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Summary

Highly multiplexed protein and RNA in situ detection on a single tissue section concurrently is highly desirable for both
basic and applied biomedical research. CO-detection by inDEXing (CODEX) is a new and powerful platform to visualize
up to 60 protein biomarkers in situ, and RNAscope in situ hybridization (RNAscope) is a novel RNA detection system
with high sensitivity and unprecedent specificity at a single-cell level. Nevertheless, to our knowledge, the combination of
CODEX and RNAscope remained unreported until this study. Here, we report a simple and reproducible combination of
CODEX and RNAscope. We also determined the cross-reactivities of CODEX anti-human antibodies to rhesus macaques,

a widely used animal model of human disease. (] Histochem Cytochem 70: 571-581, 2022)
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Introduction

Highly multiplexed protein in situ detection (HMPISD)
on a single tissue section at subcellular resolution is a
powerful new technology to visualize and quantify pro-
teins in their native tissue microenvironment with spa-
tial context.'® The HMPISD technologies have been
wildly used in basic and applied biological research.
The HMPISD has also been used in cancer biology to
explore the complex immune landscapes and tumor
microenvironment’3~7 and in the study of pathogene-
sis of autoimmune disease.? Several strategies and
platforms of HMPISD have been developed and uti-
lized including (1) Time-of-flight Mass Spectrometry
based platforms of Imagine Mass Cytometry (IMC)%1°
and Multiplexed lon Beam Imaging (MIBI).":'2 Both
methods combined metal-labeled antibody immunos-
taining, ultraviolet (UV) laser ablation in IMC or ion
beam gun ablation in MIBI, and CyTOF mass cytome-
try; (2) iterative fluorescent-conjugated antibody
staining, imaging, and removing antibody or inactivat-
ing fluorophores, for example, MultiOmyx'3-'5 and the

tissue-based CyClic Immunofluorescence'®'”; and (3)
DNA-barcoded antibody platforms, for example, the
Immunostaining with Signal Amplification by Exchange
Reaction (Immuno-SABER)'®'® and CO-detection by
inDEXing (CODEX). In Immuno-SABER, tissue tar-
get proteins are first bound with a panel of DNA-
conjugated antibodies, followed by multiple rounds
of hybridizing with corresponding concatemer DNA
and fluorescent-DNA, imaging, and removing the
fluorophores. CODEX is a new and powerful platform,
of which multiple epitopes are first bound with a panel
of barcoded-oligonucleotide-conjugated antibodies
followed by multiple cycles of adding corresponding fluo-
rescently labeled—oligonucleotide probes, imaging, and
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removing fluorescently labeled—oligonucleotide probes
to visualize up to 60 protein biomarkers in situ.682°
While the prototype CODEX using dNTP analogs plus
DNA polymerase primer extension to amplify signal of
DNA barcode conjugated to antibody? the current
CODEX uses chaotropic solvents to facilitate sequential
room temperature annealing and stripping process with-
out polymerase reaction.® Compared with other HMPISD
methods, CODEX enlarges multiplexing ability,32°
increases detection resolution to subcellular level,’ pre-
serves tissue architecture, and reduces experiment dura-
tion through single staining procedure.! Simultaneous
visualization of spatially resolved and highly multiplexed
proteins and RNA in situ is highly desirable for both
basic and applied biomedical research.?'>> RNAscope
in situ hybridization (RNAscope) from the Advanced
Cell Diagnostics (ACD) is a novel RNA detection sys-
tem with high sensitivity and unprecedent specificity at
a single-cell level.’2% Nevertheless, RNAscope and
CODEX involve complex chemical and physical proce-
dures. To our knowledge, the combination of CODEX
and RNAscope (Comb-CODEX-RNAscope) remained
unknown until this study.

