealed that TNF-o and
IFN-y mBNA was not only produced by tubular infil-
trating CD45" in the QTS 9-34 biopsies (Banff t2
and t3) but also in the two QTS 1 and 2 biopsies
(Banff t0) (Fig. 7B and D).

mlFISH Helps to Visualize the Spatial Context
of Immune Microenvironment

In vitro experiments showed that IFN-y induces TNF-
oo MRNA production and directly induces CXCL9 and
CXCL10 mRNA production.' ' Therefore, we wanted
to examine the spatial relationship between IFN-y,
TNF-a, and CXCL10 in human FFPE transplant kid-
ney biopsies with ACR with a custom-made duplex
RNAscope assay. However, first we analyzed stimu-
lated FFPE PBMCs which showed various combina-
tions of expression patterns with IFN-y*TNF-a,
IFN-y"TNF-a*, and double-positive IFN-y*"TNF-a*
mRNA, whereas unstimulated PBMCs revealed no
IFN-y or TNF-a signal (Fig. 8). In FFPE kidney trans-
plant biopsies, we observed that IFN-y and TNF-a
MRNA appears in clusters throughout biopsy in ACR.
Interestingly, CD4*IFN-y* cells appeared to be asso-
ciated with TNF-a mRNA signal in surrounding CD4*
T-cells. (Fig. 9A). Furthermore, we also observed
individual cells with an IFN-y*TNF-a* phenotype,
although this was a rare event.

For IFN-y and CXCL10, an overall similar signal dis-
tribution, albeit with much higher CXCL10 mRNA
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Figure 6. Application of mIFISH to qualitatively and quantitatively assess mRNA expression by distinct cell populations. (A) Representative
microphotographs of mIFISH assay showing TNF-a. mRNA expression (orange channel), CD45 (red channel), and CK.AEIAE3.Lotus
(green channel, upper panel) and TNF-o. mMRNA expression (orange channel), CD34 (red channel), and synaptopodin (green channel,
lower panel). (B) CD45" cell count on a whole-slide FFPE kidney transplant biopsy in normal (n=4) and ACR (n=4) cases. Each dot
represents CD45" cell count per 1000 pm? (C) TNF-a. mRNA expression on whole-slide FFPE kidney transplant biopsies. Each dot
represents the TNF-o. mRNA expression in a whole slide expressed as spot area pm? 1000 pm?. (D) Origin of TNF-oc. mMRNA expression
subclassified by immune cell (CD45%) and tubular cell compartment (CK.AEIAE3.Lotus"). *=0.02; ns, not significant. (E) Representative
microphotographs of mIFISH assay showing IFN-y mRNA expression (orange channel), CD45 (red channel), and CK.AEI AE3.Lotus (green
channel, upper panel) and IFN-y mRNA expression (orange channel), CD4 (red channel), and CD8 (green channel, lower panel). (F) Origin
of IFN-y mRNA expression subclassified by immune cell (CD45*%) and tubular cell compartment (CK.AEIAE3.Lotus"). ¥p=0.02; ns, not
significant. (G) CD4* and CD8" cell count on a whole-slide FFPE kidney transplant biopsy in normal (n=4) and ACR (n=4) cases. Each dot
represents CD4" and CD8" cell count per 1000 pm?Z (H) Origin of IFN-y mRNA expression subclassified by CD4* and CD8* T-cells. Each
dot represents the IFN-y mRNA expression in a whole slide expressed as spot area pm?1000 um?. (I) Percentage of IFN-y* cells in the
CD4" and CD8" T-cell population. ¥p=0.02; ns, not significant. Scale bar = 20 um. Abbreviations: ACR, acute cellular rejection; mIFISH,
multiplex immunofluorescence and in situ hybridization; IFN-y, interferon-y; TNF-a, tumor necrosis factor-a.
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Figure 7. Possible application of mIFISH to quantitatively assess tubular infiltrating CD45" cells and their TNF-o. and IFN-y mRNA
expression in transplant kidney biopsies. (A) H&E of kidney transplant biopsies with ACR (Banff t3, top) and normal, no signs of rejec-
tion (Banff t0, bottom) as diagnostic category; black arrows indicate leukocytes causing tubulitis. Scale bar = 50um. (B) mIFISH panel to
detect TNF-ao mRNA expression in CD45" cells that cause tubulitis (white arrows) in ACR (Banff t3, top) and normal (Banff t0, bottom)
kidney transplant biopsies. (C) Quantitative assessment of CD45* cells infiltrating the tubules with the new developed “quantitative
tubulitis score” in ACR and normal kidney transplant biopsies. (D) Quantification of CD45;, ., cells (tubular infiltrating leukocytes) that