In this study, we tested various methods of combi-
nation and found a simple and reproducible approach
of CODEX first and RNAscope second (Comb-
CODEX-RNAscope) to visualize highly multiplexed
proteins and RNA simultaneously in a single tissue
section. Moreover, current HMPISD platforms includ-
ing CODEX are designed for human sample detection
using anti-human antibodies. Non-human primates
(NHP) evolutionally, anatomically, and physiologically
are the closest species to humans and are regarded
as one of the best animal models of many human dis-
eases. We therefore determined the cross-reactivities
of CODEX anti-human antibodies to rhesus macaques,
which are the most widely used NHP to model human
diseases including HIV.2425

Materials and Methods

Rhesus Macaque Tissues

Archived fixed lymph node and rectum tissues from
adult rhesus macaques infected with SIVmac251 from
our previous reported studies, which were reviewed
and approved by the Institutional Animal Care and Use
Committee at the University of Nebraska—Lincoln, were
used.?6?” Rhesus macaques were intra-rectally inocu-
lated with SIVmac251 (3.1 x 10* TCID,,) and were
euthanized at different days post-inoculation, and rhe-
sus macaques without virus inoculation served as
uninfected controls. Lymph node and rectal tissues
were fixed with SafeFix Il (cat. no. 23-042600, Fisher

Scientific, Waltham, MA, USA), 4% paraformaldehyde
or neutral-buffered formalin and embedded with paraffin.

Antibody-oligonucleotide Conjugation

The major materials and reagents used in these
experiments are listed in Supplemental Table 1. To find
a rhesus macaque reactive CD3 antibody for CODEX,
an anti-human CD3 antibody in a carrier-free phos-
phate-buffered saline (PBS) solution (clone no. SP162,
cat. no. ab245731, Abcam, Boston, MA, USA) was
conjugated with the barcode-oligonucleotide (cat. no.
5350002, Akoya Biosciences, Menlo Park, CA, USA)
using CODEX conjugation kit (cat. no. 7000009, Akoya
Biosciences, Menlo Park, CA, USA) following CODEX
conjugation manual.

CODEX Immunostaining

CODEX immunostaining was performed according to
CODEX wuser manual and previously published
method.?° Six-um tissue sections were cut using Leica
RM2235 rotary microtome and mounted to poly-lysine-
coated coverslips. The following steps were performed
in six-well tissue culture plate. Tissue-coverslips were
deparaffinized by sequentially heating on a hotplate at
60C for 1 hr and immersed in xylene for 5 min twice and
rehydrated with gradually decreased concentration of
ethanol and diethylpyrocarbonate (DEPC) water. The
CODEX pretreament was performed in a high-pressure
cooker (Decloaking Chamber, Biocare Medical,
Pacheco, CA, USA) for 20 min at high-pressure or hot-
plate (Cat# SP88857104, Thermo Fisher, Waltham,
MA, USA) boiling for 20 min, of which the tissue-cover-
slips in the coverslip staining rack (PN no. 72240,
Electron Microscopy Science, Hatfield, PA, USA) were
immersed in citrate buffer (pH 6, Millipore 21545, Sigma-
Aldrich, Burlington, MA, USA) in 50 ml glass beaker.
After the pretreatment, the tissue-coverslips were
stained with a cocktail of DNA-barcoded antibodies for
3 hr at room temperature. After washing in PBS 3 times,
2 min each to remove unbound antibodies, the tissue-
coverslips were post-fixed with 1.6% paraformaldehyde
(PFA) for 10 min at room temperature, washed, post-
fixed with ice-cold methanal for 5 min and washed. The
tissue-coverslips then could be stored in the storage
buffer for 5 days at 4C or immediately loaded into
CODEX instrument (Akoyo Biosciences, Menlo Park,
CA, USA) for multiple cycle immunostaining. The CODEX
fluidics and Keyence microscope was set up using
CODEX instrument manager software and Keyence
software according to the manufacturer’s protocol.
The master mix of fluorescently labeled—oligonucleotide
probes (fluorescent-reporters) that corresponded to
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DNA-barcoded antibodies for multiple cycle immunos-
taining was prepared in a 96-well plate according to
CODEX manual. Each cycle of CODEX immunostain-
ing consisted of three steps of adding nuclear staining
4',6-diamidino-2-phenylindole (DAPI); Atto550-, Cy5-,
and Cy7-fluorescent-reporters; imaging; and removing
fluorescent-reporters. Two blank cycles (only DAPI
nuclear stain without any fluorescent-reporters) were
ran for evaluating the level of autofluorescence and sub-
tracting background using CODEX processor software.

RNAscope

RNAscope was performed according to the manu-
facturer’'s protocol and our previously published
method?82° with slight modifications. All the proce-
dures including deparaffinization, hydration, and pre-
treatment were conducted to minimize RNase
contamination. The tissue-coverslips were deparaf-
finized and rehydrated as described in the CODEX
section above. The RNAscope pretreament included
(1) incubation of tissue-coverslips in 3% hydrogen
peroxide for 10 min at room temperature, (2) after
washing in mili-water (2700PRD, Aqua Solution,
Deer Park, TX, USA), the tissue-coverslips were
subjected to antigen retrieval by boiling for 15 min in
RNAscope Target Retrieval Reagent solution (cat. no.
322000, ACD, Farmington, UT, USA) in a 50 ml glass
beaker on hotplate to undo the cross-linking, and (3)
treatment with RNAscope Protease Plus (cat. no.
322330, ACD, Farmington, UT, USA) at 40°C for 20 min.
After the pretreatment, tissue-coverslips were hybrid-
ized with RNAscope Probe-SIVmac239 (antisense,
cat. no. 312811, ACD, Farmington, UT, USA) at 40°C
for 2 hr. The signals were amplified and detected
with RNAscope 2.5 HD assay-RED kit (cat. no.
322360, ACD, Farmington, UT, USA), where the
fast red can be visualized both in regular light and
in far-red fluorescent channel in CODEX instru-
ment. The RNAscope negative control probe-DapB
(cat. no. 310043, ACD, Farmington, UT, USA) was
used as negative control.

Combination of CODEX Immunostaining With
RNAscope

Two different combination methods, RNAscope and
subsequent CODEX as well as CODEX and subse-
quent RNAscope, were tested. For RNAscope and
subsequent CODEX approach, tissue deparaffiniza-
tion, hydration, RNAscope pretreatment, probe
hybridization, signal amplification, and development
were conducted by following the single RNAscope

protocol as described above. After completion of the
RNAscope, tissue-coverslip underwent CODEX pre-
treatment as described above by following single
CODEX protocol. For the CODEX and subsequent
RNAscope approach, two protocols were tested. For
the first protocol, CODEX was conducted by following
the single CODEX protocol as described above. After
the completion of last cycle of CODEX, the tissue-
coverslip was removed from the CODEX instrument
and continued with the single RNAscope procedure
from 3% hydrogen peroxide incubation step on
(Supplemental Fig. 2). For the second protocol,
we combined the pretreatments of CODEX and
RNAscope together at the beginning of the experi-
ment (Fig. 3). The tissue-coverslips were deparaf-
finized, hydrated, and pretreated with 3% hydrogen
peroxide for 10 min at room temperature, either
citrate buffer (pH 6, ipore 21545, Sigma-Aldrich,
Burlington, MA, USA) or RNAscope Target Retrieval
Reagent solution (cat. no. 322000, ACD, Farmington,
Utah, USA) in a 50 ml glass beaker on hotplate to
boil for 15 min, and RNAscope Protease Plus (cat.
no. 322330, ACD, Farmington, UT, USA) at 40C for
20 min. After the pretreament, the tissue-coverslips
were stained with a cocktail of DNA-barcoded anti-
bodies by following the single CODEX protocol as
described above. After the completion of the CODEX,
tissue-coverslip underwent RNAscope procedure as
described above by following single RNAscope pro-
tocol without RNAscope pretreament. After the com-
pletion of RNAscope procedure, the tissue-coverslip
was stained with DAPI (1:2000) for 5 min at room
temperature, washed, and loaded into the CODEX
instrument for capturing RNAscope fluorescent
image. To integrate RNAscope image to CODEX
images, Keyence microscope was set using Keyence
software as described above and a new blank cycle
was added, where Cy5-channel was assigned to
RNAscope. After capturing the RNAscope fluores-
cent image, image data were transferred into the
CODEX file location, where raw data of CODEX plus
RNAscope were processed by CODEX processor
software.