express TNF-o and IFN-y in ACR and normal kidney transplant biopsies. ¥p=0.02; ns, not significant. Scale bar = 20um. Abbreviations:
ACR, acute cellular rejection; IFN-y, interferon-y; mIFISH, multiplex immunofluorescence and in situ hybridization; TNF-c, tumor

necrosis factor-o.

signal, was observed (Fig. 9B). Interestingly, CXCL10
was expressed in such high amounts that the signal
formed clusters and had a “cytoplasmic™like staining
pattern with only few CD3*IFN-y* cells surrounded by
many CXCL10 mRNA signal dots. Higher magnifica-
tion indicated that both CD3*" and CD3- cells produce
CXCL10.

Discussion

The elusive nature of precise in situ assessment of
immunological processes in kidney transplant biop-
sies is one of the major impediments to improve diag-
nostics. Development of highly sensitive technologies
to characterize individual cells and their proinflamma-
tory cytokine profiles in situ in FFPE tissues is the first
step toward successful studies to interrogate immuno-
logical events in human transplant pathology. Herein

we show that the mIFISH assay can identify and quan-
tify the cellular source of cytokines (e.g., TNF-o. and
IFN-y) in situ in FFPE transplant kidney biopsies. In
contrast to chromogenic RNAscope technologies, the
mIFISH assay can identify the source of the ISH signal
at single-cell resolution.™ In combination with whole-
slide scanning and digital image analysis, the mIFISH
assay allows to address biologically relevant questions
in the field of transplant pathology.

The first step for assay development was to validate
the probes of interest for mIFISH. PBMCs were used to
compare the percentage of TNF-a* and IFN-y* cells
using flow cytometry (protein) and ISH (mRNA). The
percentage of TNF-o* cells in the two assays was com-
parable. However, differences in the percentage of IFN-
v+ cells between the two assays (MRNA vs protein)
were noted after stimulation, which could be attributed
to posttranscriptional control of the IFN-y protein.”
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Stimulated PBMCs

Unstimulated PBMCs

Figure 8. Identification of double-positive TNF-o." and IFN-y* cells in stimulated PBMCs. Representative microphotographs of TNF-o
(yellow) and IFN-y (red) ISH on stimulated (upper panel) and non-stimulated (lower panel) FFPE PBMCs with a custom-made duplex
RNAscope assay with two HRP endpoints. Yellow box highlights a single TNFa*™ cell, red box highlights a single IFN-y* cell, and white
box highlights a TNF-a."IFN-y* double-positive cell. Scale bar = 20um. Abbreviations: FFPE, formalin-fixed paraffin-embedded; HRP,
horseradish peroxidase; IFN-y, interferon-y; ISH, in situ hybridization; PBMCs, peripheral blood mononuclear cells; TNF-a, tumor

necrosis factor-a.

Fluorescent visualization of the signal in the mIFISH
assay is quintessential for precise quantification.
Cross-validation of the fluorescent platform against
chromogenic detection yielded high correlation
between the two ISH assays in human FFPE tissues.
Yet, combining indirect IF with ISH (i.e., mIFISH assay)
could potentially be hindered by impediment of tissue
integrity and altered antigenicity by the more aggres-
sive antigen retrieval protocol required for the ISH arm
of the assay. We compared our standard antigen
retrieval method with the modified ISH antigen retrieval
and observed no loss of tissue or deterioration of sig-
nal intensity with the ISH antigen retrieval process.
Therefore, we concluded that ISH can be used for the
antigens tested in combination with immunofluores-
cent microscopy for the mIFISH assay.

In this study, we used the mIFISH assay to enumer-
ate and subtype the CD45* immune cells infiltrating
the kidney allogratft in situ. With multiparameter IF phe-
notyping, we were also able to identify the cellular

source of two cytokines (TNF-a and IFN-y) produced
by both immune and non-immune cells. Further sub-
classification of the immune cells, for example, to dis-
tinguish between INF-y*CD4* and INF-y*CD8* T-cells
is also feasible on serial sections.