Results

Determine the Cross-reactivities of CODEX
Anti-human Antibodies to Rhesus Macaques

To determine the cross-reactivities of CODEX anti-
human antibodies to rhesus macaques, a panel of
DNA-barcoded anti-human antibodies from the
Akoya Biosciences was tested in various fixative-fixed
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Table |. The Cross-reactivities of CODEX Anti-human DNA-barcoded-antibodies From Akoya to Rhesus Macaques.

Antibody Clone no. Cross-reactivity to Rhesus Macaque
CDI07a H4A3 +
CDllc Al18/A5 -
CDIl4 EPR3653 -
CD20 L26 +
CD21 EP3093 +
CD31 EP3095 +
CD3e EP449E -
CD4 EPR6855 +
CD44 156-3C1 | -
CD45 D9M8I +
CD45R0 UCHLI -
CDIIb EP1345Y +
CDé68 KPI +
CD8 C8/144B -
CollagenlV EPR20966 +
E-Cadherin 4A2C7 -
Granzyme B D6ESYW +
HLA-DR EPR3692 +
Pan-Cytokeratin AEI/AE3 -
IDO-I VINC3IDO +
Vimentin O91D3 +
CD57 HNK-I -
CD34 QBEND/I10 -
Ki67 B56 +

Abbreviation: CODEX, CO-detection by inDEXing.

(SafeFixll, 4% Paraformaldehyde, neutral-buffered for-
malin) and paraffin-embedded lymph node tissues of
rhesus macaques who were infected with simian immu-
nodeficiency virus (SIV). We found 13 out of 24 CODEX
anti-human antibodies from Akoya were reactive spe-
cifically with rhesus macaques (Table 1 and Fig. 1).
The DNA-barcoded anti-human CD3 antibody from
Akoya (CD3e, clone no. EP449E) did not react with
rhesus macaque tissues. We therefore conjugated
another anti-human CD3 antibody (SP162, cat. no.
ab245731, Abcam, Boston, MA, USA) with a DNA-
barcoded oligonucleotide (cat. no. 5350002, Akoya) by
following the conjugating kit manual (cat. no. 7000009,
Akoya). After verifying the size of antibody after conju-
gation was correct through protein gel electrophoresis,
the conjugated CD3 antibody was tested using CODEX.
It worked well for rhesus macaque tissues, where CD3
signals were clearly separated from CD20 signals and
partially colocalized with CD4 signals and primarily dis-
tributed in T-cell zone of lymph node tissues (Fig. 2).
The specificity of antibody detection was confirmed
with isotypes control antibodies, where there were no
detectable signals (data not shown).

The Combination of CODEX Immunostaining
With RNAscope

After identifying rhesus macaque compatible anti-
bodies, we selected a subset of them that are impor-
tant for SIV immunopathogenesis to test various
methods of combining CODEX with RNAscope. Two
different orders of combination, RNAscope and sub-
sequent CODEX as well as CODEX and subsequent
RNAscope, were tested. All the procedures including
deparaffinization, tissue hydration, and antigen
retrieval were conducted to minimize RNase contam-
ination. RNAscope and subsequent CODEX method
significantly induced nonspecific signals and reduced
the specific signals of CODEX (Supplemental Fig. 1).
This combination led to unaccepted low signal-
noise-ratio (SNR) of CODEX as compared with a
single CODEX, although RNAscope signals main-
tained before and after CODEX (data not shown). We
reasoned that complexed process of RNAscope pro-
cedure may damage some epitopes of CODEX target
proteins. Furthermore, RNAscope fluorescent signal
is hard to be removed during the CODEX cyclic
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Figure |. The cross-reactivities of 24 DNA-barcoded anti-human antibodies from Akoya to rhesus macaques using CODEX.
(A) Overview image of lymph node tissue from a rhesus macaque infected with SIVmac251 (Rh4979, 10 dpi), showing CD4 (red), CD20
(green), DAPI (blue), and CD31 (yellow). Scale bar equals 1000 microns. (B) The boxed area in A was zoomed to show DAPI (blue), CD4
(red), CD20 (green), CD68 (magenta), Collagen (cyan), HLA-DR (white), and CD31 (yellow). Scale bar equals 200 microns. (C) The
boxed area in B was zoomed. Scale bar equals 50 microns. (D) Individual channel image showing |3 cross-reactive anti-human antibodies
to rhesus macaque. Scale bar equals 50 microns. Abbreviations: CODEX, CO-detection by indexing; DAPI, 4',6-diamidino-2-phenylindole.

fluorescent detection, which overlaps and interferes
with the subsequent fluorescent channel in CODEX.
As RNAscope and subsequent CODEX approach
could not get satisfying results, next efforts were
focused on the approach of CODEX and subsequent
RNAscope. When following the protocol of single
CODEX and single RNAscope sequentially, RNA
scope signals could not be consistently detected,
although CODEX signal detection worked well. It was
plausible that some steps of CODEX including the
antigen-retrieval step might impair RNAscope signal
detection. It was tested and excluded the impact of
number of cycles of CODEX on the RNAscope signal
detection by comparing single cycle versus multiple

cycles of CODEX immunostaining. The impact of
RNase contamination of CODEX fluidics instrument
was further excluded by adding CODEX fluidics
washing step into a single RNAscope procedure. The
washing with CODEX fluidics did not affect RNAscope
signal detection. It was narrowed down that the source
of inconsistent RNAscope signal detection was in the
antigen-retrieval step using a high-pressure cooker
(Decloaking Chamber, Biocare Medical). An alterna-
tive method for antigen retrieval using 50 ml glass
beaker on a hotplate (SP88857104, Thermo Fisher,
Waltham, MA, USA) was tested, where the coverslips
with tissue sections were placed in the coverslip
staining rack (PN no. 72240, Electron Microscopy
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Figure 2. The validation of a home conjugated anti-human CD3 antibody (SP162, cat. no. ab24573 1, Abcam) with a DNA barcode
using CODEX. (A) Overview image of lymph node tissue from a rhesus macaque infected with SIVmac251 (Rh4979, 10 dpi). Scale
bar equals 200 microns. (B) The boxed area in A was zoomed. Scale bar equals 50 microns. (C~F) Individual channel image of
antibodies, showing CD3, CD20, CD4, and DAPI. Scale bar equals 50 microns. Abbreviations: CODEX, CO-detection by indexing;

DAPI, 4',6-diamidino-2-phenylindole.

Science, Hatfield, PA, USA) and immersed in boiling
citrate buffer (pH 6, Millipore 21545, Sigma-Aldrich,
Burlington, MA, USA) for 20 min. This method is sim-
ple and easy to eliminate potential RNase contami-
nation by pre-baking the glass beaker and coverslip
staining rack covered with aluminum foil at 300°C
for 6 hr. The developed CODEX and subsequent
RNAscope approach with hotplate antigen retrieval is
simple and reproducible for both highly multiplexed
protein and RNA detections for SafeFixll, 4% PFA, and
neutral-buffered formalin fixed and paraffin-embedded
tissues (Supplemental Fig. 2). SIV viral RNA (vVRNA)
signals from RNAscope (Supplemental Fig. 3B and C)
in addition to CD3, CD4 CD68, CD20, CD21, CD31,
HLA-DR, Ki67, and DAPI from CODEX (Supplemental
Fig. 3D to L) are specific and intense enabling down-
stream spatial analyses. To simplify the CODEX and
subsequent RNAscope protocol described above, we
tested if it is possible to combine all the pretreatments
for CODEX and RNAscope together at the beginning
of the experiment (Comb-CODEX-RNAscope; Fig. 3).
It worked very well and all the signals from CODEX and
RNAscope were as clear as separate pretreatments
(Fig. 4 and Supplemental Fig. 4). We quantitatively com-
pared the RNAscope signals in the Comb-CODEX-
RNAscope with RNAscope along in adjacent lymph