The mIFISH assay also enables assessment of the
cytokine production in spatial context. We introduced a
protocol to detect and quantitate tubulitis in kidney
transplant biopsies and to define subsets of the CD45*
cells within the tubules with TNF-o. and IFN-y signals.
In some biopsies reported as Banff t0 indicating lack of
tubulitis based on standard histopathological assess-
ment, CD45" cells were identified within tubules fea-
turing cytokine production. Furthermore, the 3-plex
mIFISH assay can also be used to detect two mRNA
molecules with one additional phenotypical marker.
Previous in vitro studies showed that IFN-y induces
TNF-a mRNA production and directly induces CXCL9
and CXCL10 mRNA production.'®'® Here, we used the
mIFISH technology to show in kidney transplant
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A

Figure 9. ldentification of coexpression and relationship between IFN-y and TNF-o/CXCLI10 in ACR transplant kidney biopsy. (A)
Representative microphotographs of 4-plex mIFISH assay consisting of two mRNA signals (TNF-a,, red; IFN-y, yellow) and one pheno-
typical marker (CD4, green) and DAPI as nuclear counterstain in FFPE kidney transplant biopsy with ACR. (B) Representative micro-
photographs of 4-plex mIFISH assay consisting of two mRNA signals (CXCLI0, red; IFN-y, yellow) and one phenotypical marker (CD3,
green) and DAPI as nuclear counterstain in FFPE kidney transplant biopsy with acute cellular rejection. Upper scale bar = 100 pm, lower
scale bar = 20 pm. Abbreviations: ACR, acute cellular rejection; DAPI, 4’,6-diamidino-2-phenylindole; FFPE, formalin-fixed paraffin-
embedded; IFN-y, interferon-y; mIFISH, multiplex immunofluorescence and in situ hybridization; TNF-o, tumor necrosis factor-o.

biopsies that IFN-y and TNF-oo mRNA and IFN-y and  areas, suggesting perhaps that INF-y might be a very
CXCL10 mRNA signals are often colocalized in the potent inducer of CXCL10 production.

biopsies of patients with ACR. Prominent CXCL10 Although the RNAscope technology is highly sensi-
expression was readily appreciated in the biopsies tive," precise quantification of the signal on the
with only a few INF-y*CD3* cells in the surrounding mIFISH assay proved to be challenging. Small
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punctate ISH signals can merge into larger clusters
both on the chromogenic and on the fluorescent plat-
forms, making in situ mMRNA quantification based on
counting the dots highly unreliable. Therefore, we rec-
ommend measuring the ISH signal based on area
metrics, with the ISH signal area being the numerator
and the tissue or cell area being the denominator.
Additional problem that we encountered for automated
ISH signal quantification was the strong nonspecific
signal stemming from tubular casts both on the chro-
mogenic and on the fluorescent platforms. The false-
positive signals from the casts had to be corrected
manually on each image.

Chromogenic ISH assays have been used in com-
bination with IHC in the past for quantitative assess-
ment of the mRNA signal in various cell types.
However, the main disadvantage of this approach is
that the chromogenic ISH and IHC signals interfere,
making reliable quantification of either signal difficult
and the spatial resolution suboptimal.’®'8 To bypass
this problem, we developed a multiplexed fluores-
cent-based assay (mIFISH) for both mRNA detection
and phenotypical characterization of the cells in
FFPE tissues. We show that with the mIFISH assay
the cellular source of the cytokines (e.g., TNF-a and
IFN-y) can be identified in transplant kidney biopsies
at single-cell resolution, and both the ISH and IF sig-
nals can be quantified. Precise quantification of the
signal requires strict standardization of the protocol,
including fixed exposure times for scanning for each
marker and verification of satisfactory mRNA preser-
vation in the tissues by applying positive ISH controls
as also shown in our previous work.' Furthermore,
with the mIFISH assay, information on the spatial
context of the cytokine-producing cells can be
acquired and analyzed. Such information may help to
improve the in situ assessment of the immunological
processes in kidney transplants and other organ
transplants where similar rejection mechanisms
apply and may eventually contribute to improved
diagnostics and patient care.
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