node (LN) tissue sections (Supplemental Fig. 4). The
ratio of vRNA signal pixel area out of total tissue pixel
area in Comb-CODEX-RNAscope versus RNAscope
alone from obturate and axillary LN tissues from
different monkeys were quantified using a positive
pixel count algorithm in Aperio’s Spectrum Plus
analysis program (version 9.1; Aperio ePathology
Solutions, Leica Biosystems, Deer Park, IL, USA),
as we described previously.®® There is no statistical
difference in the Comb-CODEX-RNAscope versus
RNAscope along (two-way analysis of variance,
p<0.0001; Supplemental Fig. 4E). To determine the
applicability of the Comb-CODEX-RNAscope to non-
lymphoid tissue, we successfully detected multiplexed
proteins and SIV vRNA in rectal tissues of rhesus
macaques infected with SIV (Fig. 5 and Supplemental
Fig. 5)

Discussion

Simultaneous detection of highly multiplexed pro-
teins and RNA in situ is important for better under-
standing health and disease. The spatially resolved
relationships of different cells populations, protein,
and RNA and DNA molecules in their native tissue
architecture bears crucial information for disease
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A cocktail of DNA-barcoded
antibodies (up to 60) staining

DNA-barcode
antibody

Antigen retrieval in citrate buffer
in 50 ml glass beaker boiling
for 20 min on a hotplat &
proteinase pretreatment

Multiple cycles of adding 3
fluor: tly labeled-oligonucleotide
probes (@ —@ —@) , imaging and removing

CODEX fluidics

Vi

Keyence microscope

RNAscope ISH

Figure 3. The simplified workflow of CODEX and subsequent
RNAscope ISH combination (Comb-CODEX-RNAscope). All pre-
treatments of CODEX and RNAscope were combined together
at the beginning of the experiment. Abbreviations: CODEX,
CO-detection by indexing; ISH, in situ hybridization.

diagnosis, pathogenesis, and treatment. CODEX
represents a powerful new platform for highly multi-
plexed proteins (up to 60) in situ detection.®820
RNAscope represents another power multiplex RNA/
DNA detection system (up to 12) with high sensitivity
and specificity, '®23 where the unique double-Z-probes
and corresponding amplification probes enable con-
current signal amplification and background noise
reduction. The combination of RNAscope with regular
immunohistochemical or immunofluorescent staining
to concurrently detect RNA and protein within the
same tissue section has been reported by us®® and
others.®"32 However, to our knowledge, there is no
reported study that combined CODEX and RNAscope
together. To that end, we tested different combination
methods and found CODEX and subsequent
RNAscope worked reliably (Figs. 3 and 4 and

Supplemental Figs. 2 and 3) while RNAscope and
subsequent CODEX did not work well for CODEX
signal detection (Supplemental Fig. 1). The following
two factors in the RNAscope procedure may damage
some epitopes for CODEX detection. First, RNAscope
uses protease to digest the tissue to facilitate probes
access to target sequences. The protease treat-
ment has been demonstrated to be harsh for many
antigenic sites, although some epitopes may sur-
vive this treatment.3® By assessing the combined
pretreatments before CODEX cycles, we found pro-
tease is not the main factor affecting CODEX stain-
ing. Another factor is the dehydration step in the
RNAscope method. In a typical protocol, after anti-
gen retrieval, the slide will be dipped in ethanol and
air dried before adding probes for hybridization.
However, preservation immune-recognizable epit-
opes in tissues requires maintaining a certain
amount of water within tissues after antigen
retrieval.®*3% Possible solution for this negative effect
of dehydration can be overcome using disaccha-
rides to protect tissue3® or carefully avoiding tissue
drying after antigen retrieval. Moreover, to process
RNAscope and multiple cycles of CODEX data, we
need to capture and then eliminate fluorescent sig-
nals from RNAscope, which is difficult if we con-
duct RNAscope first. For the CODEX and
subsequent RNAscope approach, we refined anti-
gen-retrieval procedure after finding it was crucial
for RNAscope signal detection by using the hot-
plate antigen-retrieval method, which is easier to
eliminate RNase contamination by baking the glass
beaker and coverslip holder. Both protocols of the
CODEX and subsequent RNAscope described in
this article worked well; nevertheless, the combina-
tion of pretreatments of CODEX and RNAscope
together at the beginning of the experiment (Comb-
CODEX-RNAscope) is simpler and timesaving,
which works for both lymphatic and non-lymphatic
tissues (Fig. 5 and Supplemental Fig. 5). The Comb-
CODEX-RNAscope described in this article can be
further enhanced with multiplex RNAscope pub-
lished recently®¢-3” to maximize the detection of inter-
ested RNA signals in addition to highly multiplexed
proteins.

The cross-reactivities of 24 CODEX anti-human
antibodies to rhesus macaques were also evaluated
and 13 were compatible with rhesus macaques. The
anti-human CDS3 antibody from Akoya did not work
for rhesus macaques. Another anti-human CD3 anti-
body (clone no. SP162, cat. no. ab245731, Abcam ,
Boston, MA, USA) was conjugated with a barcode-
oligonucleotide (cat.no.5350002, Akoya Biosciences,
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CD20
YRNA CD68
HLA-DR

Figure 4. Representative images of the Comb-CODEX-RNAscope where all pretreatments of CODEX and RNAscope were com-
bined together at the beginning of the experiment. (A) Overview image of lymph node tissues from a rhesus macaque infected with
SIVmac251 (Rh4979, 10 dpi), showing CD3 (red), CD20 (green), and DAPI (blue). Scale bar equals 500 microns. (B) The boxed area
in A was zoomed to show SIV viral RNA detected by RNAscope and other seven protein markers by CODEX. Scale bar equals 50
microns. (C-L) Individual channel image showing VRNA and protein biomarkers. Scale bar equals 50 microns. Abbreviations: CODEX,
CO-detection by indexing; DAPI, 4',6-diamidino-2-phenylindole; SIV, simian immunodeficiency virus.

Menlo Park, CA, USA), which works for rhesus
macaque tissues in CODEX. Of note, after the sub-
mission of this manuscript and during the revision,
one study reported the cross-reactivity of human
antibodies to rhesus macaque tissues,*® which reen-
forced our results.

In summary, a simple and reproducible CODEX
and subsequent RNAscope protocol (Comb-CODEX-
RNAscope) reported here enables spatially resolved
highly multiplexed protein and RNA in situ detection,
which will facilitate better understanding of the health and
disease at single-cell level in tissue spatial context.
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Figure 5. Representative non-lymphatic tissue images detected using the Comb-CODEX-RNAscope where all pretreatments of
CODEX and RNAscope were combined at the begin of the experiment. (A) The merged image of rectal tissue of a rhesus macaque
infected with SIVmac251 (Rh4978, 10 dpi), showing CD3 (red), Ki67 (white), CD20 (green), CD68 (cyan), CD31| (magenta), and DAPI
(blue). Scale bar equals 500 microns. (B) The image of A adds SIV vVRNA (yellow). (C) The boxed area in image B was zoomed in,
scale bar equals 100 microns. Abbreviations: CODEX, CO-detection by inDEXing; DAPI, 4',6-diamidino-2-phenylindole; ILF, isolated
lymphoid follicle; LP, lamina propria; LM, lumen; SIV, simian immunodeficiency virus.
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